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• Multi-pin APPJ utilized to treat DCF and
pCBA in aqueous solution.

• Shown efficient removal of contaminants
with large plasma/contaminant surface
ratio

• Energy yield determined using power de-
posited to discharge in contact with sam-
ple

• A multi-pin APPJ with recirculation sys-
tem allows for scalability.
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In this study, cold atmospheric plasma (CAP) was explored as a novel advanced oxidation process (AOP) for water de-
contamination. Samples with high concentration aqueous solutions of Diclofenac sodium (DCF) and 4-Chlorobenzoic
acid (pCBA) were treated by plasma systems. Atmospheric pressure plasma jets (APPJs) with a 1 pin-electrode and
multi-needle electrodes (3 pins) configurations were used. The plasma generated using argon as working gas was
touching a stationary liquid surface in the case of pin electrode-APPJwhile for multi-needle electrodes-APPJ the liquid
sample was flowing during treatment. In both configurations, a commercial RF power supply was used for plasma ig-
nition. Measurement of electrical signals enabled precise determination of power delivered from the plasma to the
sample. The optical emission spectroscopy (OES) of plasma confirmed the appearance of excited reactive species in
the plasma, such as hydroxyl radicals and atomic oxygen which are considered to be key reactive species in AOPs
for the degradation of organic pollutants. Treatments were conducted with two different volumes (5 mL and 250
mL) of contaminated water samples. The data acquired allowed calculation of degradation efficiency and energy
yield for both plasma sources. When treated with pin-APPJ, almost complete degradation of 5 mL DCF occurred in
1 min with the initial concentration of 25 mg/L and 50 mg/L, whereas 5 mL pCBA almost degraded in 10 min at
the initial concentration of 25 mg/L and 40 mg/L. The treatment results with multi-needle electrodes system con-
firmed that DCF almost completely degraded in 30 min and pCBA degraded about 24 % in 50 min. The maximum
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calculated energy yield for 50 % removal was 6465 mg/kWh after treatment of 250 mL of DCF aqueous solution uti-
lizing the plasma recirculation technique. The measurements also provided an insight to the kinetics of DCF and pCBA
degradation. Degradation products and pathways for DCF were determined using LC-MS measurements.
1. Introduction

Many pharmaceutical and other industrial organic chemical substances
have been recognized as emerging persistent organic micropollutants
(OMPs) and are frequently found in trace concentrations (ranging from
ngL−1 and μgL−1) in aquatic bodies (Arslan et al., 2017; Ebele et al.,
2017; Patel et al., 2019). It is estimated that several tons of pharmaceuti-
cals, for example, >100,000 tons of pharmaceutical items, are consumed
globally each year, inflicting harm to our ecosystem (Kot-Wasik et al.,
2007; Wilkinson et al., 2022). Pharmaceutical and other industrial
chemicals are discharged to the environment from a wide range of sources,
including industry, hospitals and households. Pharmaceuticals are detected
in the environment through a variety of channels due to a lack of proper
wastewater treatment technologies; they all share the characteristics of pro-
viding a considerable threat to public health or the environment, as well as
being extremely resistant to traditional wastewater treatment techniques
(Arslan et al., 2017; Eggen et al., 2014; Khan et al., 2020). Certain organi-
zations, such as the European Union (EU) and the United States Environ-
mental Protection Agency (USEPA), establishing strict quality criteria for
wastewater discharge; yet, various nations and industries are following
that (Sathishkumar et al., 2020; Schellenberg et al., 2020). The previous re-
view article by various authors offers thorough information regarding phar-
maceutical classification, source and regulations, as well as the impact of
pharmaceuticals on the environment and human health. and (Khan et al.,
2020; Lonappan et al., 2016; Schwarzenbach et al., 2006).

In this work, DCF sodium and pCBA were chosen as model test pollut-
ants and treated with two plasma sources with different reactor geometry
under a variety of experimental conditions. DCF non-steroidal anti-
inflammatory drug (NSAID) is used on a global scale to treat inflammatory
diseases and reduce pain and fever (Rodrigues et al., 2021; Sathishkumar
et al., 2020). According to the authors' statistics, a large amount of DCF,
approximately >1000 tons, is used globally each year (Lonappan et al.,
2016). As a consequence, DCF is regularly observed in high concentrations
in sewage treatment plant effluents that are persistent enough to be found
in surface, ground and even drinking water. and (Heberer and
Feldmann, 2005; Lonappan et al., 2016). The presence of DCF in water
can play a toxic influence on aquatic life, plants and human health
(Deng et al., 2021; Sathishkumar et al., 2020). This also led to the un-
precedented decline of vultures in India (Taggart et al., 2009). Consump-
tion of DCF has been banned by various countries (e.g. India, Nepal,
Bangladesh, etc.) in order to reduce the further decline of the vulture
population (Markandya et al., 2008). The pCBA was the second compound
that was chosen for the treatment as it is used in various chemical synthe-
ses. The pCBA was found as a by-product in the treatment of various or-
ganic chemicals (Bing et al., 2012). The pCBA is an industrial chemical
that is commonly used in the pharmaceutical industry. Since it has strong
reactivity withHO•, pCBAwas also utilized as a probe compound in several
water treatment procedures to determine HO• levels (Bing et al., 2012; Pi
et al., 2005).

Since conventional wastewater treatment plants (WWTPs) do not
completely decompose a large number of OMPs of anthropogenic origin
due to unfavorable properties such as poor biodegradability, they are re-
leased into natural water bodies (Sathishkumar et al., 2020). For example,
conventional WWTPs are reported to remove just 30–70 % of DCF from
wastewater streams (Deng et al., 2021; Lonappan et al., 2016). As a result,
untreated DCF effluents from WWTPs enters the environment and pollutes
ecosystems. Previous research has also stated that DCF can interact with
other organic molecules in the environment, leading to the production of
other harmful contaminants (Mukherjee et al., 2022).
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AOPs have been used successfully as a tertiary treatment method and
are regarded as a promising method in the field of wastewater treatment
to eliminate OMPs (pharmaceuticals, organic dyes, pesticides, etc.)
(Cuerda-Correa et al., 2019; Garrido-Cardenas et al., 2020). The primary
feature of AOPs is the generation of HO• radicals (high oxidizing potential),
which are particularly reactive with a wide variety of organic contaminants
and then degrade them, resulting in effective mineralization of organic pol-
lutants into H2O and CO2 (An et al., 2010;Wang and Xu, 2012). The goal of
generating HO• radicals, different AOPs based on chemical admixture (O3/
H2O2, O3/UV, O3/UV/H2O2), photocatalysis (UV/TiO2, UV/TiO2/H2O2),
Fenton (Fe2+/H2O2, Fe2+/UV/H2O2) and application of electric energy
(electrochemical oxidation: Anodic, Electro-Fenton) have been addressed
and shown in past study (Amor et al., 2019; Kumar et al., 2021; Macías-
Quiroga et al., 2021; Wang and Xu, 2012). The majority of AOPs rely on
external chemicals and catalysts to create HO• radicals. There are some re-
views where authors revealed possible possibilities and limitations related
with various AOPs for OMPs degradation (Hijosa-Valsero et al., 2014; Ma
et al., 2021).

Cold atmospheric plasmas have been shown to effectively decompose
OMPs effectively and are a promising innovative AOP that has been ex-
plored for water decontamination (Hijosa-Valsero et al., 2014; Kumar
et al., 2022; Li et al., 2014; Magureanu et al., 2015; Malik, 2010;
Topolovec et al., 2022). Gaseous plasma can be a very complex mixture
of electrons, ions, metastables, UV lights, electromagnetic fields, electric
fields, etc. (Bruggeman and Brandenburg, 2013; Chen, 2016; Foster,
2017; Jaiswal et al., 2020). The interaction of cold plasma with an open
or controlled environment can produce a plethora of reactive species that
can be used for a variety of beneficial chemical reactions in applications
such as agriculture, medicine, sterilization, disinfection, material synthesis,
electronics and so on (Barjasteh et al., 2021; Domonkos et al., 2021;
Fridman, 2008; Tomić et al., 2021).

Plasma-liquid interactions have grown in popularity in recent years due
to crucial characteristics such as the simultaneous production ofmany pow-
erful chemical reactive oxidants at low temperatures, which has the ability
to have a large impact on a variety of prospective applications. For example,
the APPJ source which was used in this study for plasma formation in the
gas phase above the liquid surface can cause a variety of chemical and
physical effects, including the generation of reactive oxygen and nitrogen
species (RONS: HO•, O•, HO2

. , H2O2, O3, NO3
−, NO2

−, NO•, ONOO−, etc.),
UV photons, as well as hydrated electrons (free electrons in the solution)
without the usage of chemical agents (Bradu et al., 2020; Bruggeman
et al., 2016; Foster et al., 2012; Lukes et al., 2014). The APPJ has a high po-
tential for transporting highly concentrated reactive species from the gas
phase to the liquid phase via the jet's gas flow (Bruggeman et al., 2016;
Du et al., 2018). As a consequence, such a plasma source can be used as a
green approach of destroying complex non-biodegradable organic contam-
inants. Previous studies attempted to use certain CAPs with various reactor
configurations, powered by different electrical signals (AC, DC, RF sources),
different working gases (argon, helium, oxygen, nitrogen) and several pro-
cess parameters to decontaminate water (Hijosa-Valsero et al., 2014;
Kumar et al., 2021; Malik, 2010). It was also noted that there have been a
few earlier experiments that used CAPs to generate large plasma and sur-
face contacts to remove organic contaminants from water.

The purpose of this study was to investigate the degradation of pCBA
and DCF in aqueous solutions utilizing CAPs (pin-APPJ and multi-needle
electrodes-APPJwith recirculation), as well as to compare the performance
of both plasma reactors in terms of pollutants removal and energy yield.
The pin-APPJ, which has 1 jet, was utilized to treat 5 mL of polluted
water. Themulti-needle electrodes-APPJ, which have 3 jets and continuous
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recirculation, were utilized to treat a quarter liter of contaminated water.
The approach of increasing the number of jets aims to increase the mass
transfer of reactive species and consequently the kinetics of pollutant break-
down inwater. The continuous recirculation approach improves themixing
of reactive species in the liquid and hence increases reactivity. The plasma
source with multi-needle electrodes can lead to an easily scalable plasma
source for treatment of large volumes of contaminated water. The efficient
application of plasma pin-APPJs to the flowing contaminated sample, with
large plasma/liquid surface area ratio, brings an advantage compared to
large area Dielectric Barrier Discharge plasmas that are more complicated
to sustain.

In this paper, we will present electrical characterization, Optical Emis-
sion Spectroscopy and ICCD (Intensified Charged Coupled Device) imaging
of 1-pin APPJ and 3-pin APPJ. Themeasurements weremade during the re-
moval of pollutants from contaminated water samples. These two plasma
devices are used for DCF and pCBA removal. The HPLC analytical instru-
ment was used to study the degradation kinetics of DCF and pCBA. The ob-
tained data was used to determine the energy yield and compared to the
Fig. 1. The schematic diagram of experimental, (a) setup-pin-APPJ (left) with an image
continuous flow treatment system (left) with plasma solution treatment (right).
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literature. The oxidation transformation products generated during the
degradation of the DCF were detected using Orbitrap-LC-MS and possible
degradation mechanisms were proposed.

2. Materials and methods

2.1. Experimental setup

Two plasma sources are used for the treatment of DCF and pCBA-
containing aqueous solutions. The reactor geometry and the instrumental
devices that were used are described in the following section.

2.1.1. Pin-electrode-APPJ
The schematic of the experimental setup of pin-APPJ and the picture of

the plasma jet contacting the liquid sample is shown in Fig. 1a. The plasma
source consists of a concentrically placed glass tube, a ceramic tube and a
stainless steel wire as an electrode. The outer and inner diameters of the
glass tube are 6 mm and 4 mm, respectively. The stainless steel wire with
of plasma solution treatment (upper right), (b) multi-needle electrodes-APPJ with
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a diameter of 1 mmwith a sharpened tip is used as a high-voltage electrode
and while the rest of the wire was covered with a ceramic tube. The elec-
trode is powered by a high voltage radio frequency (RF) power supply
with a frequency of 332 kHz. The other grounded electrode is the solution
placed in a vessel with copper tape glued to the outer bottom side of the ves-
sel and connected to the ground. In this configuration, plasma was gener-
ated between the electrode tip and stagnant liquid surface using argon as
a working gas.

2.1.2. Multi-needle electrodes-APPJ
The schematic diagram of the experimental setup of multi-needle

electrodes-APPJ is shown in Fig. 1b. The atmospheric pressure plasma jet
over theflowing liquid surfacewas generated through amulti-syringe needle
electrode type configuration. The inner and outer diameter of each needle
was about 1 mm and 1.8 mm, respectively. The needles were inserted inside
the glass tubes, where the inner diameter, outer diameter and length of each
tube were about 3.7, 5 and 45 mm, respectively. The distance between the
tip of each needle and the end of each tube was 7mm. The distance between
the two adjacent needle electrodeswas 20mm. The distance between needle
tips and solution was set at 15 mm. Similarly as for a single-pin system, the
copper tape was wrapped over the bottom of the sample vessel while the
electrodes were supplied by a sine signal at a frequency of 351 kHz. Since
the same power supply was used for the pin-electrode jet, the difference in
the electrical impedance of the circuit causes a change in the signal fre-
quency. Argon gas with a total flow rate of 2 slm (standard liter per minute)
was used as a feed gas, distributed evenly between 3 pin electrodes.

In both configurations, the voltage (v) at the powered electrode was de-
termined by a high voltage probe (Tektronix 6015A). The current at the
powered electrode was measured with a current probe (Agilent N2783B).
The voltage drop (vr) across the 1 kΩ resistor used to establish the current
in the grounded part (ig) was recorded using a voltage probe (Agilent
10073C). The time variable voltage and current signals were monitored
by using a 4-channel, 200 MHz, 2.5 GSPS digital oscilloscope (Tektronix
MDO3024). Simultaneously, the data from the oscilloscopewas transferred
to a laptop for further analysis. The power delivered from the power supply
to the plasma source and the power in the grounded line, i.e. the power de-
posited from the plasma passing through the sample, was calculated.

2.2. Treatment of solution

In the configuration of pin-electrode APPJ, 5 mL of solution was ex-
posed to the jet with different treatment times. In each experiment, 2 mL
of plasma-treated samples were taken for further analysis. In the assembly
of the flow system, a total volume of 250 mL of solution was treated,
where around 12 % of the solution was continuously exposed to the treat-
ment zone. The solution was circulated by a pump (kept inside the solution
reservoir) at aflow rate of 300mL/min and a corresponding Reynolds num-
ber of 1349. The Reynolds number determines the flow pattern, hence at
this value, the flow was in the laminar flow regime (Xiong et al., 2012).
The total treatment times were 30 min for DCF and 50 min for pCBA,
where 2 mL of samples were taken at specific intervals for analysis. In the
event of the treatment of 5 mL using pin-APPJ (1 jet), each sample
corresponded to a single experiment. In the case of treatment using a
plasma (3 jets) recirculation system (volume 250 mL), there was continu-
ous sampling at various time intervals.

In both experimental systems, there were minor reductions in volume
due to heating and gasflow (always<0.4% for 3 jets and 36% for 1 jet, lon-
ger treatment time). The volume reduction was always recorded and incor-
porated into the final calculation of degradation removal. It shall also be
noted that volatilization of the target contaminants is not expected due to
their low volatility.

2.3. Solution characterization

DCF (chemical formula: C14H10Cl2NNaO2, molecular weight: 318.13 g/
mol, purity≥98 %, CAS number: 15307–79-6) and pCBA (chemical
4

formula: C7H5ClO2, molecular weight: 156.57 g/mol, purity≥98 %, CAS
number: 74–11-3) were purchased from Sigma Aldrich.

In this investigation, DCF with initial concentrations of 25 mg/L and
50 mg/L and pCBA with initial concentrations of 25 mg/L and 40 mg/L
were used in the treatment. First, a stock solutionwith a high initial concen-
tration was prepared by dissolving each compound in distilled water. The
lower concentration was obtained by diluting the concentrated solution
with distilled water. Both DCF and pCBA are soluble in water to a consider-
able extent. For example, DCF and pCBA solubility in distilled water have
been reported to be 2425 mg/L (Jankunaite et al., 2017) and 80 mg/L
(Phatak and Gaikar, 1996), respectively. The initial concentrations chosen
are greater than those found in the water bodies (ng/L to g/L). The higher
initial concentrations evaluated allowed for proper examination of the deg-
radation pattern. The authors claimed that prior studies on the degradation
of OMPs by AOPs were also conducted in similar, higher initial concentra-
tion ranges (Kumar et al., 2021; Lesage et al., 2013; Rong et al., 2014).

Chromatographic analysis of the samples was carried out on an Agilent
HPLC instrument, series 1100 (Agilent Technologies, Waldronn, Germany),
with a photodiode array detector, using Hypersil BDS-C18 column (125 ×
2mm)with 5 μmparticle size (Phenomenex, Torrance, USA), thermostated
at 30 °C. All sampleswerefiltered through a 0.2 μmcellulosefilters (Agilent
technologies, Santa Clara, CA, USA) prior to analysis. The mobile phase
consisted of a 1 % (v/v) solution of orthophosphoric acid in ultrapure
water (solvent A) and acetonitrile (solvent B). Acetonitrile and orthophos-
phoric acid were LC-MS grade (Fisher Scientific, Leics, UK) and ultra-pure
water was generated by using the Water Purification System (New
Human Power I Integrate, Human Corporation, Seoul, Republic of Korea).
The flow rate of themobile phasewas 0.5mL/min and the injection volume
was 10 μL. A gradient program was used as follows: 80–30 % A, 0–7 min;
30–80 % A, 7–12 min (DCF) and 80–60 % A, 0–8 min; 60–80 % A, 8–12
min (pCBA). The detection wavelengths were set at 240 nm and 276 nm
for pCBA and DCF, respectively. Quantification was performed using stan-
dardized calibration curves. The content of products in the samples was de-
termined by calculation of peak area and expressed as milligrams per liter.
Chromatographic data were recorded and processed by using HP
ChemStation Chromatographic Software (Palo Alto, CA, USA).

The byproducts derived from the degradation of DCF were analyzed by
using Orbitrap Exploris 120 high-resolution LC-MS (Thermo Fisher Scien-
tific). A reverse-phase column (Hypersil GOLD-Selectivity C18, 3 μm,
2.1 mm × 50 mm) was used for the separation of the component in the
mixture. The column temperature was set at 30 °C. The injection volume
andflow ratewas 10 μL and 0.4mL/min, respectively. The analysiswas car-
ried out in a negative ion and positive ion mode with ionization voltages of
2500 V and 3500 V, respectively. Heated electrospray ionization (H-ESI)
system was used as an ion source. The mass spectra were acquired in full
scan mode in the mass range of 40 to 5000. In the positive ion mode, the
mobile phase composition was HPLC water with 0.1 % formic acid and
methanol. In the negative mode, the mobile phase consists of HPLC water
with 5mMammoniumacetate (at pH 8) andmethanol. Variation in compo-
sition, first started with 98:2 % and increased up to 2:98 % in 4.7 min and
remained constant for 6 min and decreased up to 98:2 % in 9 min. The
extracted datawas transferred to ThermoScientific™CompoundDiscoverer
software for further processing. The software also provided an excel based
report containing details of the compound, isotopes, retention time,mass to
charge ratio, fragment ion, intensity, mass error (ppm), etc. The chemical
structure and fragmentation pattern for each possible transformation
product were drawn by using ChemSketch software (ACD/ChemSketch
Freeware).

DCF and pCBA removal efficiency was defined as Eq. (1).

Removal %ð Þ ¼ Co � C � d
Co

� 100 (1)

where C0 (mg/L) is the initial concentration before plasma treatment, C
(mg/L) is the final concentration after plasma treatment and d is the evap-
oration coefficient.
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The energy yield of the removal of DCF and pCBA is determined by the
following Eq. (2).

Energy yield
mg
kWh

� �
¼ Co

mg
L

� �� Vo Lð Þ � 1
100 � Removal %ð Þ

Pmean at the sample kWð Þ � t hð Þ (2)

where C0 (mg/L) is initial concentration of the plasma treated compound,
V0 (L) indicates the initial volume of plasma treated compound, Pmean

(kW) is discharge power at the sample and t (h) is the treatment time.
In all plasma treatment processes, the solution pH was determined by a

pH meter (HANNA-HI1330).

2.4. Optical characterization

Plasma emission spectra was captured by using Maya2000 Pro-UV-NIR
(Ocean Insight-High Sensitive Spectrometer) with an optical resolution of
0.18 nm full width at half maximum. The optical fiber (M114L02) length
of 2m and core diameter of 600 μmwas placed perpendicular to the plasma
jet in order to capture the emission from the whole volume of the plasma
jet. The emission was recorded with an exposure time of 50 ms. The raw
OES data was transferred to a laptop and analyzed in OriginPro data analy-
sis software. Plasma emission is measured with and without plasma (back-
ground). The background spectra were subtracted from the plasma
emission spectra to achieve the exact spectrum. The spectral intensity was
corrected for the optical system efficiency.

The plasma emission profiles were characterized by using an Andor
iStar DH734I ICCD camera with a Nikon UV-105 mm f/4.5 lens mounted.
The lens of the ICCD camera was set perpendicular and in front of the
plasma jet. During the analysis, the sample was filled in a quartz-type
petri dish (to avoid the blockage of light having a lower wavelength (e.g.
UV)) and placed under APPJ. There was no sample flow during ICCD imag-
ing. In order to capture the spatial emission distribution of various reactive
species (HO•, O•, H•, N2 (SPS: second positive system & FNS: First negative
system), Ar*), band bassfilters (attachedwith holder)were used and placed
in the front of the lens. The transmittance percentage of each filter was cal-
culated by spectrophotometer (Beckman Coulter DU 720 UV/Visible). A
MATLAB script was used to estimate the geometry of the plasma jet and
to process ICCD camera images.

3. Results and discussions

3.1. Electrical measurements

The electrical measurements were implemented to investigate the dis-
charge parameters (voltage, current, power deposition). The discharge
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voltage and current are the critical parameters that are used to obtain dissi-
pated power in the plasma system. The high voltagewas applied to the elec-
trodes (to pin and multi-needles). The sharp edge electrode configuration
was selected because it creates a high electric field around the tip. When
the applied voltage is strong enough this electric field is enough for the
breakdown to occur followed by the production of a conduction channel
in the discharge gap.

The voltage-current parameters were investigated and the power depo-
sition to the plasma system for both plasma sources was estimated. Fig. 2
displays the relationship between RMS voltage vs RMS current and power
deposition at sample vs RMS voltage for 3-jets.

Themean power deposition at the sample was calculated using eq. 3, by
averaging the instantaneous power (product of time-varying voltage v(t)
and time-varying current i(t) waveforms) over a time interval of n = 6
periods.

Pmean at sample ¼ 1
nT

ZT2

T1

v tð Þ � ig tð Þ � dt (3)

where, Pmean at sample: mean power at the sample; vR(t): voltage drop at the
resistor; resistance R = 1 kΩ; ig(t): current at the ground (sample): nT =
T2 – T1.

ig tð Þ ¼ vR tð Þ=R (4)

The plasma system was electrically described in two modes: when the
plasma was ignited and when it was not. When there was no plasma igni-
tion, voltage and current changed linearly, but voltage decreased after
plasma discharge began (Fig. 2a). The power delivered to the sample
after plasma ignition, which is essential in our investigation, was in the
range of 5.8 W–16 W (Fig. 2b).

3.2. Optical characterization of plasma

3.2.1. OES measurements
The recorded spectra during the treatment of DCF by a multi-needle

electrodes-flow system, shown in Fig. 3. The spectra between 200 and
427 nm, mainly correspond to various emission bands, such as the
vibrational transition of HO• (A2Σ+ → X2π), N2 SPS (C3πu → B3πg), N2

+

FNS (B2Σu → X2Σg) and nitric oxide NOγ (A2Σ+ → X2π). The spectrum
lines between 697 and 965 nm are dominated by the excited argon atoms
(4p → 4 s) and O• (3p5P → 3s5S and 3p3P → 3s3S). The spectra of N2

SPS, N2
+ FNS, O• and NOγ are typical for open-air‑argon plasma discharges

operating above a water sample (Lamichhane et al., 2022).
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The collision of energetic species with H2O molecules may be the pri-
mary source of HO• production (Eqs. (5) & (6)) (Invernizzi et al., 2020;
Jaiswal and Aguirre, 2021). Water molecules in the gas phase are formed
mainly through evaporation, plasma species bombardment, gas movement
and air (Ghimire et al., 2021; Liu et al., 2016). The threshold energy re-
quired to dissociate H2O by electron impact dissociation is approximately
4.4 eV. As a result, the reaction necessitates a lower electron temperature,
which is easily attained in argon-APPJ.

e� þ Ar ! Ar∗ þ e� (5)

e� þ H2O ! HO˙þ H ˙þ e� (6)

In general, argon metastables have energies ranging from 11.5 to 11.8
eV, which is high enough to react with H2O as well as excite N2 (C3πu →
B3πg, 11.03 eV) (Soler-Arango et al., 2018), as explained by the following
reactions (7) and (8).

Ar∗ þ H2O ! HO˙þ H ˙þ Ar∗ (7)

Ar∗ þ N2 ! N2
∗ þ Ar (8)

Excited molecular nitrogen and its metastables have enough energy to
react with and dissociate H2O molecules (Eq. (9)) (Adhikari et al., 2021;
Uhm et al., 2018).

N2
∗ þ H2O ! HO˙þ H ˙þ N2 (9)

The threshold energy for N2
+ ion generation is substantially greater

(18.8 eV) than for excitation, hence the FNS band appeared with much
lower intensity (Cullen and Milosavljević, 2015; Gazeli et al., 2015). One
possibility for the FNS generation reaction is that argon metastables with
high energy can ionize N2 via impact excitation and ionization (Eq. (10)).

Ar∗ þ N2 ! N2
þ þ Ar þ e� (10)
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Atomic O can originate after the dissociation of molecular O2 by ener-
getic electrons and argon metastables via collisional dissociation
(Eqs. (11) & (12)). The process reaction requires lower threshold energy
(below 11 eV) (Adhikari et al., 2021).

Ar∗ þ O2 ! O˙þ O˙þ Ar (11)

e� þ O2 ! O˙þ O˙þ e� (12)

The emission from the NOγ system was observed. NOγ production is
caused by admixing air within the plasma (Yousfi et al., 2011), described
by the following equations.

N : þ HO˙ ! :NOþ H ˙ (13)

O˙þ N : ! :NO (14)

The presence of UV emission in the APPJ can also generate strong oxi-
dants, such as HO• and O• by photolysis of H2O and O2 (Attri et al., 2015;
Invernizzi et al., 2020).

From the point of water decontamination, the presence of HO• and O• in
the plasma is found to be major short-lived oxidants having high oxidative
potential that can break down almost most non-biodegradable refractory
organic substances by the following reaction mechanism: hydrogen atom
abstraction, electrophilic addition and electron transfer reactions. Abun-
dant excited argon and other RONS can also play an important role in
water decontamination (García et al., 2017; Yehia et al., 2020). The
reactive species produced by the plasma-gas-liquid-interface can transfer/
diffuse/penetrate in the liquid phase and form secondary reactive species
in the bulk solution, which can further drive degradation and change the
pH and conductivity of the solution (Bruggeman et al., 2016; Foster et al.,
2012; Kumar et al., 2022; Lukes et al., 2014).

We have also performed OES for pin-APPJ, which can be found in our
prior published work (Kumar et al., 2022) and it was found that the emis-
sion spectra were almost identical. In case of pin-APPJ, a weak Hα line
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was present in the spectra, but the Hα emission line was absent in multi-
needle electrodes-APPJ, which might be created and promptly quenched.

The production of RONS in liquid phase is directly connected to the
plasma chemistry in gas phase and gas/liquid interface (Bruggeman et al.,
2016; Lukes et al., 2012; Pawłat et al., 2019). The presence of reactive
species in the gaseous phase of plasma discharge responsible for further re-
actions at plasma gas/liquid interface can be determined by OES. In our
previous work, we have used several methods for the quantification of
long lived RONS in the plasma treated liquid (Kumar et al., 2022; Tomić
et al., 2021). Several long-lived RONS (e.g., H2O2, NO3

− and NO2
−) were de-

tected and quantified in the aqueous phase.

3.2.2. ICCD imaging of pin and multi-needle electrodes-APPJ

3.2.2.1. ICCD imaging of pin-APPJ. The ICCD imaging with filters was per-
formed to investigate the spatial resolution emission of reactive species pro-
duced by argon-APPJ when it interacts with liquid in the presence of
ambient air. Various optical filters (310 nm, 425 nm, 660 nm and 780
nm) were employed to identify certain lines/bands inside the plasma.
Each filter's bandwidth (bandpass region) was around 10 nm. Acquisition
parameters such as gate pulsewidth, exposure time and gain remained con-
stant during ICCD imaging with filters. Fig. 4 shows the spatially resolved
ICCD images.

The emission of HO• and vibrationally excited N2 (SPS, 315.8 nm) was
monitored using a filter with a center wavelength of 310 nm. The emission
from mostly O• was measured at 777.5 nm in combination with excited
argon (since excited argon also emits near 780 nm) using a 780 nm-cen-
tered filter. The filter with a central wavelength of 660 nm is primarily em-
ployed to record Hα emission at a wavelength of 656 nm. The emission of
excited N2 (SPS) and ionic nitrogen N2

+ (FNS) was monitored using a
425 nm filter.

Fig. 4a shows an image captured using a 310 nmfilter. Fig. 4b shows the
images associated with the remaining filters, such as 780, 425 and 660 nm;
the intensity level in these images was kept constant. In the case of the
310 nm filter, the emission from HO• (containing N2 SPS) was extensively
dispersed across the active plasma. It should be noted that the images
with the highest emission intensity were obtained using 310 nm filters.
The emission profiles recorded at 425 nm, 660 nm and 780 nmwere nearly
identical. Nevertheless, intense emission occurred in the case of the 780 nm
filter (mainly owing to plasma interaction with the ambient air) and domi-
nated at close to the liquid surface. Overall, ICCD time-integrated images
demonstrated the presence of several reactive species in the plasma that
could be responsible for the degradation of chosen OMPs in this investiga-
tion.

3.2.2.2. ICCD imaging of multi-needle electrodes-APPJ. The ICCD time-
integrated imaging of multi-needle electrodes-APPJ was also done. The
Fig. 4. The ICCD images with filters, (a) 310 nm, (b) 425 nm, 660 nm and 780 nm. A

7

camera and filters were placed in such a way that they captured emissions
from all three jets. Fig. 5 displays images capturedwith 310 nm and 780 nm
filters, with the intensity scale constant for both filters for comparison. The
spatially resolved emission intensity in all three jets was observed to fluctu-
ate in both filters. For example, one jet's intensity was higher while the
intensity in the other two jets was different at the same time. The variation
in emission intensities could be related to a different level of excitation in
the jets.

The emission intensity profile of HO• and N2 (SPS) was brighter all
along the jets but more intense in the middle jet, which could be owing to
an intense concentrated electric field and excitation. O• and excited argon
were observed in the jets, but strong emission was noticed in the middle
of all three jets and the intensity was significantly reduced downstream at
the jets' top.

3.3. Treatment of pharmaceuticals with pin-APPJ and multi-needle electrodes-
APPJ

3.3.1. Pin-APPJ
The treatment studies were carried out by directly exposing the pin-

APPJ to an aqueous solution containing DCF and PCBA while taking into
account various experimental parameters that influence the degradation
of both compounds. The parameters, such as initial pollutant concentration
and treatment time, were adjusted and the resulting degradation results
were thoroughly explained.

Fig. 6a depicts the degradation of pCBA in solution as a function of
plasma treatment time. The degradation profile revealed that more than
half of the initial pCBA concentration was eliminated in the first 5 min.
The greatest degradation occurred in the first 3 min, with degradation effi-
ciency values of approximately 63 % for 25 mg/L and 56 % for 40 mg/L.
The initial concentration has a considerable impact on the behavior of the
oxidation curves during the first 3 min of plasma treatment. After 10 min
of treatment, both degradation curvesmerged, resulting in the complete re-
moval of pCBA.

We fitted the data displayed in Fig. 6a to obtain pCBA degradation ki-
netics. The kinetics of pCBA decay demonstrate that it is well suited to
the first order:

ln
C
Co

¼ � kt (15)

where k is the kinetic rate constant.
The calculated R2 (correlation coefficients) was evidence that the

degradation of pCBA fitted well with first-order kinetics. Lower initial
pCBA concentration promoted the highest degrading first-order rate con-
stant, while larger initial pCBA concentrations reduced the rate constant.
Higher concentration of pCBA represents more pCBA molecules in the
cquisition parameters: exposure time 20 ms, gate pulse width 5 ms and gain 50.



Fig. 5. The ICCD images with filters (310 nm and 780 nm). Acquisition parameters: exposure time 20 ms, gate pulse width 3 ms and gain 80.
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solution resulting in more reaction sites for plasma species. Moreover,
during the treatment by-products of pCBA are formed so not all introduced
plasma species continue reacting with the original pCBAmolecules. Taking
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into account that the rate of plasma species production remains relatively
constant in time this can lead to lower degradation rate at higher
concentrations.
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Consequently, the half-life (t1/2) pCBA decomposition time was deter-
mined as:

t1=2 ¼ 0:693
k

(16)

The time required to remove 50 % of the pCBA was 1.58 min for
25 mg/L and 1.83 min for 40 mg/L.

Aside from degradation, energy yield is a significant factor to consider
in investigating the energy effectiveness of the plasma source. The energy
yield for removing pCBA was calculated. Fig. 6b depicts the energy yield
for removing pCBA as a function of removal %. Because of the longer treat-
ment duration, the energy yield was lower at higher removal. For a longer
treatment, power deposition may become increasingly concentrated in un-
productive processes (e.g., the interaction of byproducts with plasma-
induced species), resulting in a drop in energy yield. In the literature on
plasma-based treatment, the energy yield is typically reported in terms of
50 % elimination for comparison. As a result, the amount of energy re-
quired to decompose 50 % of contaminants was calculated. Energy yield
at 50 % pCBA elimination was 253 mg/kWh for 25 mg/L and 354 mg/
kWh for 40mg/L, respectively.More detailed comparison of the data on en-
ergy yield collected from the literature for pCBA removal by plasma was
given at the end of Section 3.3.2.

DCF was treated with plasma while the same experimental conditions
were considered as pCBA. As the solution was subjected to plasma, DCF
decayed rapidly, as shown in Fig. 6c. The rapid degradation in the early
stages of the process suggests that the majority of plasma-induced reactive
species interacted and oxidized DCF. The chemical nature of organic sub-
stances (e.g. structural features/chemical reactivity) influences degrada-
tion. It has been found, for example, that DCF is strongly reactive not only
with HO•, but also with other oxidants. As a result, HO• and other reactive
species may play a significant role in the rapid degradation of DCF.

The degradation kinetics of DCF was not established because DCF prac-
tically vanished in 1 min and there were just a few points available to ana-
lyze the kinetic behavior. So, in our paper, we just reported the DCF
degradation pattern.

The energy yield for DCF removal could not be determined precisely
from the obtained measurements since DCF degraded quickly during the
shortest sampling interval of 1 min for both initial concentrations. From
these measurements, we can only conclude that the energy yield for DCF
was higher than pCBA.

The pH of plasma-treated pCBA and DCF solutions was found to be
lower after treatment. After 10min of plasma treatment, the pH of pCBAde-
creased from 4 to 2.57 at 25mg/L and to 2.65 at 40mg/L. In the instance of
DCF, the initial pH of the DCF solution was 6, but after 10 min of plasma
treatment, the pH dropped to 2.66 at 25 mg/L and 2.69 at 50 mg/L. In
both cases, the final pH was reduced to similar values after 10 min of
plasma treatment. Additional experiments were conducted to treat distilled
water without contamination with the same system of pin-APPJ. After
10 min of treatment, the pH of distilled water was reduced from 6.5 to
2.62. So, the reduction of pH is not related to contaminants but probably
to plasma-induced nitrogen-based species. Changes in pH demonstrated
the existence of acidogenic species (inorganic acids) in the liquid after
plasma liquid interaction with ambient air (Judée et al., 2018; Rezaei
et al., 2019). The authors found that the principal acidic species formed
in the liquid are HNO3 and HNO2 (Thirumdas et al., 2018; Wenjuan and
Xiangli, 2007). In water, these strong acids dissociate to their respective
anion and a hydronium ion. Researchers determined that the pH value in-
fluences the degradation kinetics of OMPs in water -lower pH results in
faster degradation. Rong et al., 2014, for example, investigated DCF degra-
dation using an air DBD plasma source and reported that DCF removal was
greater at pH 2.9 and 6.15 as compared to an alkaline environment at pH
10.1. Similar effect of low pH on pCBA degradation was reported in a
study conducted by He et al., 2011. According to these results, we presume
that lowering the pH value in the plasma treatment in our experiments con-
tributed to the degradation of DCF and pCBA.
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3.3.2. Multi-needle electrodes-APPJ
Another approach for treating significant amounts of polluted water, at

least a quarter liter, was tested. Treatments were carried out using a contin-
uous flow system with varying treatment times. The plasma source with
multi-needle electrode geometry was employed to create plasma over the
recirculated DCF and pCBA solutions. The goal of generating multi plasma
jets over the recirculation solutions was to increase the plasma-liquid
contact area and introduce more reactive species into the liquid, which
can enhance the degradation.

TheDCFdegradation curve as a function of treatment time is depicted in
Fig. 7a. DCF decayed significantly in thefirst 10min at both initial DCF con-
centrations, although the rate of degradation was faster at the lower initial
concentration. The complete removal of DCF was seen with both initial
concentrations in 30 min. The quicker degradation could be explained by
plasma-generated reactive components participating in DCF removal.

To undertake the kinetic analysis and determine the reaction order and
rate constant, the experimental results were evaluated. When the treatment
was performed at an initial concentration of 25mg/L, the decay of DCFwas
well-matched with a first-order equation with a rate constant of 0.145
min−1. The first order revealed that plasma-generated reactive species
not only interacted with DCF, but also with intermediate products. DCF
degradation is governed by a zero-order equation for rich initial concentra-
tions, such as 50 mg/L and the rate of degradation was 1.636 mgL−1

min−1, as indicated by provided Eq. (17). Zero-order decay (Eq. (17))
demonstrates that the reaction rate is steady and independent of DCF
concentration.

C ¼ C0 � kt (17)

The time required to degrade 50% of DCFwas assessed and the half-life
(t1/2) for zeroth-order decaywas calculated using the given Eq. (18). It took
roughly 5 min for lower initial concentrations of DCF to degrade 50 % and
three times longer for higher concentrations.

t1=2 ¼ C0

2k
(18)

Fig. 7b depicts the calculated energy yield as a function of DCF removal
for two initial concentrations. DCF concentration has a substantial impact
on energy yield. The high energy yield for DCF elimination is most likely
owing to a greater contribution of plasma-induced reactive species to the
oxidation process. At 25 mg/L and 50 mg/L, the energy yield values were
approximately 1542mg/kWh and 3084mg/kWh for complete degradation
of DCF, respectively.

Multi-needle electrodes-APPJ was also explored for the treatment of
pCBA, the degradation result can be seen in Fig. 7c. During the treatment
of pCBA, slow degradation was observed, about 24 % removal of pCBA
after 50 min of plasma treatment. A kinetic study was conducted to explore
the kinetic behavior of pCBA. The investigation was carried out with only
three treatment times in consideration. The degradation of pCBA
corresponded closely to a first-order equation. The kinetic constant for
pCBA was 0.00497 min−1, which was lower than the kinetic constant for
DCF.

The slow decomposition of pCBA in a case of 3-pin APPJ can be attrib-
uted to the different experimental setup compared to 1-pin APPJ. In case
of 3-pin jet, although the effective plasma-liquid contact is larger than in
case of 1-pin APPJ herewe had a bettermixing of the contaminated sample.
This could lead to a higher competition for the reactive oxygen species (HO•
radicals for example), which plays important role in interactions with pCBA
byproducts and with the original compound. Also, increment of treated vol-
ume is reducing the efficiency of the treatment as with DCF compound.

The obtained energy yields at 50 % removal of DCF and pCBA by both
plasma sources are estimated and compared to previous plasma-based
DCF and pCBA removal. As previously stated, DCF was the most efficiently
degraded pollutant in both plasma sources in our investigation. However,
when the plasma sources were compared, the resulting energy yields were
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approximately one order of magnitude higher in multi-needle electrodes-
APPJ than in pin-APPJ. This can be attributed to the increased plasma-
liquid contact caused by three jets and a large initial volume, which results
in a larger energy yield. In case of pCBA removal, the difference in energy
output obtained with both plasma sources was not statistically significant.

Authors, for example, Dobrin et al., 2013 reported 1000mg/kWh for 50
% and 760 mg/kWh for energy yield 90 % removal during the degradation
of DCF by using pulsed corona discharge, where the plasma was formed
over a liquid surface. Deng et al., 2021 used dielectric barrier discharge
(DBD) plasma and obtained 2458 mg/kWh for 50 % and 1332 mg/kWh
for 90 % DCF removal. According to Back et al., 2018, after the treatment
of DCF with DBD, energy yield values varied from 20 to 715 mg/kWh for
removal up to 90 %. When compared to our work, where DCF treatment
was performed with the three jets-recirculation system, published data
show relatively low DCF removal energy yield. In case of pCBA treatment,
Lesage et al., 2014 explored the DBD-recirculation system and plasma was
generated over the thin falling film, they found 624 mg/kWh of energy
yield for 50 % removal. In the study of Schönekerl et al., 2020, degradation
of pCBAwas carried out with a plasma-multi electrodes system, as a result,
320mg/kWh energy yieldwas obtained for 50% removal. The reported en-
ergy yield associated with pCBA removal in the literature was not signifi-
cantly different from our results.

If we look at the results, we can see that efficient removal of pollutants
with a high energy yield suggests that treatment of some pollutants by
10
plasma with recirculation could be considered a potential method for
wastewater treatment and the technology can also be scaled up for large
polluted water treatment.

3.3.3. Degradation products and mechanism of DCF
The use of full-scan ultra-high performance liquid chromatography

coupled to Orbitrap MS (UHPLC-Orbitrap-MS) allows the identification of
seven TPs (see supplementary, Table S1) during the plasma treatment (by
plasma recirculation system): DCF-154 (C8H10O3), DCF-166 (C8H6O4),
DCF-202 (C8H10O6), DCF-241 (C14H11NO3), DCF-259 (C14H10ClNO2),
DCF-277 (C14H9Cl2NO) and DCF-308 (C14H9Cl2NO3). The TP analysis
data was processed with Compound Discoverer software (Thermo Scien-
tific). Elemental composition and double-bond equivalent (RDB) were se-
lected. In all cases, possible elemental compositions for ions with a
deviation of ±5 ppm of error were assigned (see supplementary, Fig. S1-
S7). On the basis of the TPs identified, tentatively DCF degradation path-
ways were proposed (Fig. 8).

Due toAPPJ-liquid-interactions, abundant ROS can be produced such as
including hydroxyl radicals (HO·), hydrogen peroxide (H2O2), singlet
oxygen (1O2) and ozone (O3) (Cheng et al., 2020; Foster, 2017). Thereby,
HO• radicals can cleave DCF in the aqueous solution, leading to the forma-
tion of TPs, which could be further degraded and mineralized (Deng et al.,
2021; Dobrin et al., 2013; Liu et al., 2019). Fig. 8 shows different reactions
mechanisms HO·-mediated such as hydroxylation, dechlorination,



Fig. 8. Proposed possible reaction pathways for degradation of DCF.
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cyclization and C\\N cleavage, these tentative mechanisms are in agree-
ment with the literature (Banaschik et al., 2018; Peng et al., 2021; Zhang
et al., 2020).

The initial reaction of DCFwithHO• to lead to either the abstraction of a
hydrogen or the addition of the hydroxyl radical in the electron-donating
position of the aromatic ring, DCF could undergo hydroxylation and lead
to the production of C14H11NO3 (DCF-241) and C14H9Cl2NO3 (DCF-308),
it is known that HO· addition to benzene ring is kinetically more favored
than H abstraction from the ring carbons (Agopcan Cinar et al., 2017).
The presence of a Cl-benzyl bond in the aromatic ring of DCF resulted in
fast dechlorination under plasma conditions and led to the release of chlo-
ride ions with reaction Gibbs free energies around 84–88 kcal/mol
(Agopcan Cinar et al., 2017). Two dechlorination TPs were identified,
C14H11NO3 (DCF-241) and C14H10ClNO2 (DCF-259). DCF-259 showed a
transformation route involved the cyclisation into a carbazole derivative
and loss of Cl (Salgado et al., 2013).

The mechanism suggested for the formation of DCF-277 (C14H9Cl2NO)
starts with cyclization and is followed by water elimination. According to
Agopcan Cinar et al., 2017, nitrogen attack on the carbonyl carbon results
in formation of the cyclic intermediate. DCF-277 was also identified in
Sono-activated persulfate oxidation (Monteagudo et al., 2018).

Subsequently, the cleavage of C\\N bonds could occur and form low
molecular weight byproducts including C8H10O3 (DCF-154), C8H6O4

(DCF-166) and C8H10O6 (DCF-202). The cleavage of the C\\N bond can
be facilitated by the attack of reactive species at the amino group in DCF
and breaking the bridge of aromatic rings. Degradation of DCF could con-
tinue by cleavage of the ring and the formation of small molecules.

4. Conclusion

In this study pin-APPJ and multi-needle electrodes-APPJ sources were
utilized as chemical free AOPs approaches for degradation of DCF and
11
pCBA in water. We have constructed the 3-pin APPJ to be able to treat
larger volumes and in flow regime. Both plasma sources operated in
argon as a working gas and plasma was in contact with contaminated sam-
ples during the treatments. We have performed electrical characterization
and obtained power deposited in the plasma in contact with liquid. This
was necessary because power given by the power supply is not the same
as power actually deposited in the discharges due to the losses in the sys-
tem. The power deposited in the part of the discharge in contact with sam-
ple was needed for more precise calculation of energy yield. OES and ICCD
imaging showed the presence and spatial distribution of excited species (for
example HO•, O•, N2 (SPS), argon excited species etc.) that are major initi-
ators of the reactions in the liquid phase.

Pollutant degradation was efficient by using both plasma sources with
DCF degrading much faster than pCBA. For both contaminants, the degra-
dation was more efficient with 1-pin APPJ due to the much smaller volume
of the contaminated sample. The results showed that the multi-needle
electrodes-APPJ treatment was more energy-efficient and the energy
yield varied by the magnitude difference. The maximum energy yield
values at 50 % elimination were 6465 mg/kWh and 4036 mg/kWh for
DCF concentrations of 25 mg/L and 50 mg/L, respectively. The energy
yield for pCBA removal was much lower. With the introduction of recircu-
lation of contaminant, plasma created RONS had more time to react. As a
result, the plasma-recirculation system has the most substantial impact to
the degradation process.

The elemental composition of transformation products of DCFwas iden-
tified by high-resolution Orbitrap-LC-MS. The tentativemolecular structure
of transformation products was analyzed and compared to the literature.
The DCF oxidation routes are described and products that formed after
various reaction processes including hydroxylation, dechlorination and cy-
clization are reported based on the chemical formula andmolecular weight.

Overall, the findings of this study indicate that cold plasma technology
can be efficient option for removing organic pollutants from water that are
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extremely difficult to degrade in conventional WWTPs. A multi-needle
electrodes-APPJ recirculating system implemented in the research has the
ability to enhance plasma and liquid interaction.
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A B S T R A C T   

Natural clinoptilolite (CLI) exhibited a high efficacy in ciprofloxacin (CIP) removal from aqueous solution by 
adsorption. However, the regeneration of the spent adsorbent was a challenge since the adsorption occurred via 
electrostatic interactions and ion-exchange reaction. Herein, the feasibility of non-thermal plasma (NTP) was 
studied for the regeneration of ciprofloxacin-containing clinoptilolite (CIP-CLI) in five successive adsorption/ 
NTP regeneration cycles. The NTP treatments were performed using a surface dielectric barrier discharge (SDBD) 
operating at atmospheric pressure in air. Plasma discharge gap, sample mass, and electrode surfaces were varied 
to find optimal regeneration parameters. For the plasma source with an electrode surface of 37.2 cm2, the 2 mm 
electrode gap and 20 min of plasma treatment were found as optimal parameters (sample mass of 0.2 g). The 
plasma treatment did not affect clinoptilolite features which were concluded from a study of textural properties 
and powder X-ray diffraction (PXRD) analysis. X-ray photoelectron spectroscopy (XPS) showed a decrease of 
total carbon content with around 10% of carbon residual left on the surface. The CLI adsorption capacity can be 
regenerated to at least 90% of its initial capacity during the five successive cycles, showing the involvement of 
plasma reactive species in decomposition of adsorbed CIP.   

1. Introduction 

Antibiotics are a group of pharmaceuticals intensively used in not 
only human, but also in veterinary medicine, as well as a growth pro-
moter in livestock. Due to the wide range of their applications, global 
production of antibiotics constantly increases. According to Klein et al. 
the antibiotic consumption increased for 65% between 2000 and 2015 
worldwide, which indicates that the presence of antibiotics in the 
environment is growing and causing numerous problems [1]. Antibiotics 
easily reach the natural water bodies via wastewater effluents and 
although present in low concentrations, they could have adverse effects 
on both ecosystem and human health [2]. 

Ciprofloxacin (CIP) is one of the most consumed antibiotics. It is a 
fluoroquinolone (Fig. 1) and can be found in surface water in concen-
tration range from ng dm− 3 to mg dm− 3 [3]. A particular feature of CIP 
present in water solutions is its strong pH dependence. The zwitterionic 
structure with pKa = 5.90 ± 0.15 and 8.89 ± 0.11 for carboxyl and 
amine groups, respectively [4,5], makes CIP removal from water media 
more complex. 

Moreover, due to the complex structure and low biodegradability, 
CIP cannot be completely removed from water by conventional waste-
water treatment processes. 

Among different methods, adsorption has been found to be a prom-
ising technique since it has shown a satisfactorily efficiency in removal 
of different organic contaminants such as organic dyes [6], pesticides 
[7], as well as pharmaceuticals [8]. The main advantages of adsorption 
are availability of a wide range of different adsorbent materials, low 
operational costs, as well as a possibility to reuse the spent adsorbent in 
a large number of adsorption cycles. Minerals such as porous alumino-
silicates – zeolites have shown a good efficacy in removal of organic and 
inorganic pollutants from water solutions [9]. 

The adsorption of pollutants species on natural zeolites has many 
advantages due to their availability, low cost, unique structural features, 
and thermal stability. Regeneration of the spent zeolite-based adsor-
bents are usually based on relatively simple procedures. Thus, adsorbed 
phosphate or ammonia can be removed from the spent clinoptilolite- 
based adsorbent by NaOH solution [10] or by combined chemical and 
biological treatment [11], respectively, while most of the adsorbed 
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phenol can be released from the zeolite β (synthetic zeolite) by thermal 
desorption [12]. Generally, conventional regeneration methods are still 
the most applied ones so far, but they are not always effective due to 
complex adsorbate-adsorbent interactions. Thus, it has been previously 
investigated and determined that the regeneration efficacy of CIP- 
containing natural zeolite-clinoptilolite by ion-exchange reaction was 
low [13]. 

Recently, treatments based on non-thermal plasmas (NTPs) have 
been studied for regeneration and modification of different adsorbents. 
Plasma consists of excited molecules, ions, free radicals, and UV photons 
which provide enough energy for promoting different chemical re-
actions [14]. NTP has been used for the surface activation and modifi-
cation of carbonaceous materials [15], clay minerals [16], and zeolites 
[14,17]. It has been reported that treatment of zeolite in NTP can in-
crease the amount of oxygen functional groups on the zeolite surface and 
increase the pore openings by removal of captured organic species 
[17,18]. Namely, highly reactive species generated in NTP induce 
chemical bond cleavage on the surface layers of the adsorbent and thus 
restore the adsorption capacity. This is achieved in short treatment time, 
with a low energy consumption and without using any additional 
chemicals or producing toxic waste. Thus, the aforementioned features 
are the main advantages of the plasma treatments compared to 
commonly applied procedures. 

However, NTP operating at atmospheric pressure are inevitably 
limited to small active plasma volumes, which restricts the effective 
treatment surface and the flux of reactive species. One way to overcome 
this limitation is to use a plane dielectric barrier discharge (DBD) type of 
plasma source which enables plasma formation in the gas at the surface 
of the electrode [19,20]. These sources named surface dielectric barrier 
discharge (SDBD) employ specific electrode geometry and dielectric 
insertion between electrodes, together with alternating high-voltage 
signals to form the plasma on large surfaces (in comparison to other 
NTP sources operating at atmospheric pressure) with limited discharge 
current. 

NTP operating in air at atmospheric pressure is characterized by a 
diversity of generated reactive oxygen (ROS) and nitrogen species (RNS) 
such as radicals, ions, excited atoms, and molecules as well as neutral 
species (•O, •OH, H2O2, O3, N2*, O2, etc.). The presence of short-lived OH 
radicals is primarily ascribed to water molecule dissociation through 
NTP [21]. Furthermore, the generation of long-lived reactive species of 
ozone and nitrogen (NOx and HNOx) plays an important role in air DBD 
plasma, due to the generation of a sufficient amount of radicals and 
active species such as N2, N2

+, O2, 
•OH, etc., which in turn induce a train 

of chemical reactions, resulting in the destruction of organic pollutant 
and intermediates molecules [22,23]. It is important to emphasise that 
plasma chemistry depends on plasma source parameters such as applied 
power density, and plasma conditions such as gas temperature, electron 
density, vibrational temperature, etc. [21,22]. An important asset of 
using SDBD sources is that it can operate in ambient air, avoiding the 
need for vacuum equipment. Moreover, it is possible to stack several 
sources to increase the effective surface, creating modular systems, 

which allows a straightforward integration into the existing processing 
lines [24]. 

The aim of this study was to evaluate the ability of NTP technology 
for regeneration of a natural zeolite (clinoptilolite, CLI)-based adsor-
bent, that was used for the removal of antibiotic ciprofloxacin (CIP) from 
aqueous solutions. To investigate the CLI reusability and applicability of 
NTP, the adsorbent efficiency was investigated within five adsorption 
cycles with NTP as a regeneration step. Subsequently, the CLI before and 
after the NTP treatment, as well as the spent CLI was characterized in 
detail. Regeneration mechanisms considering the interaction between 
plasma and adsorbed CIP were discussed. To the best of our knowledge, 
natural clinoptilolite adsorbent regeneration by NTP technique has not 
been reported until now. 

2. Materials and methods 

2.1. Materials 

The clinoptilolite-rich zeolitic tuff used in this study was obtained 
from the Serbian deposit Slanci, near the capital Belgrade. Major min-
eral phase of the zeolitic tuff was clinoptilolite (CLI) (>80 wt%) with 
quartz (<7.5 wt%) and feldspar (<13 wt%) as major satellite phases, 
which was revealed by quantitative PXRD analysis using the Rietveld 
refinement calculations and the Topas-Academic v.4 software package 
[25]. The cation exchange capacity (CEC) measured by a standard 
procedure [26] was 162.2 mmol M+/100 g. 

Prior to the adsorption experiments, the sample was sieved, washed 
with deionized water to remove impurities, and then dried in oven at 
105 ◦C until a constant mass. The particle size used in the experiments 
was in the range of 0.063–0.125 mm for which previous experimental 
work showed the best adsorptive performance [27,28]. 

Two different concentrations of CIP were used. For preliminary 
optimization of the plasma treatment process, a solution of 200 mg dm− 3 

(CIP200-CLI) was used. For the reusability tests, a CIP solution of 25 mg 
dm− 3 was used, since it is more of a realistic concentration found in 
natural waters and wastewaters. 

All used chemicals were of analytical grade and deionized water was 
used in all adsorption experiments which were performed under 
controlled conditions. The CLI samples were weighted to four-digit ac-
curacy, and the solution concentrations were determined with four-digit 
accuracy. 

2.2. Adsorbent characterization 

2.2.1. Powder X-ray diffraction analysis (PXRD) 
Clinoptilolite crystallinity was examined using a powder X-ray 

diffraction method (PXRD) and a Rigaku SmartLab powder diffractom-
eter with CuKα (λ = 1.54178 Å) radiation at 40 kV and 30 mA. Scans 
were performed in the 2θ range from 5◦ to 65◦, with 0.01◦ step and a 
scan rate of 5◦ min− 1. 

2.2.2. Textural properties 
The specific surface area (SBET) and porosity were analyzed by ni-

trogen adsorption at –196 ◦C according to Brunauer Emmet Teller (BET) 
method [29] using a Surfer porosimeter (Thermo Fisher Scientific, USA). 
Prior to the analysis, the samples were degassed for 10 h at 150 ◦C under 
the vacuum. The pore size distribution (PSD) was calculated by Barrett, 
Joyner, and Halenda (BJH) method [30], and the data was extrapolated 
from desorption isotherm branch. The mesopore and micropore surfaces 
as well as the volume of micropore were calculated using the t-plot 
method [31]. 

2.2.3. X-ray photoelectron spectroscopy (XPS) 
The X-ray photoelectron spectroscopy (XPS) analyses were carried 

out on the PHI-TFA XPS spectrometer produced by Physical Electronics 
Inc and equipped with Al-monocromatic source. The analyzed area was 

Fig. 1. Chemical structure of CIP molecule.  
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0.4 mm in diameter and the analyzed depth was about 3–5 nm. During 
data processing the spectra were aligned by setting the C 1 s peak at 
284.8 eV, characteristic for C–C/C–H bonds. Quantification of surface 
composition was performed from XPS peak intensities considering 
relative sensitivity factors provided by instrument manufacturer [32]. 
The sensitivity of the method is about 0.5 at.%. To analyse in-depth 
distribution of elements in the sub-surface region up to 40 nm deep, 
the XPS depth profiling was performed in combination with ion sput-
tering. The Ar ions of energy 3 keV were used. The velocity of the ion 
sputtering was estimated to be 2.0 nm min− 1 calibrated on the Ni/Cr 
multilayer structure of the known thickness. 

2.3. CIP adsorption tests 

Details of the adsorption experiments were given in our previous 
work [13]. Shortly, we found that the CLI has high affinity towards CIP 
at pH = 5. Accordingly, in this study the CIP adsorption experiments 
were performed at 22 ± 0.5 ◦C with a solid to liquid ratio of 1:100. 
Therefore, the adsorbent mass for the first adsorption cycle was 1.5 g for 
150 ml of CIP solution. The mass loss per regeneration cycle was taken 
into account when calculating subsequent masses so that the above-
mentioned ratio of 1:100 was maintained. The initial concentration of 
CIP solution was 25 mg dm− 3 at pH = 5 and the adsorption time was 5 
min. 

The CIP concentration (q) on the CIP-containing CLI (CIP-CLI) was 
calculated using the following formula: 

q = (25 − C5) × V/m (1)  

where C5 (mg dm− 3) is the CIP concentration after 5 min, V (dm3) is the 
volume of the CIP solution, and m (g) is the adsorbent mass. The CIP 
concentration was measured in filtrate by a standard procedure using a 
UV–Vis spectrophotometer (Beckman Coulter DU®720, General Pur-
pose) at 278 nm [33]. The CLI adsorption capacity for CIP was 2.32 mg 
g− 1. 

After the adsorption experiment, adsorbent was separated from the 
liquid phase by vacuum filtration and then air-dried for around 2 h at 
room temperature. 

2.4. Regeneration of CIP-CLI by plasma treatment 

The regeneration experiments were performed by the NTP treatment 

using a surface dielectric barrier discharge (SDBD) source. Electrical 
circuit and vertical cross section of the plasma source are schematically 
shown in Fig. 2a, while Fig. 2b shows a photograph of the plasma source 
with a CIP-CLI sample. Plasma source was composed of two parallel 
dielectrics barriers with electrodes – powered electrode facing the 
dielectric glass surface covering the grounded electrode. The round- 
shaped upper part consisted of Cu tape strips glued to both sides of a 
glass plate of 2 mm thickness forming a square with area of 37.2 cm2. For 
scaling studies, a smaller version of the source with area of 18.1 cm2 was 
also used. Grid shaped electrodes from the lower side were powered 
while comb-shape electrodes from the upper side were grounded. The 
grounded stripe electrodes were positioned between powered electrode 
segments. The sample was put in a lower circular glass holder with side 
walls (ID: 108 mm, OD: 120 mm), which was standing on the grounded 
metal plate that served as a lower grounded electrode. The upper part 
was distanced d = 2 mm from the lower dielectric. Sine high-voltage 
(HV) signal of 50 Hz was supplied to the powered electrode. Ampli-
tude of the high-voltage signal was regulated by a voltage regulator at 
input of the AC signal to the primary coil of the HV transformer. In the 
grounded line R = 15 kΩ resistor was used to monitor the plasma current 
by measuring voltage drop on the resistor. In order to determine the gas 
temperature inside the active plasma volume during CIP-CLI sample 
treatment, an optical temperature sensor (opSense, OTG serie) placed 
inside the investigated volume was used. 

Before treatments mass of each CIP-CLI sample were determined on a 
precise scale and then homogeneously spread on the glass holder in a 
very thin layer (less than 1 mm of thickness) to cover entire square are 
formed by the upper electrode. After plasma ignition, due to charging of 
the powder, it was drifting in electric field and conglomerating at certain 
points under the electrode grid. However, this had no influence on the 
treatment process which was assessed by repeating the treatment- 
adsorption cycle using the same parameters. The square-shaped elec-
trode spacer was surrounding the active plasma zone, limiting the 
sample from drifting outside. After each treatment, very small amount of 
the sample was lost in manipulation so weighting at a precise scale was 
performed again before the adsorption step. 

The efficiency of the regeneration treatment was measured in loss of 
the adsorption efficiency (LAE) which was calculated as a difference in 
CIP removal efficiency in the first and second adsorption cycle, after 
NTP treatment. 

Fig. 2. Scheme of the plasma SDBD reactor (a) and image of the sample layer on the glass barrier and the used SDBD plasma source with the CIP-CLI sample (b).  
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2.5. Plasma characterization 

2.5.1. Optical emission spectroscopy 
To identify the excited species present in the plasma during treat-

ment, optical emission spectroscopy (OES) of the surface dielectric 
barrier discharge in ambient air was performed. The OES measurements 
were attained using Maya 2000 Pro spectrometer (Ocean Optics Inc, FL, 
USA). Emission from the plasma region was collected and directed to-
wards an entrance slit of the spectrometer by using a collimating lens in 
UV and VIS range (Ocean Optics UV74) and an optical fiber (Thorlabs, 
Newton, NJ, USA) with Ø200 µm core. 

2.5.2. Power measurement 
Electric parameters were measured and recorded using a digital 

oscilloscope KEYSIGHT (InfiniiVision DSOX 1024A, USA), a high- 
voltage (HV) probe (P6015A, Tektronix Inc., Beaverton, OR, USA) and 
a voltage probe (N2863B, Agilent, Santa Clara, CA, USA). From the 
waveforms of voltage and current the instantaneous power P(t) was 
calculated, considering correction of the current signal belonging to the 
displacement current. Then, the mean power was calculated by aver-
aging P(t) function for several signal periods. This setup allowed to 
monitor changes in the plasma with changing the treatment parameters 
and consequently to perform the optimization of the parameters. 
Moreover, we were able to monitor the stability of plasma during the 
treatment. 

3. Results and discussion 

3.1. Electrical measurements of the plasma source 

Fig. 3 shows time varying signals of voltage at the powered electrode 
and plasma current recorded for Vp = 23 kV (peak-to-peak), i.e., at 
conditions used for treatments. The plasma current signal is corrected to 
counterbalance the displacement current effect that appears due to the 
time-variation of the electric field. The displacement current is calcu-
lated assuming its fully capacitive origin – by taking a derivative of the 
applied voltage signal and using realistically determined capacitance of 
the source [19]. 

The voltage signal has sinusoidal shape while the current signal is 
periodical with distortions that appear both in the positive and negative 
part of the period and narrow spiry shape in maximum and minimum 

values. At these values, especially for maxima, i.e. in the positive part of 
the signal, structures with peaks appear in the current signal. These 
current peaks appear due to occasional occurrence of filaments in diffuse 
surface discharge [19]. 

3.2. Optimization of the SDBD key operating parameters 

This study investigates a range of operational parameters in order to 
determine the optimal ones for efficient regeneration of natural cli-
noptilolite after the ciprofloxacin adsorption. For this experiment the 
DBD source with the electrode surface of S = 18.1 cm2 was used. The 
distance between electrodes (d) and the sample as well as sample mass 
(m) were varied. In all experiments the plasma treatment time was 20 
min with maximum available voltage at the power supply. The treat-
ment duration was selected as the longest possible considering the type 
of treatment as well as prior experiences. The three investigated com-
binations of parameters and associated plasma power are given in 
Table 1 together with the loss of adsorption efficiency after the plasma 
regeneration (LAE). LAE parameter is calculated as a difference in the 
CLI adsorption efficiency between the first and second adsorption cycle, 
where regeneration was made after the first cycle. The efficiencies of the 
regeneration process were measured as difference in adsorption effi-
ciency before and after one regeneration treatment of CIP200-CLI. 

The results showed that decrease of sample mass improved the 
adsorbent recovery. This was related to the effective area of sample 
particles exposed to the plasma. Moreover, decreasing the electrode gap 
also enhanced the adsorbent recovery process, i.e. decreased the LAE. 
Reduction in the electrode distance reduced active plasma volume 
which consequently increased the total plasma current, i.e. the density 
of reactive species. Consequently, a small increase in plasma power was 
obtained. Since the smallest reduction in adsorption efficiency was ob-
tained with d = 2 mm, this electrode gap was used for further investi-
gation of atmospheric NTP treatment potential for the CLI regeneration 
after antibiotic adsorption. 

To enable the treatment of a larger mass in one iteration, we 
expanded the electrode surface to approximately double of its size and 
increased the sample mass two times. Thus, the results obtained by using 
the source configuration with electrode surface of S = 37.2 cm2 while 
treating the 0.20 g of CLI showed negligible difference in LAE, less than 
1% in comparison to the most optimal configuration 2 (Table 1). The 
mean power in this case was 2.50 W. Thus, the obtained results support 
the fact that, for the range of parameters investigated, the plasma pro-
cess is scalable with respect to active plasma area and treated sample 
mass. This is significant for potentially scaling up of the regeneration 
process. 

After determination of the optimal conditions, the regeneration ex-
periments were performed using the source with the electrode surface of 
37.2 cm2, at applied voltage of Vp = 23 kV (peak-to-peak), i.e. VRMS = 8 
kV and IRMS = 0.30 mA. In each treatment, 0.20 g of spent CLI was 
exposed to the plasma for 20 min. The mean power was calculated at 
several instances during each treatment and the value of 2.50 ± 0.06 W 
was obtained. 

Monitoring voltage and current during every plasma treatment also 

Fig. 3. Waveforms of electrode voltage (left axis) and plasma current (right 
axis) of the SDBD source in air at atmospheric pressure, recorded at 1.3 W. The 
current signal is shown without the displacement current. 

Table 1 
Parameters of the plasma treatment systems for regeneration process 
optimization.  

Configuration Plasma parameters Sample 

d, mm Pmean, W m, g LAE, % 

1a 4  1.1  0.25  14.2 
1b 4  1.1  0.10  12.3 
2 2  1.3  0.10  10.0 

Treatment time: 20 min. 
m – sample mass (g); d – plasma discharge gap (mm); Pmean – applied system 
power (W); LAE – loss of adsorption efficiency (%). 
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provided an additional insight into the amount of residual water in the 
samples. Namely, considerable change in the humidity levels in the 
active plasma volume is accompanied with reduction of the discharge 
current and power [34,35]. In our treatments these values proved to be 
unchanged so the amount of residual water in the samples was the same. 
Thus, all treatments were stable and reproducible. 

3.3. Optical emission spectroscopy 

The emission spectrum from the air SDBD plasma obtained in 
absence of CLI sample for a near ultraviolet–visible region (200–900 
nm) is shown in Fig. 4. The spectrum gives a qualitative information 
regarding excited chemical species present in the plasma. The most 
intense lines recorded belong to the N2 Second Positive System (SPS) 
band, as it was expected for an air plasma. Lower intensities of peaks can 
be observed for the First Negative System (FNS) of N2, and OH radicals 
since the plasma operates in ambient air of certain humidity. There were 
also very weak bands of the First Positive System (FPS) of N2 in the 
visible part of the spectrum [36]. Furthermore, according to the litera-
ture data, the main active species present in such SDBD air plasma 
discharge (but not visible in the obtained OES spectrum) responsible for 
the degradation of organic molecules were found to be atomic oxygen 
(O), ozone (O3) [37,38], hydrogen peroxide (H2O2), hydroxyl radicals 
(•OH), as well as peroxynitrites and nitrogen oxides [39,40]. 

In order to perceive a possible emission from CIP decomposition 
products that were dispersed into the gas phase and excited in the 
plasma, the comparison between the spectra obtained without CLI 
sample and with CLI and CIP-CLI samples were performed. However, 
both obtained spectra had the same lines as in Fig. 4. So, no additional 
emission coming from the decomposition products of CIP (or eventually 
from CLI) could be detected in the investigated spectral range. 

3.4. Plasma regeneration experiments 

The reusability of CLI during the adsorption cycles was further 
investigated, and the results are shown in Fig. 5. The removal efficiency 
of CIP did not change significantly during the five adsorption cycles. The 
first cycle with the removal efficiency of 87 % included pristine CLI. 
After the first cycle, both removal efficiency and CLI adsorption capacity 

stayed approximately constant during the next 3 cycles (87.5 ± 3 % and 
2.34 ± 0.01 mg g− 1, respectively). Subsequently, the removal efficiency 
of CIP decreased to 80% in the last cycle accompanied by a slightly 
decrease in CLI capacity (2.17 mg g− 1). 

Therefore, exposure of CIP-CLI sample to the plasma induced some 
mechanism of adsorbent regeneration. CIP is thermally stable in the 
temperature range 25–50 ◦C. Decomposition of the CIP starts at 50 ◦C 
and finishes at around 750 ◦C in three successive stages [41,42]. DBD 
plasma sources produce chemical reactive environment at nearly room- 
temperature since their construction prevents emergence of higher 
currents that can heat both the gas and the sample. In order to 
completely exclude the thermal effect of the plasma treatment, mea-
surement of the gas temperature inside the plasma during sample 
treatment was performed. The measured temperature never exceeded 
30 ◦C, with an average temperature increase of 2.5 ◦C during 20 min 
treatment. According to the abovementioned data about CIP thermal 
decomposition, the temperature that was achieved by SDBD plasma was 
not high enough to induce thermal degradation of CIP. 

SDBD plasma source operating in air at atmospheric pressure gen-
erates different NOx species, ozone, hydroxyl radicals and hydrogen 
peroxide which can participate in the CIP degradation. Considering the 
presented results and literature data which mainly considered CIP 
degradation by plasma formed in a liquid phase, the main features of the 
CIP decomposition by air plasma most likely involve: 1) hydrogen attack 
on the piperidine ring followed by a recombination with •OH, and 2) 
ozone attack on the carboxyl group of the quinolone moiety followed by 
subsequent attack of the piperazinyl substituent [40,43]. It seems likely 
that CIP was firstly degraded into different intermediates of masses 
between 300 and 420 Da. Then, some species were mineralized up to 
some extent under exposure to the NTP. Volatile by-products of these 
reactions were removed immediately during the plasma treatment while 
other probably remain at the CLI surface and detach in the following 
adsorption cycle. It was shown that some of the degradation products 
that appear resistant to further oxidation have highly polar nature which 
renders them water-soluble [43]. 

Preservation of zeolite crystallinity after plasma treatments has been 
confirmed by XRD measurements and is in accord with the literature 
data [14,18]. Crystallinity of the CLI was tested after the first (CIP- 
CLI_PL1) and the fifth adsorption cycle (CIP-CLI_PL5). The obtained 
PXRD diffractograms are shown in Fig. 6., showing that the plasma did 

Fig. 4. The optical emission spectrum from the SDBD source in air at atmo-
spheric pressure, recorded at 1.3 W. Line intensities are corrected for the 
spectral efficiency. 

Fig. 5. Reusability tests of CLI for the removal of CIP through five cycles (bar 
graph – removal efficiency (%), symbol-line graph – adsorption capacity (mg 
g− 1), C0 = 25 mg dm− 3, adsorbent dosage = 10 g dm− 3, pH = 5, and contact 
time of 5 min). 
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not affect structural feature of CLI through 5 cycles. The obtained XRD 
reflections are consistent with the natural clinoptilolite pattern [44]. 
Similar results were reported for the low-pressure oxygen plasma acti-
vation of zeolite-A [17] and clinoptilolite [18]. The plasma treatment 
increases the adsorption capacity of zeolite-A for cadmium ions and 
organic dyes [17]. 

The influence of NTP on textural properties of the spent adsorbent 
was studied using the adsorption/desorption experiments of N2 at 
–196 ◦C. The results are given at Fig. 7. According to IUPAC classifica-
tion, the adsorption/desorption isotherms belong to the type IV, which is 
the characteristic of mesoporous solids [45]. The presence of hysteresis 
loops of type H3 is typical for clinoptilolite indicating that clinoptilolite 
is in the form of non-rigid aggregates of plate-like particles, generating 
slit-shaped pores [46]. Fig. 7 also shows a higher adsorption of N2 at 
–196 ◦C on CIP-CLI_PL in comparison to the other two samples which 

could be assigned to a higher number of mesopores after the plasma 
regeneration treatment. This could be also attributed to slower N2 
molecule diffusion through CLI and CIP-CLI lattice due to the presence of 
impurities that prevent the N2 molecules to access the clinoptilolite pore 
system. 

The specific surface area (SBET) of CLI calculated by BET equation 
(32 m2 g− 1) was similar to that for raw clinoptilolite reported in liter-
ature [47,48]. The textural properties of CIP-CLI (2.32 mg CIP g− 1) 
before and after NTP treatment (CIP-CLI_PL) were similar to that of raw 
CLI (Table S1). Furthermore, plasma treatment did not significantly 
influence the pore size distribution (Fig. S1). 

To get an insight into the surface properties after plasma treatment, 
XPS analysis was performed. Fig. 8 shows typical XPS survey spectra 
from the surface of CLI, CIP-CLI, CIP-CLI_PL and CIP samples. The peaks 
of elements O, Fe, Si, Al, Ca, Mg and K were identified in XPS spectra 
originating from the CLI matrix. In addition, carbon present in CLI 
spectra (Fig. 8-1) originated from the contamination layer due to sample 
handling in air. The binding energy found in the carbon C 1 s XPS spectra 
of CIP-CLI (Fig. 8-2) and CIP-CLI_PL (Fig. 8-3) is 284.7 eV, and that can 
be assigned to C–C and C–H bonds [49]. The XPS spectrum of pure CIP 
(Fig. 8-4) displayed F, N, C and O peaks. The F and N peaks are also 
evident in the spectra of CIP-CLI and CIP-CLI_PL (Fig. 8-2 and 8-3) which 
confirming the presence of CIP. The intensity of F and N peaks were 
lower for CIP-CLI_PL sample than for the CIP-CLI sample due to plasma 
treatment. 

Moreover, Fig. 9 shows that the C concentration was significantly 
higher for CIP-CLI as well as for the CIP-CLI_PL then for pristine CLI. 
These suggested three facts: 1) presence of CIP on the CLI results in an 
increase of C concentration onto CLI surface, 2) C concentration is lower 
for about 50% for the plasma treated CLI than for CLI-CIP, and 3) certain 
amount of C (about 10%) remained in the CLI lattice after the treatment 
suggesting that the NTP did not completely remove organic species 
present in CLI. We should note that the Ar-ion sputtering of powder 
samples does not remove uniformly the surface layer on all particles due 
to the shadowing effect, which is present due to uneven sample surface. 
This could be the main reason that carbon was present also after 
different sputtering time, which reflects the carbon-based coating of 
particles in the non-sputtered area among the particles. Anyhow, we 
believe that level of carbon concentration in the XPS profiles represents 
the residual level of CIP after NTP treatment. During XPS depth 
profiling, the concentration of F and N was not followed on the CIP-CLI 
and CIP-CLI_PL samples due to their low concentrations. 

Fig. 6. PXRD patterns of CLI (a) and CIP-CLI_PL1 (b) and CIP-CLI_PL5 (c).  

Fig. 7. Nitrogen adsorption isotherms plot for CLI (1), CIP-CLI (2), and CIP-CLI_PL (3). Solid symbols – adsorption, open symbols – desorption.  
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4. Conclusions 

Non-thermal plasma was used for the removal of antibiotic cipro-
floxacin adsorbed by natural clinoptilolite. The plasma treatment 
operating at atmospheric pressure with air as the working gas regener-
ated the spent adsorbent in a high rate (about 90%). The adsorption 
capacity remains stable after the five adsorption/plasma regeneration 
cycles with the less than 7% difference in the adsorption efficiency of the 
first and fifth adsorption cycles. 

The plasma treatment did not affect clinoptilolite crystallinity nor its 
specific surface area. XPS analysis showed that the treatment decom-
posed majority of the adsorbed ciprofloxacin with about 10% of carbon 
left immobilized on the surface. 

Performed electrical characterization of the plasma source proved 
the stability of plasma properties in different treatments with a power 
consumption of 2.5 W. Optical emission measurements showed typical 
spectrum of an air plasma with OH radical and excited N2 species. The 
obtained results of the scaling-up the plasma source showed that 
doubling the treatment area and sample mass gave repeatable result. All 
this proves the fact that innovative plasma treatment could be applicable 
on a larger scale (an industrial plant). 

By using a non-thermal atmospheric pressure plasma treatment, the 
adsorption capacity of the spent clinoptilolite can be almost completely 
restored, preserving the initial crystalline structure and textural prop-
erties of clinoptilolite. All these leads to the conclusion that non-thermal 
plasma, as an innovative method for the regeneration of antibiotic- 

Fig. 8. XPS survey spectra from the surface of pristine CLI (1), CIP-CLI (2), CIP-CLI_PL (3) and CIP (4).  

Fig. 9. XPS depth profile for C obtained on the samples CLI, CIP-CLI and 
CIP-CLI_PL. 
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containing natural clinoptilolite can be considered as perspective, 
economically and environmentally acceptable method. 
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review & editing. Janez Kovač: Formal analysis, Writing – review & 
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University of Belgrade, Despot Stefan Boulevard 142, 11000 Belgrade, Serbia; suzy@ibiss.bg.ac.rs

* Correspondence: nskoro@ipb.ac.rs (N.Š.); sladja@ibiss.bg.ac.rs (S.J.)

Abstract: Herein, we present the effect of surface dielectric barrier discharge (SDBD) air cold plasma
on regrowth of chrysanthemum synthetic seeds (synseeds) and subsequent plantlet development.
The plasma system used in this study operates in air at the frequency of 50 Hz. The detailed electrical
characterization of SDBD was shown, as well as air plasma emission spectra obtained by optical
emission spectroscopy. The chrysanthemum synseeds (encapsulated shoot tips) were treated in air
plasma for different treatment times (0, 5 or 10 min). Plasma treatment significantly improved the
regrowth and whole plantlet development of chrysanthemum synseeds under aseptic (in vitro) and
non-aseptic (ex vitro) conditions. We evaluated the effect of SDBD plasma on synseed germination of
four chrysanthemum cultivars after direct sowing in soil. Germination of synseeds directly sowed
in soil was cultivar-dependent and 1.6−3.7 fold higher after plasma treatment in comparison with
untreated synseeds. The study showed a highly effective novel strategy for direct conversion of
simple monolayer alginate chrysanthemum synseeds into entire plantlets by plasma pre-conversion
treatment. This treatment reduced contamination and displayed a considerable ex vitro ability to
convert clonally identical chrysanthemum plants.

Keywords: artificial seeds; plasma treatment; chrysanthemum; dielectric barrier discharge; cold plasma

1. Introduction

Synthetic seed technology is one of the most promising tools in plant biotechnology
and may represent an innovative method for massive plant production and sustainable
agriculture in the future [1]. Synthetic seeds (artificial seeds or synseeds) have been defined
as artificially encapsulated somatic embryos or other non-embryogenic vegetative parts
of plants, mainly in alginate, that may be used for storage or sowing under in vitro or ex
vitro conditions [2]. The term ‘synseeds’ was described by Murashige in 1977 [3] as ‘an en-
capsulated single somatic embryo’, but later, the definition of artificial seeds was extended
to any artificially coated micropropagules that have capability to be sown as a seed and
converted into a plant [4,5]. There is a growing trend in applications of synseed technology
for medium- and long-term storage of plant material under aseptic conditions [6,7] or as an
advanced procedure of cryopreservation by encapsulation–dehydration and encapsulation–
vitrification method [8,9]. Synseed technology represents an efficient alternative technique
for propagation and germplasm conservation of valuable forest, medicinal and vegetable
plant species that reproduce mainly vegetatively or have a problem in seed propagation,
i.e., plants that produce non-viable seeds or seedless plants [10].

In synseed technology, an alginate capsule has two roles: (i) it acts as physical barrier
of shoot tips against mechanical damage, and (ii) it serves as an artificial endosperm, carbon
source and reservoir of nutrients for better survival and supply of energy [9]. Alginates are
a group of naturally occurring anionic polysaccharides derived from brown algae cell walls
(Macrocystis pyrifera, Limnaris hyperborea, Ascophyllum nodosum) and several bacterial strains
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(Azotobacter, Pseudomonas). Sodium alginate is soluble in water, but when the sodium is
replaced with calcium, the ionic bond with calcium cross links the polymer chain in alginate,
which results in the formation of an insoluble gel. Sodium alginate and calcium salt are
reported to be the best combination for encapsulation, representing the most successful and
widely accepted approach to synseed production [9]. Alginates can be formed into diverse
semisolid or solid structures because of their ability of sol/gel transition and are commonly
used as viscosity-increasing agents, thickeners and suspension and emulsion stabilizers
in food and the pharmaceutical industry (code E400-E405) [11]. In addition, alginate gels
are the basis for a variety of wound dressings that have showed variety of therapeutically
effects, such as hemostatic and bacteriostatic properties [12,13]. On the other hand, in
plants, sodium alginate is considered a potential elicitor that improves tolerance to plant
environmental stresses, such as drought, inhibiting plant infections and reducing the toxic
effect of heavy metals [14,15].

Chrysanthemums (Chrysanthemum morifolium Ramat. syn. C. grandiflorum Kitam)
are, besides roses, the most important economically ornamental crop in the world [16].
They originate from east Asia, a center of their biodiversity; however, to date, many
horticultural varieties and cultivars of chrysanthemums are produced using different
biotechnological tools [17]. The name chrysanthemum means gold flower, but they are
also called “autumn roses” because they were, in the past, used as cut flowers during
late summer and autumn. Nowadays, there is constant demand on the market for new
cultivars that are available during the whole year. Modern biotechnological tools, such as
mutation breeding and micropropagation under in vitro conditions, allow for production of
hundreds of new chrysanthemum cultivars every year [18]. Chrysanthemum cultivars are
commonly propagated vegetatively by cuttings and suckers and stored as field, greenhouse
or in vitro collections due to high spontaneous mutation rates and high levels of ploidy
and self-incompatibility [19,20]. Micropropagation of chrysanthemum cultivars, as an
in vitro way of vegetative multiplication in culture, was reported for the first time more
than 50 years ago [21], and numerous reports about plantlet regeneration from various
explants of chrysanthemum have been presented [16,22–24].

The application of synseed technology, accompanied by micropropagation, represents
a perfect biotechnological approach that could be used for agricultural improvement of
year-round plant production of chrysanthemums. There are several advantages of this
approach, including large-scale production; easy handling; short and medium storage
(4 ◦C) or low temperature (−196 ◦C) storage; easy transportation; and the genetically true-
to-type nature of the plants produced from synseeds. On the other hand, there are some
limitations of wider usage of synseed technology in commercial applications as published
to date, such as implementation of labor-intensive procedures, which include double-layer
encapsulation or several media changes to derived plantlets with well-developed shoot and
roots at the same time. To date, the application of synseed technology of chrysanthemum
cultivars has been investigated for in vitro storage and ex vitro planting (summarized in
Table 1). In addition, synseed technology in chrysanthemums is widely used as a part of
encapsulation–dehydration and encapsulation–vitrification protocols for long-term storage
of chrysanthemum cultivars by cryopreservation in liquid nitrogen [25]. Considering the
fact that chrysanthemums are susceptible to mutations, meristem explants (i.e., nodal
segments or shoot tips) proved to be the best explant choice for the plant propagation of
chrysanthemums, with a high degree of clonal fidelity as mother plants, as well as for
synseed production [26–28].

Chrysanthemum synseeds are mainly produced under sterile conditions for short-
and long-term storage [19], but sowing of chrysanthemum synthetic seeds under non-
aseptic conditions has been also reported [29,30]. Chrysanthemum synseeds easily regrow
from Na-alginate beads under sterile conditions, whereas for complete germination and
whole-plantlet development (shoot and root), it is necessary to add indole-acetic acid to
the encapsulation matrix [29] or, as separate step, in the medium for rooting after shoot
regrowth [19]. For sowing under unsterile conditions, the results showed that presence
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of organic compounds in the gelling matrix and commercial substrates caused microbial
contamination in all synseeds and complete inhibition of further regrowth of the shoots or
whole plantlet development. In general, difficulties of sowing artificial seeds directly in soil
or in commercial substrates, such as compost, vermiculite, etc., under non-sterile conditions
are considered to be one of the main limitations for the widescale practical application of
synseed technology [2,31]. Some progress has been achieved by using chemical mixtures
and antibiotics for preservation of synseeds before sowing [32], but more investigations
and novel approaches are still needed to improve the capacity of synseed cultivation under
non-sterile conditions.

Table 1. Application of synseed technology for storage and propagation of chrysanthemum cultivars.

Cultivar Plant Material Beads Sowing Germination
(%) Flowering References

Clone ‘PS 27’
Nodal

segments
(in vitro)

Monolayered
(3% Na-alginate +

0.1 mg/L IAA)

Sterile,
water–sand 50 no

[29]
Double-layered

(beads: 3% Na alginate,
second layer: water)

Non-sterile,
water–perlite 45 no

Lady group Shoot tips
(in vitro)

Monolayered
(3% Na-alginate) Sterile, agar 52 no [19]

cv. ‘Royal
Purple’

Shoot tips
(ex vitro)

Monolayered
(2.5% Na-alginate,

sucrose, vitamin free)

Non-sterile,
vermiculite 34 no [30]

Atmospheric pressure plasma (non-thermal, “cold”) systems have been extensively
used in biomedical applications for almost two decades [33–36]. In parallel, another
field of plasma applications has been growing-plasma agriculture [37,38]. One of the first
applications of cold plasmas was the treatments of conventional seeds [39,40]. This includes
various applications in seed treatment with several purposes [41–43]. Many authors have
shown that plasma treatments can increase seed germination and speed up the whole
process of plantlet development [37–40]. The rich plasma chemistry (with reactive oxygen
and nitrogen species) interacts with the seed coating and triggers various responses, such
as increasing water uptake, changes in the surface of seeds’ coating and elimination of
pathogens on seed surfaces [44–53]. In this sense, cold plasma treatment can have a multiply
positive impact on seed germination and subsequent plant development of conventional
seeds without the addition of chemicals that can be harmful for the environment.

Nowadays, there is a plethora of plasma sources that operate at atmospheric pres-
sure [54–57]. They differ in electrode design, type of applied voltage, feeding gas, etc.
The variety of atmospheric pressure plasma sources enables a large number of possible
applications, but at the same time, comparison between the results of treatment is difficult.
Therefore, it is of the utmost importance to obtain detailed characteristics of the plasma
device that is used in experiments. One of the first steps that is usually performed includes
electrical characterization of the discharge, accompanied by optical emission spectroscopy,
which can give insight into the plasma-excited species. These diagnostic techniques repre-
sent only the starting point for a detailed description of plasma characteristics and include
mass spectrometry, fast imaging, laser-induced fluorescence, etc. [56].

In this paper, we present results of air plasma treatment of Chrysanthemum synseeds
together with detailed plasma source diagnostics. We performed electrical characterization
of the optical emission spectra (OES) of an SDBD system that operates in air at atmospheric
pressure. Until now, we are not aware of any research data in the literature about the
effect of cold atmospheric plasma treatment on the regrowth (germination) of artificial
seeds of any plant species. The objective of this study related to synseed treatment was to:
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(1) investigate the influence of cold plasma treatment on chrysanthemum synseed regrowth
under in vitro conditions; (2) analyze the impact of cold plasma treatment on regrowth
and further plantlet development from synseeds sowed directly in soil (ex vitro); and
(3) evaluate the effect of plasma treatment on synseed germination of different chrysanthe-
mum cultivars. In this pioneer work, we present a novel approach in synseed biotechnology
and plasma agriculture cold plasma treatment of synseeds (encapsulated shoot tips) prior
to sowing to prevent contamination and enhance plant growth.

2. Results
2.1. Regrowth of Plasma-Treated Synthetic Seeds under Aseptic Conditions (In Vitro)

We tested the regrowth rate of chrysanthemum synseeds after plasma treatment
cultivated under in vitro (Figure 1) and ex vitro conditions (Figures 2–4). The regrowth and
shoot development of plasma-treated and untreated chrysanthemum monolayered, simple
synseeds were evaluated for two growing substrates without plant growth regulators under
aseptic (in vitro) conditions (Figure 1).

Figure 1. Chrysanthemum synseed germination under in vitro conditions. (a) Synseeds before
plasma treatment; (b,c) plasma-treated synseeds grown on solid agar medium—leaf emergence after
one week of culture (b) and shoot development after four weeks of culture (c); (d,f) plasma-treated
synseeds grown on vermiculite + liquid medium—plasma-treated synseeds grown one week (d) and
four weeks (e,f). Bars a–f, 5 mm.

After plasma treatment, one set of synseeds was grown on the solid agar medium
(AM, Figure 1b,c), and the second set was placed on the vermiculite + liquid medium (VLM,
Figure 1d–f). Untreated synseeds served as a control group and were grown on the same
medium. Encapsulated chrysanthemum shoot tips cultivated on AM in vitro (Figure 1a)
easily continued to grow after plasma treatment, and within the first week, leaf emergence
was observed (Figure 1b). Full development of microshoots was established after four
weeks of culture (Figure 1c). There was no apparent difference in regrowth between
the control (untreated) and plasma-treated synseeds. Additionally, no contamination
was observed among treated synseeds. All synseeds, including the control as well as
plasma-treated synseeds, were fully developed in microshoots. We further evaluated
shoot multiplication after plasma treatment, and no difference between plasma-treated and
untreated synseeds was observed (Supplementary Data, Figure S1).
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When chrysanthemum synseeds were grown on VLM (sterilized vermiculite mois-
ture with liquid plant regulator free medium) under in vitro conditions (Figure 1d–f), a
significant increase in regrowth of plasma-treated synseeds was achieved (Table 2).

Table 2. The effect of plasma treatment on germination of chrysanthemum synseeds grown in vitro
on vermiculite + liquid medium.

Plasma Treatment (min)
Leaf Emergence (%) * Shoot Regrowth (%) **

1 Week 4 Weeks

0 20 ± 10 a *** 0 ± 0 a

1 47 ± 13 a,b 40 ± 13 b

5 67 ± 12 b 47 ±13 b

10 67 ± 13 b 33 ± 12 b

* Leaf emergence is evaluated as first sign of shoot appearance out of alginate beads after one week of growth;
** shoot regrowth was evaluated as fully developed shoot out of beads after four weeks of growth. *** values
represent mean ± standard error. The data signed with different letter within the same column are significantly
different according to Fisher’s LSD test.

After one week of culture, only 20% of untreated synseeds broke out of the alginate
capsule, and none of them continued their growth. On the other hand, among plasma-
treated synseeds, leaf emergence, as a first sign of synseed germination, was two- to three-
fold higher in comparison to untreated synseeds after one week of culture. The best results
for shoot regrowth, more than three times higher than that of untreated synseeds, was
achieved after plasma treatment for 5 min and 10 min before planting in VLM. After four
weeks of cultivation, only plasma-treated chrysanthemum synseeds (33–47%) continued
their growth and developed microshoots (Figure 1e,f), whereas the untreated (control)
synseeds did not survive on VLM. For further experiments on chrysanthemum synseeds,
we used 10 min plasma treatment.

2.2. Germination of Plasma-Treated Synthetic Seeds under Non-Aseptic Conditions (Ex Vitro)

We examined the germination of plasma-treated and untreated chrysanthemum
synseeds, as well as the subsequent growth and development of plantlets after direct
sowing in soil substrate (ex vitro conditions) (Table 3, Figure 2). Plasma-treated synseeds
showed more vigorous survival, regrowth and germination in comparison to untreated
synseeds (Table 3). After one week of ex vitro cultivation, shoots broke the Na-alginate
bead, and the first leaf emerged from the synseeds (Figure 2a,b), which represented the
main sign of shoot regrowth. The difference in survival between plasma-untreated (first
column) and plasma-treated synseeds (second and third column) was evident (Figure 2a,c).
Despite the fact that there was no statistically significant difference in shoot regrowth
of plasma-treated (66%) and untreated synseeds (60%), after one week of growth under
ex vitro conditions, we noticed that the developed leaves formed from plasma-treated
synseeds were wider than those derived from untreated synseeds (Figure 2a). After one
week of growth, some untreated synseeds were lost due to desiccation and contamination.

After three weeks of growing under ex vitro conditions, we observed two times higher
survival and almost doubled percentage of shoot development of plasma-treated chrysan-
themum synseeds in comparison to untreated samples. Namely, only 33.3% of untreated
synseeds continued growth and developed very well-formed shoots, whereas more than
60% of plasma-treated chrysanthemum synseeds formed well-developed shoots (Figure 2c).
Six weeks after sowing, whole chrysanthemum plantlets with well-formed shoots and
roots were developed (Table 3). Only 17% of untreated synseeds fully germinated and
developed whole plantlets, whereas 2.5 fold higher synseed germination (over 40%) and
whole-plantlet development of plasma-treated synseeds was achieved.
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Table 3. The effect of plasma treatment on germination of chrysanthemum synseeds grown ex vitro.

Plasma Treatment (min)
Synseed Germination

Leaf Emergence *
(%)

Shoot Regrowth *
(%)

Plantlet *
(%)

0 60 ± 7 a ** 33 ± 7 a 17 ± 5 a

10 66 ± 5 a 60 ± 5 b 41 ± 5 b

* Leaf emergence is evaluated as first sign of shoot appearance out of alginate beads one week after sowing;
shoot regrowth was evaluated as a fully developed shoot out of the bead three weeks after sowing; plantlet
development was recorded as a fully developed plant with well-developed shoot and roots. ** Values represent
mean ± standard error. The data signed with a different letter within the same column are significantly different
according to Fisher’s LSD test.

Figure 2. Chrysanthemum synseed germination under ex vitro conditions, cv. Précocita carna.
(a) Control (first column) and plasma-treated synseeds (second and third column) after one week of
growth; (b) first sign of germination (leaf emergence) of plasma-treated synseeds; (c) control (first
column) and plasma-treated synseeds (second and third column) after three weeks of cultivation ex
vitro; (d) detail of fully germinated plasma-treated chrysanthemum synseed four weeks after sowing.

We compared the total deterioration (%) of the chrysanthemum plasma-treated and
untreated synseeds within the first 6 weeks of growth ex vitro (Figure 3). The values
reached almost 85% in the case of untreated synseeds, whereas for the plasma-treated seeds,
this percentage was around 60%. According to these results, we can conclude that the
plasma treatment of synseeds before sowing under ex vitro conditions enables increased
survival of the newly developed plants by 25%.
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Figure 3. Total deterioration (%) of chrysanthemum synseeds grown ex vitro during 6-week period.
Empty symbols: untreated synseeds; full symbols: plasma-treated synseeds.

2.3. Germination of Plasma-Treated Synthetic Seeds of Different Cultivars Ex Vitro

We evaluated the effect of plasma treatment (10 min) on synseed germination of
different chrysanthemum cultivars (Table 4, Figure 4). We found that the plasma treatment
significantly enhanced the process of synseed germination and conversion to plantlet after
direct sowing in soil for all tested cultivars. This effect of plasma was cultivar-dependent
(Table 4). Without plasma treatment of chrysanthemum synseeds, frequency of whole
plantlet regeneration varied from 6% to 28% depending on the cultivar. On the other hand,
plantlet regeneration from plasma-treated synseeds was 22–49%. The highest treatment
effects on whole-plantlet development were recorded for cultivars BC and PP (~370% and
~350%, respectively) in comparison to control synseeds, whereas the lowest values were
obtained for the PP cultivar (~160%).

Table 4. The effect of plasma treatment on synseed germination and plantlet development of different
chrysanthemum cultivars.

Plasma Treatment
(min)

Plantlet (%)

BC * Q * PC * PP *

0 6 ± 1 a ** 17 ± 2 a 28 ± 1 a 14 ± 1 a

10 22 ± 6 b 40 ± 3 b 44 ± 2 b 49 ± 3 b

Increment (%) ~370 ~230 ~160 ~350
* Chrysanthemum cultivars: Brandsound Liliac (BC), Queens (Q), Précocita Carna (PC) and Précocita Parme (PP);
** values represent mean ± standard error. The data signed with different letters within the same column are
significantly different according to Fisher’s LSD test.

Chrysanthemum plantlets derived from plasma-treated synseeds continued their
growth until full physiological maturity and flowering (Figure 4). During further growth
of the plantlets under greenhouse conditions, no morphological differences were observed
between the plants developed from untreated (Figure 4a,c) and plasma-treated synseeds
(Figure 4b,d). Some of the plants originated from synseeds flowered after six months of
ex vitro growth (Figure 4f); during the next flowering season, no morphological or color
changes in flowers were observed (Figure 4g–i).
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Figure 4. Chrysanthemum plantlets derived from synseeds during growth under greenhouse con-
ditions (ex vitro). (a–d) Plants derived from untreated (a,c) and plasma-treated (b,d) synseeds of
chrysanthemum cv. PC (a,b) and Q (c,d) three months after sowing; (e,f) Plantlets derived from
untreated (e) and plasma-treated (f) synseeds of cv. PC six months after sowing; (g–i) untreated
(left) and plasma-treated (right) chrysanthemum plants twelve months after sowing, during next
flowering season, cv. BL; (h,i) flowering of chrysanthemum plants derived from untreated (h) and
plasma-treated synseeds (i), cv. BL.

2.4. Characterization of DBD Plasma Source

Detailed plasma diagnostics was carried out prior to the treatments. After assessment
of the range of plasma conditions that could be achieved with the DBD source, we selected
one condition for the synseed treatment (part 4.3). The SDBD, previously used in treatments
of flour [57], was characterized by using commercially available voltage probes. In order
to properly assess the discharge current, one needs to subtract the displacement current.
The first step was determination of the capacitance of the SDBD when the discharge was
not ignited. This capacitance represents the passive capacitance of the plasma system,
and it depends mainly on the geometry of the system, so it was determined for several
interelectrode distances. The voltage at the powered electrode and current waveforms for
one of the cases is represented in Figure 5. The peak-to-peak value of the voltage is 700 V
(black line), whereas the peak-to-peak value of the current (red line) is ~12 µA.

The current measured when there is no discharge ignited is only the displacement
current. It is represented by:

idisp(t) = Cp
dv(t)

dt
(1)

where Cp represents passive capacitance of the system, and v(t) represents instantaneous
voltage measured at the powered electrode. As inodischarge(t) = idisp(t), the Cp value
calculated as a parameter from Equation (1) for different electrode distances is given in
Table 5.

An example of the voltage and current waveforms with the discharge ignited is shown
in Figure 6. The voltage waveform was measured by HV probe at the powered electrode,
whereas the current waveform represents the current through discharge. It was obtained
by subtraction of the displacement current from the total current measured in the grounded
branch of the electrical circuit. Variation of measured voltage and current were below 2%
and 4%, respectively. Consequently, the root mean square (RMS) values were calculated
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with the same uncertainties. We can see that the voltage waveform is a sine function
with a dominant first harmonic (50 Hz). The shape of the current waveform reflects a
discharge with microfilaments that can be seen through the appearance of current peaks
superimposed on the waveform [58,59].

Table 5. Values of stray capacitance in the SDBD system.

Electrode Distance-d [mm] Stray Capacitance—Cp [pF]

2 20
3 35
4 41
5 45

Figure 5. Waveforms of voltage (black line) and current (red line) obtained for d = 5 mm without
discharge (input voltage Vinput = 6 V). Displacement current (green line) is calculated by using voltage
signal (Equation (1)).

The dependence of the output RMS voltage measured at the powered electrode on the
input voltage is shown in Figure 7, left-hand axis. We can see that the dependence is linear,
and it does not change significantly with an increase in the distance between electrodes.

The maximum operating voltage that could be obtained with this power supply system
and the plasma source geometries was ~25 kVpeak-to-peak (~8560 VRMS). The dependence
of the measured current on the input voltage is shown in Figure 7 on the right-hand axis.
In this case, the dependence was not linear, and it changes with the distance between the
powered electrode and the bottom plate, i.e., sample. For all distances presented here, the
maximum current was 0.3 m ARMS obtained for d = 2 mm.

The volt–ampere (V-A) characteristics (Figure 8) show that the system is not linear
with constant impedance. The complex impedance changes with an increase in the applied
voltage, and the non-linearity is the most pronounced for the distance of 2 mm. This can be
explained by the number of microfilaments formed and the effective area that they covered.
For the interelectrode distances of d = 3, 4 and 5 mm, the V-A dependence is almost the
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same up to the applied RMS voltage of 6.5 kV. Increasing of the interelectrode distance
reduces the number of microfilaments that occur in one half-period, and the ones that are
ignited operate totally with low conduction current.

Figure 6. Time dependence of voltage and current signals at Vinput = 220 V and d = 5 mm for the
discharge operating in air.

Figure 7. Dependence of the RMS voltage and current values on the input voltage Vinput for four
geometries. The discharge was operating in air.
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Figure 8. Volt–ampere characteristics of the SDBD obtained for the different distances between the
powered electrode and the sample. The discharge was operating in air.

As expected, a similar change can be observed for the power transmitted to the
discharge (Figure 9). Power is obtained as a mean value of instantaneous power calculated
over several periods. The instantaneous power is obtained by direct multiplication of the
waveforms of voltage and discharge current. We can see that the mean power transmitted
to the discharge increases with the applied voltage. The maximum power that can be
deposited to the discharge is around 1.5 W for the interelectrode distance of 2 mm. For
voltages lower than 6.5 kV, the deposited power is similar for distances of d = 3, 4 and
5 mm and lowest for d = 2 mm.
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We recorded the emission spectra of the SDBD plasma source operating in air in the
wavelength range from 275 nm to 850 nm. In Figure 10, we present the emission spectrum
for d = 2 mm up to 500 nm. Almost all lines visible in the spectrum belong to N2 Second
Positive System (SPS): 313.67 nm, 315.93 nm, 337.13 nm (head of the band), 350.05 nm,
353.67 nm, 357.69 nm, 364.17 nm, 375.54 nm, 380.49 nm, 399.84 nm, 405.94 nm, 420.05 nm,
426.97 nm, 441.67 nm, 449.02 nm.

Figure 10. Optical emission spectrum from an air SDBD source obtained from side-on recording
of spatially integrated emissions from the whole discharge volume (electrode gap, d = 2 mm). The
intensity signal is corrected for spectral efficiency of the optical system.

3. Discussion

First, we will discuss in detail the plasma characteristics used in the study. We used air
SDBD because of the plane-parallel geometry, large effective plasma surface and possibility
to operate with only air as a feeding gas. When the discharge was ignited, streamers were
formed at temporary random points in the form of microfilaments, and they conducted
higher discharge current than the rest of the discharge. Because we were not treating
plant cells directly but the sodium-alginate-encapsulated plant material, the samples could
withstand these local inhomogeneities in the active plasma volume without any damage.
Nevertheless, due to the nature of an SDBD source, the total current of filaments was
limited, preventing formation of current hot-spots. Another reason for choosing this type
of plasma source was its simplicity, both in design and in application. It did not require
the addition of feeding gas, and, as an important feature for the future technology, it has
a potential for scaling up. Detailed electrical characterization of the SDBD and optical
emission spectra was presented where the plasma source, with its plan-parallel geometry,
served as a capacitance in the electrical circuit. Regarding this, we used a simple and
reliable method to measure the stray capacitance, Cp, for different distances, d, between
upper and lower electrode segments. Results showed that with the increase in the distance
between the powered electrode and grounded bottom electrode, we had an increase in the
system capacitance, which was expected (Table 5). The obtained Cp values allowed for
determination of the displacement current of each input voltage. The measured current
signals included both the displacement and discharge current. Thus, after subtracting
the displacement current, all current waveforms represented only current through the
discharge. The capacitance determined for each d enabled calculation of the discharge
current for all possible configurations of the plasma source.
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With respect to application, one of the most important macro parameters in plasma
treatments is power deposited to the discharge. This macro parameter that can be easily
monitored; it reflects the electron density and temperature and, to some extent, through
these two parameters, plasma chemistry [60]. Pmean (Figure 9) depends on the distance
between electrodes, as well as formation of microfilaments. Thus, the highest increase and
mean power values were achieved for d = 2 mm. For this distance, we chose to treat the
synseeds at a power of 1.1 W. This showed to be the optimal value with respect to the effect
on the seeds for the three treatment times that we used.

Apart from power, the feeding gas (in this case air) and humidity can also play an
important role in plasma chemistry [61]. Although humidity in the treatment environment
was not controlled, all experiments were performed in a room with constant humidity.
Additionally, measurements of discharge characterization, as well as all treatments, were
repeated several times in order to verify the reproducibility of the measurements. All
measurements were performed with and without synseed samples. One way to obtain
an insight into the chemical reactions occurring in the discharge is optical emission spec-
troscopy, as it can show the existence of certain excited species. In our experiment, the
spectra were recorded for different RMS voltages and interelectrode distances without
samples, but all have the same lines belonging only to the N2 Second Positive System, SPS
(Figure 10). Absence of the lines of, e.g., NO, OH and atomic oxygen, from the spectrum
of an air DBD has been noted before and is related to dominant excitation and quenching
reactions that favor N2 excitation in filamentary discharges [11,12,61,62]. Moreover, other
important reactive species, such as O3, do not have emissions in the spectral range investi-
gated. Nevertheless, these kinds of plasma sources generate a large amount of ozone and
N2O that is important for treatments of alginate surfaces of synseeds [13,14,63,64].

The most important parameters determining the efficiency of the encapsulation and
plant recovery of synseeds are survival, regrowth and capability of initial explants for fur-
ther plantlet growth to complete plantlets [1]. Chrysanthemum synseeds used in this study
(plasma-treated and untreated) easily established regrowth with the first leaf emergence
after one week of cultivation. The presence of alginate capsules did not inhibit regrowth
of chrysanthemum shoots grown on agar medium. In addition, shoots were developed
on plant growth regulator free medium without any callus formation, similar to what
was reported for chrysanthemum cultivars by the Lady group [19]. Our results are not
surprising because regrowth of encapsulated shoot tips of chrysanthemums is possible on
plant growth regulation free medium [19]. In the case of encapsulation of nodal segments,
the addition of a small amount of IAA in the encapsulation complex is necessary and
obligatory for better regrowth of shoots from synseeds [29]. When synseeds were grown on
VLM only, plasma-treated chrysanthemum synseeds continued their regrowth and formed
well-developed microshoots. It should be mentioned that microshoots established on VLM
were smaller than those developed on standard solid agar medium, which could be related
to accessibility of nutrients in this type of medium.

Data about application of synseed technology for short- and long-term storage in vitro
or easy transport of valuable genetic resources are available [65,66], whereas data regarding
synseed manipulations for ex vitro growth are quite scarce [67,68]. In chrysanthemum,
plantlet development from synseeds formed in vitro and sowing ex vitro was successfully
achieved from double-layered synseeds [29]. In the current work, we planted untreated
and plasma-treated simple, one-layer chrysanthemum synseeds directly in soil substrate.
After three weeks of ex vitro cultivation of chrysanthemum synseeds, two-fold higher
shoot development was observed in the case of plasma-treated chrysanthemum synseeds
in comparison to untreated synseeds. Additionally, after six weeks of growth under ex vitro
conditions, plasma-treated chrysanthemum synseeds showed significantly higher plantlet
conversion compared to the untreated control. The enhanced survival, regrowth and further
complete plantlet formation of plasma-treated chrysanthemum synseeds shown in our work
might be explained, besides by antimicrobial effect, by the prolonged effects of chemical
changes in the alginate gels after plasma treatment and their antimicrobial properties.
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Similar effects were reported for plasma treatment of alginate wound dressings [12]. Plasma
treatment of alginate gels inactivated bacterial and fungal infection for a month, which
was a long enough period for successful shoot development and complete conversion of
synseeds to plantlets. On the other hand, continued growth of untreated chrysanthemum
synseeds was significantly reduced due to contamination and lack of adventitious root
formation for other plant species [9].

We found that the plasma treatment significantly enhanced synseed germination and
complete plantlet development for all investigated chrysanthemum cultivars. The response
to plasma treatment of chrysanthemum synseeds was cultivar-dependent. Observed differ-
ences could be attributed to the fact that different chrysanthemum cultivars have distinct
nutritional requirements, as was reported earlier for other chrysanthemum cultivars [19,30].
According to our results, no morphological disorders were noticed among plantlets de-
rived from untreated and plasma-treated synseeds. The absence of any morphological or
flower color alterations in chrysanthemum plants may be explained as a consequence of
the regeneration protocol used in this study. First, we used stock shoot cultures derived
from one mother plant. In addition, initiation of shoot regeneration was mainly achieved
by direct shoot induction on the initial explant, avoiding a callus phase and further shoot
multiplication by axillary meristem activation, which minimized possibilities for genetic
changes due to somaclonal variations [16,17]. According to available data, this research
represents first data about complete chrysanthemum plantlet regeneration from synseeds
to flowering plants.

During direct sowing of synseeds, contamination by microorganisms is one of the ma-
jor hurdles for the commercialization of encapsulation technology for many plant species [9].
Besides that, one of the main limiting factors for plantlet conversion is low-nutrient avail-
ability due to inhibition of root growth. Numerous factors are involved in this process,
such as poor rooting ability and survival due to the lack of nutrients and oxygen supply.
Organic nutrients released by the beads are mainly responsible for severe contamination
of synseeds [29,30]. Unfortunately, the depletion of nutritional compounds in beads may
cause lower shoot regrowth or complete growth inhibition [28–30]. To date, there are two
strategies to overcome this problem in chrysanthemum synseeds. The first strategy is to
use double-layered synseeds to restrict contamination, where the second layer is formed
by Ca-alginate made with water [29]. A recently reported strategy for both production
and sowing of chrysanthemum synseeds in non-aseptic conditions proposes eliminating
all carbon sources and organic additives both inside and outside the synseeds [30]. The
reported strategy might be promising, but it was applied to one cultivar only, and it is
questionable whether it is applicable to other cultivars. Therefore, it is necessary to build up
a system that lowers contamination and keeps a nutrient reservoir within the encapsulated
plant tissue, which is necessary for successful rooting. Considering the results of the present
study, this problem may be successfully solved by plasma treatment of chrysanthemum
synseeds before sowing.

There are many research data that demonstrate that cold plasma has a potent general
antimicrobial effect through its generation of free radicals, reactive oxygen species (ROS)
and reactive nitrogen species, such as hydrogen peroxide, superoxide, singlet oxygen, nitric
oxide and ammonia [42]. The generated reactive species or their products are responsible
for the antimicrobial effect and, in certain situations, have proven to be non-toxic to
eukaryotic cells [69]. The chemical changes produced in the gel are relatively stable, and
the anti-microbial properties of such a gel may last for close to one month, as reported after
plasma treatment of alginate wound dressings [13]. The treated alginate gels inactivated
all of the Gram-negative, Gram-positive and fungal pathogens by generated ROS inside
bacterial cells, leading to their rapid death or triggering programmed cell death exhibiting
characteristic features of apoptosis [12]. According to our results, we can conclude that
treatment with non-thermal plasma generates chemical and physical responses in an
alginate gel, producing changes that implicate not only biocidal effects but possibly growth-
promoting effects.



Plants 2022, 11, 907 15 of 21

4. Materials and Methods
4.1. Atmospheric Pressure Plasma Source

In the experiments, we used a circular surface dielectric barrier discharge (SDBD)
source with an outer diameter of 90 mm. Side- and top-view schematics of the source are
shown in Figure 11.

Figure 11. SDBD source schematics: (a) side view of the setup and schematics of electrical circuit;
(b) top view of an upper electrode part. Dimensions of the source are given in the text.

The source consists of the two plane-parallel glass plates (2 mm thickness). The lower
glass plate is positioned on a stainless-steel plate and serves as a sample holder. The upper
glass plate is covered with conductive strips made of 5 mm wide copper tape. The strips
are placed on both sides of the glass dielectric (Figure 11a). On the top side, they form a
comb-like structure with gaps between the strips of 12 mm (Figure 11b). On the bottom
side, the conductive strips form a grid structure making 12 mm side squares. The strip
structures on opposite sides of the glass plate are shifted in such way that longer sides
of the conducive strips are not overlapping (Figure 11b). The copper strips fixed to the
upper part were grounded, whereas the strips on the bottom part of the top glass plate
were powered with 50 Hz high-voltage (HV) sine signal. The outer edges of both powered
and grounded electrode structures on the top part form a rectangle. Along the sides of
this rectangle, plastic spacers were placed, keeping fixed distance in between the glass
plates and bordering the active plasma volume of the SDBD source. Characterization of the
device was performed by using spacers with thicknesses (d) of 2, 3, 4 and 5 mm.

The HV signal at the powered electrode was supplied by a homemade HV transformer.
The input voltage (Vinput) to the HV transformer was provided by a variable voltage
regulator connected to the electrical power grid. The HV signal was monitored by a high-
voltage probe (Tektronix 6015A, North Star High Voltage, Beaverton, OR, USA) connected
to the circuit close to the powered electrode. Grounded electrodes on the top and bottom
part of the source were connected to the same grounding point. In this grounded line,
the probe (Agilent 10076A, Agilent Technologies, Beijing, China) allowed tracing of the
voltage drop on the R = 15 kΩ resistor, thus monitoring of the total current in the discharge.
Electrical signals were recorded by oscilloscope (Agilent DSO6052A, Agilent Technologies,
Beijing, China) and saved on a computer for further processing.

4.2. Synthetic Seed Production

We used four chrysanthemum cultivars as starting plant material for the experiments:
Brandsound Liliac (BL), Précocita Carna (PC), Précocita Parme (PP) and Queens (Q). Shoot
cultures were established from one branch of the mother plant of each cultivar. Nodal and
internodal stem (Figure 12a) and leaf segments (Figure 12b) of the mother plant were, after
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surface sterilization, grown on Murashige and Skoog mineral solution and vitamins [70]
solidified with 7% agar, with the addition of 3% sucrose and 100 mg/L myo-inositol
(MS medium) supplemented with α-naphthylacetic acid (0.1 mg/L NAA, Sigma-Aldrich,
St. Luis, MO, USA) and 1.0 mg/L 6-benzylpurine (BAP, Sigma-Aldrich, St. Luis, MO,
USA) for shoot induction. Initially regenerated shoots were further subcultured on the
same medium, and stable stock cultures of chrysanthemum cultivars were established and
subcultured in 4-week intervals (Figure 12c).

Figure 12. Chrysanthemum synthetic seed production. (a,b) Initiation of shoot regeneration in steam
segment of cv. PC (a) and leaf culture of cv. BL (b); (c) stock shoot cultures used as primary explants
for synthetic seed production; (d) sucking of shoot tips with sodium alginate; (e) formation of alginate
beads in complex solution consisting of 100 mM CaCl2 × 2H2O; (f) well-formed alginate beads after
20 min in complex solution; (g) washed synseeds ready for treatment.

For production of synthetic seeds, we used axillary shoots developed from nodal stem
segments (1 cm) grown for 3 weeks on plant regulator free MS medium described above.
After 3 weeks of growth, shoot tips (2–3 mm) were excised from same-sized axillary shoots
(2 cm) and washed for 20 min in MS liquid medium without CaCl2 × 2H2O. Encapsulation
was performed according to the following procedure: the explants were plunged into a
solution of sodium alginate (2.5%, w/v, medium viscosity, Carlo Erba, Carnadero, Italy)
made with MS liquid medium without CaCl2 × 2H2O. Subsequently, droplets of the
alginate solution containing one shoot tip were sucked into pipettes with shortened sterile
plastic tips (Figure 12d) and dropped into a complex solution (Figure 12e) consisting
of 100 mMCaCl2 × 2H2O (Sigma-Aldrich, St. Louis, MO, USA). Formed alginate beads
(5–6 mm in diameter) were maintained for 20 min in this solution with continuous slow
agitation (Figure 12f). The encapsulated shoot tips (synseeds) were retrieved and rinsed
three times in sterile distilled water in order to remove traces of CaCl2 × 2H2O (Figure 12g).
Finally, water was decanted, and synseeds were placed on sterile filter paper for a few
minutes (Figure 1a).

All nutritional media were adjusted to pH 5.8 before sterilization. All media, sodium
alginate and complexing solution were sterilized in an autoclave for 20 min at 114 ◦C. In vitro
cultures were grown in a growth room at 23 ± 2 ◦C, with a photoperiod of 16 h day/8 h night.
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4.3. Plasma Treatment of Synthetic Seeds

Chrysanthemum synseeds (Figure 1a) of the same size (5–6 mm in diameter) were
exposed to an air SDBD. Twenty-five synseeds were gently placed onto a sterile glass
Petri dish (diameter, 90 mm) and then placed below the powered electrode in unsterile
conditions and exposed to the plasma all at the same time. The distance between the
powered electrode and the synseed surface was ~2 mm. Due to the fact that seeds are ball-
shaped and vary slightly in size, the distance could only be estimated. The treatment times
were 1 min, 5 min and 10 min. The applied HV in all treatments was Vpeak-to-peak = 22 kV
(VRMS = 7.8 kV), which corresponded to a mean power of 1.1 W.

4.4. Sowing of Synthetic Seeds

Untreated and plasma-treated synseeds were grown on three different sowing sub-
strates as follows: (i) sterile agar MS medium (AM), grown under in vitro conditions;
(ii) sterilized vermiculite + liquid MS medium (VLM), grown under in vitro conditions;
(iii) direct sowing into unsterilized soil substrate, grown under ex vitro conditions (greenhouse).

For the in vitro experiment, untreated (control) and cold plasma-treated chrysanthe-
mum synseeds were grown on solid plant regulator free MS medium (30 mL) filled in baby
jars. Similarly, untreated and cold plasma-treated synseeds (5 per baby jar) were grown in
baby jars (5) filled with 10 g vermiculite and moisture with 10 mL liquid plant regulator
free MS medium. Baby jars filled with 10 g of vermiculite were sterilized in an autoclave for
20 min at 114 ◦C. In vitro cultures with synseeds grown on AM and VLM were grown in a
growth room at 23 ± 2 ◦C, with a photoperiod of 16 h day/8 h night. Germination of the
synseeds under in vitro conditions was estimated as a frequencies of shoot regrowth from
alginate beads at two steps: leaf emergence after one week and full shoot development
after four weeks of cultivation.

For the ex vitro experiment, untreated (control) and cold plasma-treated synseeds were
sowed directly in plastic containers with 18 places (3 × 6) filled with commercial substrate
(Floradur® Seed, Floradur, Oldenbürg, Germany) during April and May. Two synthetic
seeds were placed on the top of the substrate, one in each place inside a plastic container.
All containers were covered with transparent foil during the first four weeks of growing.
The synseeds were sprayed weekly with unsterile MS mineral solution. Germination
of synseeds under ex vitro conditions was estimated as a frequencies of leaf emergence
from alginate beads after one week of cultivation, full shoot development was assigned
as complete shoot regrowth from initial synseed after three weeks of cultivation and
whole-plantlet formation was recorded when germinated synseeds developed roots after
6 weeks of culture. Total deterioration (%) was evaluated as a percentage of seeds that
failed to regrow (germinate) and regenerate to plantlets with respect to the total number
of planted synseeds. After twelve weeks of growth in containers, each synseed plantlet
was potted in individual pots filled with a mix of peat and perlite (3:1) and grown under
greenhouse conditions until flowering. Experiments with plasma treatment were repeated
two to four times, and 15–25 synthetic synseeds were used per treatment depending on
chrysanthemum cultivar. All data were subjected to statistical analysis using STATISTICA
and analysis of variance (ANOVA) using least significance (LSD) tests.

5. Conclusions

Synseed technology may be a useful technique for a propagation systems in terms
of fast reproduction of seedless plants, preservation of the genetic uniformity of plants,
straight delivery to the field and, last but not least, low cost. The difficulties of sowing
artificial seeds directly in soil or on commercial substrates under non-sterile conditions
are considered to be one of the main limitations for the practical use of this technique. In
this paper, we presented, in detail, the results of the electrical characterization of an SDBD
that operates in air and its possible application in synthetic seed technology. According
to our results, implementation of the SDBD plasma treatment before sowing represents a
promising strategy for future investigations and sustainable use of cold plasma in synseed



Plants 2022, 11, 907 18 of 21

biotechnology. Plasma-treated chrysanthemum synseeds showed a better survival rate and
overall plantlet growth under greenhouse conditions in comparison to untreated synseeds.

In conclusion, to the best of our knowledge, this is the first report about the use
of SDBD plasma for seed germination of synthetic seeds under aseptic or non-aseptic
conditions. This study demonstrated a highly effective strategy for direct conversion of
synseeds into entire plantlets by using plasma pre-conversion treatment. This treatment
reduced contamination and displayed a considerable ex vitro ability to convert clonally
identical chrysanthemum plants.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants11070907/s1, Figure S1: Shoot multiplication index in a control group (plasma −) and
with plasma treated synseeds (plasma +).
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23. Jevremović, S.; Subotić, A.; Miljković, D.; Trifunović, M.; Petrić, M.; Cingel, A. Clonal fidelity of chrysanthemum cultivars after

long term micropropagation by stem culture. Acta Hortic. 2012, 961, 211–216. [CrossRef]
24. Jevremovic, S.; Subotic, A. Micropropagation of chrysanthemum cultivars in Serbia. In Proceedings of the IX International

Scientific Agriculture Symposium, Agrosym 2018, Jahorina, Bosnia and Herzegovina, 4–7 October 2018; Kovacevic, D., Ed.;
University of East Sarajevo, Faculty of Agriculture: Sarajevo, Bosnia and Herzegovina, 2018; pp. 408–413.

25. Teixeira da Silva, J.A.; Kim, H.; Engelmann, F. Chrysanthemum low-temperature storage and cryopreservation: A review. Plant
Cell Tissue Organ Cult. 2015, 120, 423–440. [CrossRef]

26. Rout, G.R.; Das, P. Recent trends in the biotechnology of Chrysanthemum: A crucial review. Sci. Hortic. 1997, 69, 239–257. [CrossRef]
27. Teixeira da Silva, J.A. Chrysanthemum: Advances in tissue culture, cryopreservation, postharvest technology, genetics and

transgenic biotechnology. Biotechnol. Adv. 2003, 21, 715–766. [CrossRef]
28. Kulus, D. Application of synthetic seeds in propagation, storage, and preservation of Asteraceae plant species. In Synthetic

Seeds, Germplasm Regeneration, Preservation and Prospects; Faisal, M., Alatar, A.A., Eds.; Springer Nature: Cham, Switzerland, 2019;
pp. 155–179. [CrossRef]

29. Pinker, I.; Abdel-Rahman, S.S. Artificial seeds for propagation of Dendrantema × grandiflora (Ramat.). Propag. Ornam. Plants 2005,
5, 186–191.

30. Hung, C.D.; Dung, C.D. Production of chrysanthemum synthetic seeds under non-aseptic conditions for direct transfer to
commercial greenhouses. Plant Cell Tissue Organ Cult. 2015, 122, 639–648. [CrossRef]

31. Reddy, M.C.; Rama Murthy, K.S.; Pullaiah, T. Synthetic seeds: A review in agriculture and forestry. Afr. J. Biotechnol. 2012,
11, 14254–14275. [CrossRef]

32. Rihan, H.Z.; Al-Issawi, M.; Al-Swedi, F.; Fuller, M.P. The effect of using PPM (Plant preservative mixture) on the development of
cauliflower microshoots and the quality of the artificial seed produced. Sci. Hortic. 2012, 141, 47–52. [CrossRef]

33. Adamovich, I.; Baalrud, S.D.; Bogaerts, A.; Bruggeman, P.J.; Cappelli, M.; Colombo, V.; Czarnetzki, U.; Ebert, U.; Eden, J.G.;
Favia, P.; et al. The Plasma Roadmap: Low temperature plasma science and technology. J. Phys. D Appl. Phys. 2017,
50, 323001. [CrossRef]

34. Weltmann, K.-D.; von Woedtke, T. Plasma medicine—current state of research and medical application. Plasma Phys. Control.
Fusion 2017, 59, 014031. [CrossRef]

35. Laroussi, M.; Kong, M.G.; Morfill, G.; Stolz, W. (Eds). Plasma Medicine Applications of Low-Temperature Gas Plasmas in Medicine and
Biology; Cambridge University Press: Cambridge, UK, 2012.
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A B S T R A C T   

Concern of toxic compounds and their, potentially more harmful degradation products, present in aquatic 
environment alarmed scientific community and research on the development of novel technologies for waste-
water treatment had become of great interest. Up to this date, many papers pointed out the challenges and 
limitations of conventional wastewater treatment and of some advanced oxidation processes. Advanced tech-
nologies based on the use of non-equilibrium or non-thermal plasma had been recognized as a possible solution 
for, not only degradation, but for complete removal of recalcitrant organic micropollutants. While previous 
review papers have been focused on plasma physics and chemistry of different types of discharges for few organic 
micropollutants, this paper brings comprehensive review of current knowledge on the chemistry and degradation 
pathways by using different non-thermal plasma types for several micropollutants’ classes, such as pharma-
ceuticals, perfluorinated compounds, pesticides, phenols and dyes and points out some major research gaps.   

1. Introduction 

During the last decades, an increasing number of emerging 

contaminants (EC) have been detected in the aquatic environment. 
Among them, the main concern and awareness is about the presence of 
organic micropollutants (OMPs). OMPs represents wide group of 
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chemical compounds, including, but not limited to, pharmaceuticals, 
pesticides, personal care products, different household, and industrial 
chemicals, which can be found in wastewaters of urban, industrial, or 
agricultural origin. OMPs in water bodies are known to cause harmful 
effects on aquatic organisms and ultimately on humans (EEA (European 
Environment Agency), 2011; Rozas et al., 2016; Verlicchi et al., 2012). 
Various studies report that some OMPs are bioaccumulative and can 
cause growth inhibition and endocrine disruption in aquatic organisms 
(Caballero-Gallardo et al., 2016; Santos et al., 2010; Tijani et al., 2014). 

Abundant research conducted in the past showed that conventional 
biological treatment, adopted at majority of wastewater treatment 
plants (WWTPs) is only partially able to mitigate OMPs contamination 
with highly variable performance (Falås et al., 2016; Gros et al., 2010). 
Poor elimination of more hydrophilic and poorly-to-moderately biode-
gradable OMPs is well documented (Luo et al., 2014). Advanced tech-
nologies to remove OMPs from the wastewater are available, but in 
many cases, they are too costly and/or energy unsustainable. In previous 
studies, different advanced oxidation processes (AOPs), such as ultra-
violet (UV)/hydrogen peroxide (H2O2) treatment, ozonation (O3), 
photo-Fenton have been recognized as successful for wastewater treat-
ment with the ability to rapidly and efficiently degrade many different 
types of organic compounds (Giannakis et al., 2015; Kudlek, 2018; Wols 
and Hofman-Caris, 2012). 

One of the novel highly-promising AOPs is based on the use of non- 
equilibrium or non-thermal plasma (NTP) which produce nitrogen- 
containing species, hydroxyl radical, hydroperoxyl radical, atomic 
hydrogen and oxygen, as well as other radicals and active chemical 
species that are generally required for an effective water treatment 
(Ghime and Ghosh, 2020; Miklos et al., 2018; Ribeiro et al., 2015). 
However, little is known about the feasibility of plasma treatment for the 
removal of more recalcitrant compounds from wastewater (i.e.OMPs) or 
regarding their degradation kinetics, as well as degradation by-products 
generated and their toxicity. 

In previous reviews on water treatment which involve plasma tech-
nology, the focus was on plasma physics and chemistry of different types 
of discharges and modeling of plasma interaction with the liquid (Foster, 
2017; Foster et al., 2012; Hijosa-Valsero et al., 2014; Jiang et al., 2014; 
Lindsay et al., 2015; Parvulescu et al., 2012; Reuter et al., 2018). This 
review summarizes the current knowledge on the chemistry and path-
ways of degradation of OMPs by using different NTP types. 

2. Fundamentals of non-equilibrium plasma for water treatment 

2.1. Plasma classification and technological aspects 

Plasma is fully or partially ionized gas and is frequently called the 
fourth state of matter. Generally speaking, by applying energy to a gas, 
some amount of excited species and ions and electrons are produced in 
frequent collisions between the existing free electrons and neutral spe-
cies eventually leading to the formation of plasma. Energy input 
required for the creation of plasma in majority of cases is realized by 
imposing sufficiently high electric field. Although it contains free charge 
carriers, from a macroscopic point of view, plasma is electrically neutral. 
In thermodynamic term plasma species (electrons, ions, and neutrals) 
can be characterized by their temperatures and in the respect to this 
description plasma can be classified into two categories: equilibrium or 
thermal and non-equilibrium plasma. In thermal plasmas characteristic 
temperatures of electrons and heavy particles (atoms, molecules, ions) 
are equal high, with temperature values of 103 K and above (Lieberman 
and Lichtenberg, 1994). Strictly speaking, at terrestrial conditions (i.e., 
in applications) these kinds of plasma are only in local thermodynamic 
equilibrium since the temperatures of all plasma species are the same 
only in a limited space volume. When comes to applications, thermal 
plasmas are realized as arcs and torches and typically used for appli-
cations where high temperatures are required, such as for cutting, 
spraying, welding or, as in the analytical devices, for the evaporation of 

an analyte material (Tendero et al., 2006). 
In non-equilibrium plasmas the temperature of the electrons is much 

higher than the temperatures of heavy particles. Depending on the type 
of the plasma, temperatures of the heavy particles can be few hundred 
degrees or much below and close to the room temperature. Thus, these 
plasmas are also referred as non-thermal plasma (NTP) or cold plasma. 
Due to pronounced non-equilibrium of particle energies, mainly elec-
trons have sufficient energy to collide with the background gas particles 
and provide multiplication of charges necessary to sustain the plasma. 
Apart from production of charged particles, excited species (especially 
metastables), fast neutrals, radicals, photons are also produced in col-
lisions. In comparison to thermal plasmas, non-equilibrium plasma is 
characterized by lower energy densities, have lower degree of ionization 
and consequently lower particle densities (Lieberman and Lichtenberg, 
1994). Nevertheless, the fact that these plasmas operate at temperatures 
which are equal or close to room temperatures, allow their application in 
many different aspects (Becker et al., 2004; Makabe and Petrovic, 2014). 

Non-equilibrium plasmas working at atmospheric pressure have an 
advantage compared to their low-pressure counterparts when comes to 
applications where samples cannot withstand exposures to pressures 
below atmospheric. Thus, many applications of plasma in fields of 
biology and medicine have been driving the development of atmo-
spheric pressure non-equilibrium plasmas in the last 30 years (Fridman 
et al., 2008; Laroussi et al., 2017; Machala et al., 2012; Miletić et al., n. 
d.). Several types of electrical discharges at atmospheric pressure, such 
as corona, dielectric barrier discharge (DBD), gliding arc, glow discharge 
and streamer discharge, have been employed depending on particular 
treatment demands. Albeit the limited active volume of these plasmas 
versatility and success of their biomedical applications lies in production 
of suitable chemical species and their interaction with living cells (Lu 
et al., 2016; Privat-Maldonado et al., 2019; Tomić et al., 2021). 

In recent years, the applications of non-equilibrium plasmas are 
expanded to the wastewater treatment. According to recent papers, 
applications of NTP for wastewater treatment are becoming more 
attractive and are recognized as technological solution for EC which are 
highly recalcitrant to conventional wastewater treatment technologies. 
Reactive chemical species created in the plasma have already proven 
their capability to decontaminate water by pulverizing molecules of the 
pollutant in various chemical reactions (Foster, 2017; Magureanu et al., 
2018). However, before reaching the auspicious situation where plasma 
technology is used for wastewater treatment several major obstacles 
should be taken. The first one is related to determination of proper 
parameter related to the power consumption in plasma processes that 
will adhere to existing wastewater technology standards and enable 
comparison with conventional methods. Diversity of experimental 
setups for water treatment, which sometimes include additional power 
consumption (e.g., for sample recirculation), and plasma devices that 
require different approaches in power measurements make this a 
demanding task. Comparison of reported data in review papers shows 
the absence of standard for reporting of the treatment conditions (Jiang 
et al., 2014; Magureanu et al., 2018; Malik, 2010; Nzeribe et al., 2019). 
Therefore, a paper describing wastewater plasma treatment should 
contain the minimum information on: significant dimensions of the 
experimental setup, type of the discharge used, working gas flow (if 
present), power supply type, electrical parameters including the power 
delivered to plasma, volume of the treated sample (and the flow rate if in 
flowing regime), initial and final concentrations of the pollutant and 
duration of the treatment. Providing a detailed account on experimental 
conditions will enable analysis of and comparison of plasma treatments 
and can be a first step towards defining appropriate power-efficiency 
parameter. 

Another difficulty for application of NTP as technology for water 
treatment come from the rather small volume of the active plasma re-
gion which, in turn, limit the out flux of reactive species created in the 
plasma. Since plasma is created at atmospheric pressure, mean free 
paths (the mean distance between two collisions) of all particles are in 
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the order of μm. Thus, to establish an effective interaction between the 
plasma and the water they should be in close contact while an increase 
in the transfer of reactive species requires increasing the effective 
interaction area. In the existing experimental setups, there are two 
different approaches – one option is to establish plasma inside the water 
while another way is to create plasma in the gas phase adjacent to the 
liquid sample. 

In that view, we can divide atmospheric pressure non-equilibrium 
plasmas that can be used in wastewater treatment as discharges in liq-
uids and in contact with liquids. 

2.2. Non-equilibrium plasmas in liquids 

This group of high non-equilibrium plasmas refers to the discharges 
where electrodes are completely immersed in liquid. There are two sub- 
groups:  

i. Discharges in liquids where no gas phase plasma is involved  
ii. Discharges in bubbles inside liquids. 

The major challenges in these types of discharges are how to achieve 
a breakdown without subsequent transition into the thermal plasma, the 
appropriate power supply, the optimal geometry of the electrodes and 
their etching during the operation, heating of the liquid, the complexity 
of the chemical composition of the liquid etc. Until now several review 
papers have been published on the topics related to the discharges in 
liquids (Peter Bruggeman and Leys, 2009; Graham and Stalder, 2011; 
Locke et al., 2006; Malik et al., 2001). 

The discharges with no gas phase involved can be created in the pin- 
to-pin, pin-to-plate or plate-to-plate electrode system with the pulsed 
(usually nanosecond) power supplies (Akiyama, 2000; An et al., 2007; 
Locke and Thagard, 2012; Petr Lukes et al., 2005; Schaper et al., 2011; 
Schoenbach et al., 2008; Šunka, 2001). There are several important 
parameters that will influence the formation and propagation of the 
discharge like the energy deposited in the pulse, frequency and duty 
cycle, inter-electrode distance, conductivity of the liquid. The discharges 
are streamer-like in case of non-equilibrium plasmas and the created 
streamers usually dissipate before reaching the grounded electrode. 

The second sub-type of the discharges in water involves creation of 
bubbles and in this case, we are dealing with gash phase surface plasmas 
(inside bubble) with the liquid electrode. The bubbles can be created by 
bubbling systems, heat wave, in capillary systems etc. (Bruggeman et al., 
2008; Gershman et al., 2007). The bubbles do not need to be introduced 
into the liquid (for example by bubbling system) in order to have this 
type of discharge. The appearance of the micro-bubbles can be related to 
the breakdown of the discharge where the initial Joule heating of the 
liquid leads to their creation (Ceccato et al., 2010; Korobeinikov and 
Yanshin, 1983). 

2.3. Non-equilibrium plasmas in contact with liquid surfaces 

In this case the powered electrode is not in direct contact with liquid 
which serves here as a grounded electrode. There are various geometries 
that are used in these type of discharges: pin-jet type, DBD-jet type, 
planar strip electrodes that can be in direct contact with surrounding gas 
or immersed in dielectric etc. (Boselli et al., 2014; Puač et al., 2012; 
Šimor et al., 2002; Škoro et al., 2018). The used power supplies range 
from nano-pulsed to a sine wave excitation voltage and the applied 
voltages depend on the excitation frequency, working gas used, elec-
trode geometry and electrode gap. The applied frequencies can range 
from several Hz up to the MHz region. The discharge is created in the gas 
phase and the resulted chemistry inside the liquid is the result of gas 
phase and gas/liquid interface chemistry (Bruggeman et al., 2016; 
Parvulescu et al., 2012; Sunka et al., 1999). The gas temperature stays in 
the range 300 K–400 K and usually the energy per pulse is of order of μJ. 
The electron temperature stays in the range of 1–3 eV and electron 

concentration between 1019-1021 m− 3. 

3. Application of plasma for removal of pollutants dissolved in 
water 

3.1. Pharmaceuticals 

Pharmaceuticals are OMPs which are widely investigated and the 
attention for further research is increasing due to the numerous reports 
of their presence in ground, surface and even drinking water. Despite 
low concentrations, the influence of continuous exposure to mixtures of 
different therapeutic groups has become of growing concern, not just to 
the aquatic species, but for human health as well (Arnold et al., 2014; 
Bernhardt et al., 2017). Some of these contaminants have been reported 
as very persistent, prone to accumulation and very hard to remove with 
conventional water treatment technologies. Therefore, alternative 
methods are being investigated and NTP, as a potent chemically active 
agent, has shown to be promising solution for degradation of highly 
resistant pharmaceuticals. Table 1 shows several plasma configurations 
most used for pharmaceuticals. 

As it can be seen in Table 1, plasma configurations dominantly 
present in the papers are DBDs and corona. In the (Krause et al., 2011) 
rework, preceding corona discharge over water reactor (Krause et al., 
2009) was further developed and used to study degradation of “CBZ” 
and clofibric acid. Two electrodes with dielectric barrier were installed 
above rotating drum, which moved a test solution as a thin water film in 
an atmospheric DBD system. The results showed that the degradation 
after 60 min of single-solution treatment was 94% for CBZ in ultra-pure 
water. Clofibric acid was degraded after 30 min of treatment. In a so-
lution which contained landfill leachate, degradation after 90 min was 
97% and 88% respectively, which showed that in the leachate the 
removal efficiency also depends on the type of the compound. The in-
fluence of corona discharge system on the degradation was discussed in 
the (Dobrin et al., 2013) for DCF. Tap water solution was treated with 
pulsed corona discharge above water system with addition of oxygen as 
working gas. Complete removal of DCF occurred after 15 min of treat-
ment and after 30 min 50% of mineralization was achieved. The authors 
concluded that use of oxygen as a feeding gas improves energy efficiency 
as well as ozone and hydrogen peroxide formation in corona discharge 
that probably play important role in the degradation of the micro-
pollutant. Similar conclusions are reached by other authors (Hama Aziz 
et al., 2017; Monica Magureanu et al., 2018). In a DBD reactor, with 
gaseous plasma-liquid system, degradation of DCF and IBP was inves-
tigated with application of different working gasses (Hama Aziz et al., 
2017). The authors found that with argon, the degradation of DCF is less 
efficient than it was for the IBP. On the other hand, using working gas 
mixture of Ar/O2, mineralization of only DCF was improved which 
implies that, even with the same DBD plasma system, the influence of 
gas mixture must be considered for each treated compound. Different 
gases and gas mixtures produce different types of radicals which effect 
the break of compound bonds. 

Several other authors discussed the influence of different gasses and 
radicals on the mineralization of pharmaceuticals in their papers 
(Banaschik et al., 2015; Singh et al., 2019; Wardenier et al., 2019; Zhang 
et al., 2018) where they evaluated degradation pathways. For the 
degradation of norfloxacin a DBD system was used with explanation of 
the degradation mechanisms by (Zhang et al., 2018). Different working 
gasses were used in experiments: pure nitrogen or oxygen and the 
mixture of both for the treatment of norfloxacin solution. They discov-
ered that different types of radical species, reactive oxygen species 
(ROS) and reactive nitrogen species (RNS) produced in the plasma lead 
to different degradation pathways. Fig. 1 shows possible pathways for 
degradation of norfloxacin in DBD treatment with different gasses. The 
results showed that hydroxyl radicals may play important role in the 
degradation of the compound, to be precise, for the break of C–F bond in 
piperazine ring and formation of C–OH group. For the verification of the 
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Table 1 
Different plasma configurations used treatment of organic micropollutants.  

OMPs Plasma system/plasma type and 
configuration/working gas 

Solution type/volume treated/ 
treatment time/initial 
concentration 

Degradation Reference 

Pharmaceuticals 

Norfloxacin DBD reactor/discharge above liquid/Oxygen 
(O2), nitrogen (N2) or air 

Ultrapure aqueous solution 
3 ml 
2 min 
200 mg/L 

O2/air – 98% 
N2 – 50% 

Zhang et al. (2018) 

Ofloxacin (OFX) and 
ciprofloxacin (CFX) 

DBD reactor/discharge above liquid/air Matrix solution 
25 ml 
5–25 min 
10 mg/L 

66% CFX 
72% OFX 

Sarangapani et al. 
(2019) 

Paracetamol, 
Caffeine, 
Ceftriaxone 

DBD reactor/tilted cylindrical configuration, 
discharge above liquid/air or O2 

Ultrapure aqueous solution 
100 ml 
10–30 min 
25 mg/L (parac.); 50 mg/L (caff.); 
5 mg/L (ceft.) 

>80% (caff.) 
89% (parac.) 
>80% (ceft.) 

Iervolino et al. (2019) 

Amoxicillin, 
Oxacillin, 
Ampicillin 

DBD reactor/coaxial configuration, thin 
falling water film/O2 

Tap water 
200 ml 
10–30 min 
100 mg/L 

Degradation occurred but 
percentage not specified 

(Magureanu et al., 
2011) 

Ibuprofen (IBP) DBD reactor/discharge above falling water 
film/air 

Ultrapure aqueous solution 
350 ml 
15 min 
60 mg/L 

85% Marković et al. (2015) 

Diclofenac (DCF), 
IBP 

DBD reactor/planar configuration above 
falling water film/argon (Ar) 

Ultrapure aqueous solution 
500 ml 
20–30 min 
50 mg/L 

Complete degradation 
occurred 

Hama Aziz et al. 
(2017) 

DCF, 
Carbamazepine (CBZ), 
CFX 

Corona discharge/pulsed needle-to-plane 
continuous flow reactor/air 

Distilled, lake and river water 
10–40 ml/min 
24 min 
1 ml (in mix added in equal ratio) 

>99% in distilled and lake 
water 
>91% in river water 

Singh et al. (2019) 

Paracetamol Corona discharge/pulsed above liquid/air or 
O2 

Ultrapure aqueous solution 
40 000 ml 
30 min 
100 mg/L 

Complete degradation with 
partial mineralization 

Panorel et al. (2013) 

CBZ, diatrizoate, diazepam, 
DCF, IBP, 17a-ethinylestra-
diol, trimethoprim 

Corona discharge/coaxial geometry/discharge 
inside water in surrounding air 

Ultrapure aqueous solution 
300 ml 
60 min 
500 mg/L 

45–99% Banaschik et al. (2015) 

Perfluorinated compounds 

perfluorooctanoic acid 
(PFOA), 
perfluorooctane sulfonate 
(PFOS) 

DC-plasma generated within gas bubbles/O2, 
helium (He), Ar 

Ultrapure aqueous solution 
50 mL 
240 min 
50 mg/L 

92% - decomposition ratio of 
fluorine ions 
57% decomposition ratio of 
sulfate ions 

Yasuoka et al. (2010) 

PFOA, 
PFOS 

DC-plasma generated within gas bubbles/O2 Ultrapure aqueous solution 
20 mL 
PFOA: 
3 h 
41,4 mg/L 
PFOS: 
8 h 
60 mg/L 

PFOA: 
94,5% defluorination ratio 
PFOS: 
70% deflurination ratio 

Hayashi et al. (2015) 

PFOA DC-plasma generated within gas bubbles/O2 Ultrapure aqueous solution (single 
and mix with other PFAS) 
20 mL 
150 min 
156 μM 

Complete degradation in 
single solution; 
80% in mix solution 

(Takeuchi et al., 2014) 

PFOA Laminar jet with bubbling (LJB)/Ar Ultrapure aqueous solution 
1,4 L 
30 min 
20 μM 

90% (high removal rate 
process) 
25% (high removal efficiency 
process) 

Stratton et al. (2017) 

PFOA, 
PFOS 

Discharge above the liquid with bubbling/ 
argon 

Ultrapure aqueous solution 
1,5 L 
30–120 min 
8,3 mg/L 

90% of PFOA in 60 min and 
PFOS in 40 min 

Singh et al. (2019) 

Pesticides 

Lindane DBD a) conventional batch reactor (R1)/He 
b) falling water film reactor (R2) 

Distilled and wastewater 
175 mL 
5 min 
1 mg/ml 

87% in R1and 79% in R2 for 
distilled water 
50% in R1 for wastewater 

Hijosa-Valsero et al. 
(2013) 

Atrazine Vanraes et al. (2015) 

(continued on next page) 
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Table 1 (continued ) 

OMPs Plasma system/plasma type and 
configuration/working gas 

Solution type/volume treated/ 
treatment time/initial 
concentration 

Degradation Reference 

pDBD, gas phase above liquid/with or without 
membrane/air 

Water matrix 
100 ml 
45 min 
30 μg/L 

Without membrane 61,0% 
With membrane 84,7% 

Pulsed DBD reactor with Continuous flow 
falling water film over activated carbon 
textile/air 

Deionized water 
2,5 L 
2500 ml 
30 min 
200 μg/L 

93,9% Wardenier et al. 
(2019) 

2,4 - D Corona discharge, needle to plane/air Distilled, lake and river water 
Not defined 
24 min 
0,2–2 mg/L 

>99% in distilled and lake 
water 
>91% in river water 

Singh et al. (2019) 

Pulsed corona discharge/O2 Tap water 
330 ml 
60 min 
25 mg/L 

93% Bradu et al. (2017) 

DBD reactor with planar falling water film/ 
pure Ar, Ar/O2 (80:20), and air 

Deionized water solution 
0,5 L 
90 min 
100 mg/L 

Degradation occurred but 
percentage not specified 

Hama Aziz et al. 
(2018) 

Multiple pin-plate corona discharge/air Aqueous solution 
Not defined 
6 min 
1 mg/L 

100% Singh et al. (2017) 

Alachlor Continuous flow pulsed DBD/O2 Deionized water solution 
Single pass through reactor 
30 min 
1 mg/L 

78,4% Wardenier et al. 
(2019) 

DBD/plasma gas bubbled/combined with 
activated carbon/air 

Ultrapure aqueous solution 
30 min 
500 ml 
57 μg/L 

75,1% Vanraes et al. (2017) 

Carbofuran Corona discharge, needle to plane/air Distilled, lake and river water 
Not defined 
24 min 
0,2–2 mg/L 

>99% in distilled and lake 
water 
>91% in river water 

Singh et al. (2019) 

Phenols and phenolic compounds 

2,4 dibromophenol DBD a) conventional batch reactor (R1)/He 
b) falling water film reactor, surface discharge 
(R2) 

Ultrapure aqueous solution a) 4 
mlb) 174 ml 
5 min 
1 mg/L 

a) 98% 
b) 73.5% 

Hijosa-Valsero et al. 
(2013) 

Bisphenol A (BPA) Pulsed DBD reactor with Continuous flow 
falling water film over activated carbon 
textile/air 

Synthetic aqueous solution in mix 
2500 ml 
30 min 
200 μg/L 

98.8% Wardenier et al. 
(2019) 

Phenol DBD reactor, surface discharge/air Ultrapure aqueous solution 
70 ml 
240 min 
47,05 mg/L 

Almost complete removal Ceriani et al. (2018) 

Cylindrical DBD reactor/O2 Ultrapure aqueous solution 
100 ml 
15 min 
50 mg/L 

Complete mineralization after 
15 min 

Iervolino et al. (2019) 

DBD reactor, surface discharge/air Ultrapure aqueous solution 
70 ml 
120, 240 min 
47,05 mg/L 

80% in 4 h (Ni/Cr wire) 
Complete degradation in 2 h 
(SS wire) 

Marotta et al. (2011) 

2,4 – dichlorophenol DBD reactor with planar falling water film/ 
pure Ar, Ar/O2 (80:20), and air 

Ultrapure aqueous solution 
500 ml 
15 min 
100 mg/L 

Complete degradation Hama Aziz et al. 
(2018) 

Dyes 

Methylene blue DBD reactor/cylindrical configuration/air, 
oxygen 

Ultrapure aqueous solution 
100 mL 
5 min; 
10 mg/L 

96% (O2) 
76% (air) 

Iervolino et al. (2019) 

DC plasma, in slug flow/gas -liquid interface 
with bubbles/O2, Ar, He 

Synthetic wastewater 
5 mL time specified as one-time 
(one lap) 15 mg/L 

94.5% O2 
89.3% Ar 
75.8% He 

Yamada et al. (2020) 

Pulsed corona discharge in multiwire-plate/air 

(continued on next page) 
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results, mass spectrometry analysis was used and confirmed that the 
products with expected masses were found. It is important to note that 
the solution was made with pure water and the effects may be different 
in the real wastewater samples. 

In the work by (Singh et al., 2019) for three pharmaceuticals (DCF, 

CBZ, CPF), degradation was much faster in distilled water than in the 
river and lake water due to the presence of other compounds, such as 
carbonates and ions which can act as scavengers of *OH radicals. Also, in 
the presence of the nitrates, phosphates and sulfates, removal efficiency 
is not changed significantly which indicate that the alkalinity of the 

Table 1 (continued ) 

OMPs Plasma system/plasma type and 
configuration/working gas 

Solution type/volume treated/ 
treatment time/initial 
concentration 

Degradation Reference 

Ultrapure aqueous solution 
35 mL 
10 min 
50 mg/L 

Almost complete degradation 
(decolorization) 

Monica Magureanu 
et al. (2013) 

Methyl orange Surface glow discharge/air Ultrapure aqueous solution 
50 ml 
15 min 
10 mg/L 

93% Liu et al. (2016) 

DBD reactor/air Aqueous solution 
10 mL 
60–180 s 
50, 75, 100 mg/L 

Degradation occurred but 
percentage not specified 

Sarangapani et al. 
(2017) 

Cylinder-like reactor, DC plasma/air Aqueous solution 
200 ml 
30 min 
20 mg/L 

Degradation occurred but 
percentage not specified 

He et al. (2018) 

Methyl red DBD reactor/air Solution in deionized water 
25 ml 
5 min 
100 mg/L 

Complete degradation after 5 
min at 80 kV 

Pankaj et al. (2017) 

Crystal violet DBD reactor/air Solution in deionized water 
25 ml 
5 min 
100 mg/L 

Complete degradation after 5 
min at 80 kV 

Pankaj et al. (2017) 

DBD reactor/cylindrical configuration/air Ultrapure aqueous solution 
Not available 
25 min 
50–100 mg/L 

>89% Reddy & 
Subrahmanyam 
(2012) 

Acid orange 7 Two formed modes- corona like discharge and 
streamer channels/air 

Deionized water 
200 ml 
Time not defined 
20 mg/L 

Degradation occurred but 
percentage not specified 

Ruma et al. (2013)  

Fig. 1. Possible pathways for degradation of norfloxacin in DBD treatment: (A) treated by DBD in helium; (B) treated by DBD in air or nitrogen. Reprinted with 
permission from (Zhang et al., 2018). Copyright (2018) Elsevier. 
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water effects on the % of degradation. Indeed, the CO3
2− and HCO3

−

ions which are associated with the alkalinity are major scavengers for 
*OH radicals and other oxidants and in the presence of high concen-
trations of those ions, removal efficiency can decrease significantly. For 
the water pH, corona discharge in air above liquid configuration played 
important role since in that system, different reactive oxygen and ni-
trogen species are produced which can decrease the pH with the for-
mation of H+ ions (Eqs. (1)–(6)).  

N2 + e → 2 N + e                                                                           (1)  

O2 + e → 2O + e                                                                            (2)  

N + O → NO                                                                                 (3)  

NO + O → NO2                                                                              (4)  

2NO2(aq) + H2O(l) → NO2
− + NO3

− + 2H+ (5)  

NO(aq) + NO2(aq) + H2O(l) → 2NO2
− + 2H+ (6) 

The results given by the TOC analysis indicated that there is the 
presence of transformation products. The reduction in TOC was around 
70%, 65% and 50% in distilled, lake and river water, respectively, but 
also decreasing in TOC with time indicated their mineralization. In the 
study by (Monica Magureanu et al., 2018) a plasma-ozonation system 
was employed for the treatment of IBP. It was concluded that complete 
removal occurred within 15–20 min and after 60 min complete miner-
alization was confirmed with high TOC reduction. Also, they confirmed 
the importance of oxygen for the degradation of OMPs and discussed 
importance of the discharge pulses. 

In the recent work (Iervolino et al., 2019), assessed the removal of 
paracetamol and ceftriaxone in DBD reactor. With oxygen as a feeding 
gas, results showed that the complete mineralization for the paraceta-
mol sample can be achieved after 15 min of treatment instead of 60 min 
in air. (Sarangapani et al., 2019) investigated influence of different 
radical scavengers on removal efficiency of antibiotics OFX and CFX. 
What was interesting is that in the presence of carbon tetrachloride 
(CCl4), degradation of antibiotics increased. It is possible that reactions 
between ⋅H radical and CCl4 may occur faster and reactions between ⋅H 
radical and hydroxyl radical is inhibited consequently giving more 
possibilities to hydroxyl radical and target compound (or its in-
termediates) reactions. Generally, when the target compound is in a 
matrix solution, it can affect the degradation degree induced by plasma 
due to other molecules and compounds that can react with oxidant 
radicals. Authors also suggested the degradation mechanisms for anti-
biotics depending on the working gas in the plasma system. The mech-
anisms can include the formation of ozone as most important active 
species, but also peroxy radicals that can lead further to formation of 
other oxidants and superoxide radicals which can hydrolyze to final 
products. It was concluded that ozone and hydroxyl radicals can affect 
the carboxyl group of the quinolone part and piperazinyl substituent and 
oxazinyl substituent. 

3.2. Perfluorinated compounds 

Perflurionated compounds are wide group of chemicals which are 
used in many industrial applications, as surfactants in non-stick cook-
ware, packaging, textiles, firefighting foams production etc. Their 
characteristic C–F bonds are one of the strongest known bonds which 
makes those compounds environmentally persistent. In recent years, 
per- and polyfluoroalkyl substances (PFAS) had become of growing 
concern, especially long-chained compounds, such as perfluorooctanoic 
acid (PFOA) and perfluorooctane sulfonate (PFOS) due to their recalci-
trant behavior (Lindstrom et al., 2011). In 2009, PFOS was listed as a 
Persistent Organic Pollutant (POP) in Stockholm Convention and by the 
United States Environmental Protection Agency (USEPA) PFOA listed as 
possible carcinogenic compound (Council, 2020; OECD, 2018; US EPA, 

2016). Under the EU Water Framework Directive (2015/495 & 2015, 
2015) PFOS and its derivatives are included as a priority hazardous 
substances with Environmental Quality Standard (AA-EQS) limit value 
of 0.65 ng/L in inland surface waters and 0.13 ng/L in seawater (ECHA, 
2013; European Commission, 2000; Stockholm, 2019; UNEP, 2009). 
Therefore, global production of PFOA and PFOS started to be restricted 
or banned while new substances, as substitutes, were developed. In 
terms of wastewater treatment processes, many studies and practice had 
shown that most PFAS are highly recalcitrant to conventional waste-
water treatment, but also to many AOPs. In the review paper by (Nzeribe 
et al., 2019) several physico-chemical processes, such as electrochemical 
oxidation, ultrasonication, plasma-based technology, advanced reduc-
tion processes (ARPs) for PFAS degradation have been compared and 
summarized. In general, the aim of those processes is complete miner-
alization of the compounds or at least degradation to non-toxic, biode-
gradable products. As shown, in terms of energy efficiency, treatment 
time and cost, plasma-based technology showed one of the most 
promising results and can be suitable for PFAS degradation. 

Several authors have reported application of NTP for PFAS degra-
dation. In (Yasuoka et al., 2011) degradation of PFOA and PFOS in so-
lution by DC-plasma generated within gas bubbles was studied, using 
different gases. In oxygen plasma fluorine concentration after treatment 
was the highest while with helium plasma was the lowest. With argon 
plasma bubbles, the energy efficiency was the highest because of larger 
expansion along inner bubble surface, as authors suggested. Similar 
configuration was used in (Hayashi et al., 2015) where results showed 
degradation of PFOA after 3 h of treatment, and 8 h of treatment of 
PFOS. The evaluation of degradation efficiency was performed by 
measuring fluorine ions which were part of PFOA and PFOS molecules. 
Defluorination ratio of 94,5% confirmed almost complete degradation 
for PFOA. As for the PFOS, ratio of 70% can be explained with the ex-
istence of SO3H sulfo-group which makes PFOS less degradable. 
(Takeuchi et al., 2014) investigated degradation of PFOA using gener-
ated plasma inside oxygen bubbles. Initial concentration of 156 μM of 
PFOA was degraded after 2.5 h treatment. Also, the authors investigated 
degradation of PFOA in a mix solution with perfluoroheptanoic acid 
(PFHpA), another perfluorocarboxylic acids (PFCA). In that case, rate 
constants decreased to about 80% compared to those in solutions con-
taining single pollutant. Authors also pointed out that PFOA molecules 
behave differently in liquid-phase reactions then at the gas-liquid 
interface due to their surfactant characteristics which affects their 
degradation (Nozomi Takeuchi et al., 2011). (Stratton et al., 2017) 
applied laminar plasma jet with bubbling reactor which was used for 
degradation of PFOA and PFOS in solutions and in groundwater sam-
ples. PFOA was removed by 90% in a 30-min plasma treatment with 
76.5 W input power in high removal rate process. With input power of 
4.1 W up to 25% of the pollutant was removed (high removal efficiency 
process). For the treatment of groundwater, the high removal efficiency 
process was used. Groundwater contained PFOA and several 
co-contaminants, such as PFOS, perfluorohexane sulfonate (PFHxS) and 
some non-fluorinated co-contaminants, trichloroethene and tetra-
chloroethene. To compare degradation efficiency results between the 
samples, the same process was used for treatment of prepared solution 
without other non-fluorinated co-contaminants and PFHxS. Degradation 
of PFOA had similar rate in both cases (within 2.5%) which can prove 
that there is no significant effect of other non-PFAS co-contaminants for 
PFOA degradation. 

Possible degradation pathways for PFAS in a plasma-based water 
treatment have been proposed by several papers (Hayashi et al., 2015; 
Singh et al., 2019; Stratton et al., 2017; Takeuchi et al., 2014; Yasuoka 
et al., 2010). (Takeuchi et al., 2014) suggested the following degrada-
tion pathway: PFAS can adsorb on the gas-liquid interface since they 
have surfactant characteristics. Then, the C–C bond may break because 
of the interaction with electrons and ions but also as a result of a direct 
thermal degradation. Generated fluorocarbon radicals that are located 
in the bubbles may reduce and oxidize to H and O radicals, HF, CO2 and 
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CO gases. The authors indicated that there is more than one possible 
parallel pathway during degradation of PFAS, therefore, it is difficult to 
choose the exact degradation mechanism. 

Decomposition of PFOA and PFOS was also investigated by (Hayashi 
et al., 2015). In the degradation process of PFOA, the by-products which 
are detected and measured were PFCAs (CnF2n+1COOH, n = 1 to 6) with 
carboxyl group (COOH) like PFOA. Reaction formulas were suggested 
(Eqs. (7)–(9)) where M+ stands for ions with the highest energy in the 
plasma (Hayashi et al., 2015).  

CnF2n+1COO− + M+ → CnF2n+1COO. + M+ + e− (7)  

CnF2n+1COO. → CnF2n+1 
. + CO2                                                      (8)  

CnF2n+1 
. + 2H2O → Cn-1F2n-1COO− + 3H+ + 2F− + H.                     (9) 

The hypothesis is that the PFCA are present as negative ions on the 
surface, and they can collide with ions with the highest energy. Similar 
by-products may occur after degradation of PFOS in the treatment, but 
since PFOS has a sulfo-group (SO3H), it is less likely decomposed than 
PFOA. Also, the formation of PFOA as a by-product of PFOS is possible 
by reactions (Eqs.(10)–(12)) (Hayashi et al., 2015).  

C8F17SO3
− + M+ → C8F17SO3

. + M+ + e− (10)  

C8F17SO3
. → C8F17 

. + SO3
.                                                           (11)  

C8F17 
. + 2H2O → C7F15COO− + 3H+ + 2F− + H                           (12) 

In the study by (Yasuoka et al., 2010) it was reported that the 
decomposition of PFOA/PFOS may be significantly affected by the 
applied voltage polarity at the discharge electrode(s) in case of all 
working gases. Since PFOA/PFOS is an anion in the solution, concen-
trated close to bubble-water interface, in case of applied positive voltage 
to the powered electrode, it may react with some positive plasma species 
which come near the surface (M+). Reactions involving these species 
were proposed (Yasuoka et al., 2010). The ionized PFOS molecules re-
acts with M+ which leads to formed shorter carbon chains than PFOS 
and fluoride and sulfate ions are generated. The PFOA reacts in similar 
way as PFOS where fluorinated radical reacts with H2O yielding 
shorter-chain PFCA. Fluoride ions and carbon dioxide can be generated 
during PFCA degradation. Contrarily, if negative voltage is applied to 

the powered electrode, generation of oxygen and hydrogen occurs in the 
gas phase which may influence decomposition. Moreover, in this paper 
it was concluded that hydrated electrons are not significant for PFAS 
degradation. However, in the paper by (Stratton et al., 2017) where 
PFOA/PFOS degradation was studied, the hydrated electrons were re-
ported as an important species in addition to argon ions and high-energy 
free electrons produced in the plasma. In this investigation, the 
shorter-chain by-products were quantified: PFHpA, perfluorohexanoic 
acid (PFHxA) and perfluoropentanoic acid (PFPnA). Although 
by-products were identified, it was shown that up to 10% of PFOA and 
PFOS is converted into shorter-chain PFAAs. Experiments with scav-
enger showed that hydroxyl and superoxide radicals play no significant 
role. Several by-products in plasma - based PFOA/PFOS solution treat-
ments were also quantified by (Singh et al., 2019). PFOA, PFHxS and 
perfluorobutane sulfonate (PFBS) were found as by-products from PFOS 
degradation. Also, some fluoride ions, inorganic carbon, and smaller 
organic acids (trifluoroacetic acid, acetic acid, and formic acid) were 
identified with significant concentrations. The short chain PFCAs were 
detected as well, which suggests that some step-wise reduction of the 
parent compounds has occurred. Concentrations of all by-products 
increased in the first 60 min of treatment but by the end of experi-
ment decreased. The authors suggested that the main species responsible 
for PFAS degradation are electrons from plasma/gas phase, aqueous 
electrons, and argon ions. Fig. 2 from study shows proposed pathway for 
PFOA and PFOS degradation. 

3.3. Pesticides 

Pesticides are group of chemicals that are applied on the crops and 
soil against pest species. The huge variety of herbicides and insecticides 
are used worldwide in high quantities which makes them a group of 
contaminants with the highest potential to enter the environment. 
Recent studies have shown the potential of using NTP in liquid and gas- 
liquid environment for the remediation of pesticide manufacturing 
wastewater. 

Plasma systems used in published studies for the pesticide removal 
are different types NTP, either discharges directly inside liquid or dis-
charges in contact with liquid. Regarding the type of discharge, in most 
cases pulsed corona discharge and DBD with falling water film are used, 

Fig. 2. Proposed pathway for PFOA and PFOS degradation Reprinted with permission from (Singh et al., 2019). Copyright (2019) American Chemical Society.  
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some of them in combination with another AOPs (e.g., ozonation). 
(Hijosa-Valsero et al., 2013) reported two different NTP reactors at 

atmospheric pressure, one operating as a thin-falling water film reactor 
and the other as conventional batch reactor, both producing discharge 
between dielectric barriers. The study compared degradation effi-
ciencies for several pesticides: atrazine, lindane and chlorfenvinfos. For 
both reactors a first order degradation kinetics was proposed for all 
reactions. It was calculated that achieved relative removal rates for all 
pollutants in both reactors were around 70% after 5 min of treatment. In 
comparison to the batch DBD reactor above the liquid, energy efficiency 
(G-values, expressed in mol J− 1) were higher by one order of magnitude. 
That can be explained with the fact that in the coaxial reactor the 
electrode surface is larger allowing higher concomitantly treated vol-
ume of the sample. Similar configurations were reported in other studies 
(Hama Aziz et al., 2018; Vanraes et al., 2017; Wardenier et al., 2019). 
(Vanraes et al., 2017) utilized a DBD reactor system with addition of 
activated carbon textile over the grounded inner electrode which caused 
better removal of all the pollutants. Indeed, depending on the molecular 
structure of a pollutant, plasma treatment can improve process of its 
degradation through adsorption. A DBD reactor with falling water film 
over activated carbon textile was also studied by (Wardenier et al., 
2019) for the degradation of pesticide mixture (atrazine, alachlor, 
diuron, dichlorvos and pentachlorophenol) where removal efficiencies 
between 57 and 88% were reported (56.9% atrazine, 57.8% alachlor, 
62.4% diuron, 69.3% pentachlorophenol, 70.2% dichlorvos). Many of 
the studies for the pesticide removal were performed by using one of the 
simplest plasma configurations - pulsed corona discharge above water 
(Bradu et al., 2017; Gerrity et al., 2010; Singh et al., 2016, 2017; Singh 
et al., 2019). In a multiple needle-to-plane corona discharge reactor 
degradation of carbofuran from aqueous solution has been tested. 
Almost complete degradation occurred within 10 min of treatment and 

the degradation rate could be enhanced by increasing voltage and fre-
quency (Singh et al., 2016). Similar configuration was reported in 
another study by (Singh et al., 2017) for the almost complete mineral-
ization of 2,4-dichlorophenoxyacetic acid (2,4-D). For the same OMP 
(Bradu et al., 2017) generated NTP in a pulsed corona discharge com-
bined with ozonation process. In this work, complete mineralization of 
2,4-D after 30 min of treatment was demonstrated. Although the plasma 
treatment with corona discharge configurations have showed promising 
results, all of them worked with small treatment volume and in con-
figurations where large-volume to plasma surface ratio have been 
preferred. However, a possible pilot-scale NTP device, with corona 
discharge in ambient air placed above the liquid surface was evaluated 
by (Gerrity et al., 2010). Experiments were conducted in different types 
of solution (wastewater and surface water). Promising removal effi-
ciency was found for each type of water solution. Even though based on 
the results the oxidation is probably the dominant mechanism, more 
future studies are needed in the field of NTP for wastewater treatment 
applications with real samples type solution. 

Several studies had proposed degradation pathways since the 
cognition of the mechanism and detection of intermediates is important 
step for pesticides plasma treatment optimization and practical appli-
cations. (Vanraes et al., 2015) detected ammelide and deethylatrazine as 
by-products in the degradation process of atrazine by a DBD in contact 
with liquid. The same intermediates were also reported by (Hijosa--
Valsero et al., 2013). According to the literature, the main species 
responsible for the degradation of atrazine is hydroxyl radical and for 
plasma treatments this was confirmed in (Locke and Thagard, 2012). In 
some recent papers, decomposition mechanisms were also proposed for 
pesticide 2,4 – D, common used herbicide in agriculture (Bradu et al., 
2017; Hama Aziz et al., 2018; Singh et al., 2017). In (Singh et al., 2017) 
the by-products were identified and several possible routes of breaking 

Fig. 3. Degradation pathway of 2,4-D during plasma treatment. Reprinted with permission from (Singh et al., 2017) Copyright (2017) American Chemical Society.  
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C–O bond on the benzene ring were described (Fig. 3). Their conclusion 
again was that the main radical responsible for the degradation of the 
parent compound is *OH. The pathways were later confirmed by (Hama 
Aziz et al., 2018). 

In similar conditions, degradation of carbofuran was reported where 
seven intermediates were identified and reductive/oxidative pathways 
were proposed (Singh et al., 2016). 

3.4. Phenols 

Most common used models for comparing and testing plasma-based 
AOP are phenol and its derivatives (e.g. bisphenol A, nitrophenols, 
chlorophenols, hydroxyphenols). This group of chemicals are known to 
be used in many industrial applications as pesticides, disinfectants, an-
tioxidants, etc. Their presence in ground, surface and drinking water has 
been of great concern due to the toxicity and estrogenic nature. As for 
the properties and oxidation pathways, they have been studied and well 
described in previous studies, but because of their very low biodegrad-
ability they still represent a challenge and more investigations of novel 
technologies for the improved removal of phenol and phenolic com-
pounds are needed. According to the regulations of European Union 
Directives (2006/11/EC, 2013, 2008/105/EC, 2013), maximum allow-
able concentrations of phenols are 2,0 μg/L in inland surface waters and 
0,3 μg/L for other surface waters. 

In (Marotta et al., 2011) the degradation of phenol was investigated 
by application of DBD in air or in pure oxygen plasma above the liquid. 
The results showed that with the decreasing the air flow rate of phenol 
decomposition increases. The authors concluded that for phenol 
decomposition the most responsible are reactive species produced in the 
gas phase and then transferred into the solution. So, contact time be-
tween phenols and reactive species is of great importance since they 
have short lifetime. Regarding the influence of the electrode material on 
the treatment process, results has shown that after 4 h treatment, the 
decomposition rate of phenol is about 3.2 times larger with stainless 
steel than Ni/Cr wires. The same experimental plasma configuration has 
been applied in (Marotta et al., 2012), where degradation rates of 
phenol in tap water and deionized water have been compared. The re-
sults shown significant increase of the degradation rate of phenol in tap 
water when compared to the one in deionized water. The authors sug-
gested that possible reason is due to the specific effects of some other 
chemical species which can be found in tap water solution. Authors also 
investigated effects of the pH, bicarbonate ions, chlorine species, iron 
ions, etc. in the water on phenol degradation. 

Bicarbonate ions had shown a positive effect on the degradation of 
phenols since they behave as a buffer and keep the pH of the solution 
around 7 during the plasma treatment. (Ceriani et al., 2018), is one of 
the first studies which reported complete mineralization of phenol, 
including mineralization of produced intermediates. It was found that 
after 30 min of treatment, phenol was completely removed, while 
mineralization of solution was achieved after 4 h. In another experi-
ment, with different initial concentration, after 5.5 h complete miner-
alization was achieved. These results had shown that the initial 
concentration of OMP has effect on the degradation rate. On the other 
side, an electrical discharge generated directly inside water, based on a 
DC diaphragm discharge excited in a vapor bubble, was applied in 
(Lukes et al., 2013). About 50% degradation of phenol in NaH2PO4 so-
lution after 50 min was achieved. Authors suggested that hydroxyl 
radicals formed by plasma led to the production of hydroxylated phenol 
products. Thus, hydroxyl radicals were found to be the main active 
components for the oxidation of phenol. 

(Hijosa-Valsero et al., 2013) reported the degradation of 2,4 – 
dibromophenol in two different plasma reactors, one as a conventional 
batch (R1) reactor and other one as a coaxial thin-falling water film 
(R2), with a helium as a working gas. It was reported that relative 
degradation rate was around 98% in R1 after 5 min of treatment. Also, 
the kinetic constant (0.802 min− 1) was slightly faster in R1 and 

first-order degradation kinetics was proposed. (Hama Aziz et al., 2018) 
evaluated degradation of 2,4 – dichlorophenol (2,4 – DCP) in DBD 
planar falling water film reactor. In the study, comparable studies with 
ozonation and photocatalysis had also been reported. The authors 
concluded that in pure argon, after 15 min, complete degradation of 2,4 
- DCP occurred in aqueous solution. The main reason is that hydrogen 
peroxide was produced under argon atmosphere in deionized water 
solution of 2,4 – DCP and high concentration of generated *OH radical. 
Several other papers (Banaschik et al., 2015; Chen et al., 2019; Iervolino 
et al., 2019) had also reported phenol degradation during plasma 
treatment and they evaluate the degradation effects depending on 
different types of discharge, working gas and the plasma reactor setup. 

Several studies discussed possible mechanisms and pathways of the 
phenol and phenolic compounds degradation. In (Banaschik et al., 2015) 
high concentration of hydrogen peroxide was detected indicating that 
the production of hydroxyl radicals was significant. According to the 
authors, in Fig. 4 possible degradation mechanism of phenol can be 
shown (Banaschik et al., 2015). 

Few phenol intermediates, such as benzoquinone (BQ), hydrox-
ybenzoquinone (HBQ), catechol (CC) and hydroquinone (HQ) were 
detected. Results also shown that there is no trace of muconic acid or 
nitrated products of phenol. With that, it can be concluded that the 
ozone concentration was very low or absent. As for the intermediate, 
hydroxyhydroquinone (HHQ), the reaction product, HBQ was found, 
but not the HHQ himself. In (Lukes et al., 2013) phenol intermediates 
HQ, BQ, CC and HBQ were also detected. As for the other phenol 
products, the authors concluded that since in the diaphragm discharge 
was a present thermal mechanism it is possible that thermal decompo-
sition occurred together with oxidative decomposition. (Ceriani et al., 
2018) reported hydroxyl radical and ozone as the reactive species for the 
phenol degradation in miliQ water and formation of the intermediates: 
maleic acid, fumaric acid, cis, cis- and trans, trans - muconic acids, 1,2 – 
dihydroxybenzene, 1,4 – dihydroxybenzen, formic acid, acetic acid, 
oxalic acid. For all the intermediates, except maleic acid, it was found 
that they are no longer detected after 4 h of plasma treatment. The re-
sults had shown that the concentration of formic and oxalic acids was 
increasing during the treatment while acetic acid reached 2.5 × 10− 5 M 
concentration and remained stable during 4 h treatment. In (Chen et al., 
2019) phenol and p-nitrophenol (PNP) were analyzed by both HPLC and 
UV-VIS quantitative methods for different concentrations and different 
treatment times. With the increasing time, results had shown that con-
centrations of phenol and PNP decreased and decomposed into other 
intermediates under the influence of atmospheric pressure plasma jets 
(APPJs) in deionized water solution. Because of the presence of 
gas-liquid interfaces and the bubble motions, active species have been 
able to interact more with the phenol and PNP molecules. The degra-
dation efficiency can also be enhanced by changing the pH value, ac-
cording to the authors. There was no detailed study related to the 
degradation pathways, but the authors suggested the main reactions for 
both plasma configurations: inside and in contact with water. The 
analysis of the 2,4-DCP was performed after plasma treatment by high 
performance liquid chromatography (HPLC) in (Hama Aziz et al., 2018). 
It was found that chloride ion and other low chain anionic by-products 
occurred during the degradation process. Other by-products were 
identified such as oxalic acid, glyoxylic acid and glycolic acid. In most 
cases, the concentrations of the formed by-products increased during the 
beginning of degradation, but then decreased over time of the treatment, 
except oxalate ion which remain as a by-product even after completing 
the treatment. 

3.5. Dyes 

Dyes are OMP mainly used in textile industry, paper, plastic, and 
leather industry. The discharge of the dyes has been considered as great 
problem since most of these compounds show high resistance to the 
conventional wastewater treatment processes. Also, their toxicity and 
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potential carcinogenicity raise concern for the aquatic ecosystem. 
Therefore, development of an effective wastewater treatment process for 
dye elimination had been in the focus of interest of many researchers. 
Recently, several plasma systems using different type of working gas 
(argon, air, oxygen) have been evaluated: DBD discharge with cylin-
drical configuration (He et al., 2018; Iervolino et al., 2019), pin to 
surface configuration (Kasih et al., 2019; Mitrović et al., 2020), flow 
reactor system (Yamada et al., 2020), corona discharge (Ruma et al., 
2013), parallel plane type DBD reactor (Reddy and Subrahmanyam, 
2012). 

The degradation of methylene blue (MB) in a pulsed corona 
discharge, generated above the liquid surface in multiwire-plate was 
investigated by (Monica Magureanu et al., 2013). After about 10 min of 
plasma treatment, the MB solution decolorized rapidly and the forma-
tion of nitrate, formate, sulfate, and chlorine ions have been detected. 
Also, a colorimetric method was used to determine the presence of H2O2, 
main active species for the degradation of MB. It was found that during 
plasma exposure, concentration of H2O2 increased after 30 min treat-
ment. Also, the presence of the NO3

− was detected, which can be pre-
scribed to the air admixture and dissolved in water as the authors 
suggested since the oxygen was used as a working gas. The same com-
pound was also investigated by (Kasih et al., 2019) and (Yamada et al., 
2020). A pin to surface configuration plasma system at atmospheric 
pressure was used for decolorization of MB in water solution. After 120 
min, decolorization efficiency was around 93%. In (Yamada et al., 
2020), based on the results, decolorization efficiency of MB was around 
90%. The experiments were performed using a gas-liquid pulsed 
discharge plasma with oxygen and argon as working gases. The con-
centrations of the active species were not tested but the results suggested 
that in the MB decolorization process, oxygen-based active species and 
*OH radicals were involved, especially in the case of argon gas. (Liu 
et al., 2016) suggested using atmospheric pressure DBD plasma system 
for the degradation of methyl orange (MO). The aim of this study was to 
evaluate new treatment method with glow discharge generated above 
the water surface. After 15 min, decolorization rate was 93%. In (He 
et al., 2018), experiments were performed in the cylinder-like reactor, 
with a home-made direct current power source. It was concluded that 
the active species responsible for decolorization of MO are the 

short-lived ones instead of long-lived species such as H2O2. Neverthe-
less, the presence of H2O2 can affect the production of *OH radicals 
when in combination with Fenton process (Fe2

+ ions). Several other 
authors evaluated different plasma configurations for dyes removal and 
up to this date, most of them concluded that the best efficiency is usually 
achieved when oxygen is used as a working gas. The details can be found 
in the reports (Iervolino et al., 2019; Jiang et al., 2012; Mitrović et al., 
2020; Pankaj et al., 2017; Reddy and Subrahmanyam, 2012; Ruma et al., 
2013; Sarangapani et al., 2017). 

(Jiang et al., 2012) evaluated degradation mechanism for the 
decomposition of methyl orange and degradation efficiency depending 
on different initial concentrations. It was found that increasing initial 
concentration of MO decoloration efficiency (η) decreased through time. 
The authors suggested possible degradation pathway for the MO shown 
in Fig. 5. 

Based on the dissociation energies (BDEs), authors suggested that the 
C–N–C bond BDE is the lowest and therefore breaking that bond results 
with two demethylation reactions which are the first ones taking place in 
plasma treatment. As for the C–N bond in the intermediate group 
(C6H5–N2C6H5), the cleavage effect occurs because of the presence of the 
high reactive oxygen species, O3 and *OH radical which are produced in 
a gas phase of the discharge. The authors also found the presence of 
SO4

2− ions and NO3
- which can be explained with possible mineraliza-

tion of MO and the intermediates, into CO2, H2O, SO4
2− and NO3

− . 
Monica Magureanu et al. (2013) detected formic acid as an intermediate 
during MB plasma treatment. It is possible that the formation of acid 
resulted as a side chain oxidation. Also, small amounts of sulfate (SO4

2− ) 
were found. As in previous work, authors concluded a cleavage effect of 
the C–S bond in heterocyclic system. The generation of H2O2 has also 
been studied as important compound for the formation of *OH radicals. 
Comparing the concentration of H2O2 generated in water and in the MB 
solution through time, it was founded that higher concentration of H2O2 
was generated in water. This can be related to the reactions between MB 
compound and its by-products with *OH radicals, influencing the less 
formation of H2O2. Kasih et al. (2019) analyzed formation of MB func-
tional groups through FTIR analysis. Some important MB functional 
groups were detected: NH/-OH (overlapped vibration at 3417 cm− 1), 
–CH– (aromatic group at 2889 cm− 1), C–N (from amid II, at 1456 cm− 1), 

Fig. 4. Possible reaction pathways of phenol with hydroxyl radicals. Reprinted with permission from (Banaschik et al., 2015). Copyright (2015) Elsevier.  
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N–H (from amide III, 1112 cm− 1), C–N (from amide III, 852 cm− 1). From 
the spectrum, it can be seen that after 20 min of plasma treatment, a 
broad band in the range of 3000–3700 cm− 1 appears that can represent 
O–H stretching and a strong peak at 1643 cm− 1 as O–H–O bending 
scissors. The authors concluded that the high removal of 93% resulted 
after 120 min treatment. 

Formation of reactive species during plasma treatment has been 
more investigated in some studies providing possible reaction sets for 
different working gases used (He et al., 2018; Jiang et al., 2012; Reddy 
and Subrahmanyam, 2012; Yamada et al., 2020). When in plasma sys-
tem the oxygen was used as a working gas, as a result, there is a large 
generation of ozone. With dissociation of H2O, H2O2 can be produced. 
Both ozone and H2O2 can be consumed for organic degradation. OH⋅, H⋅, 
O⋅ and HO2⋅ radicals can be generated from various gases. *OH radicals 
can also be derived from H2O molecules which have been confirmed and 
evaluated by several authors as an important active species for the 
degradation (decolorization) of dyes. 

4. Combining plasma technology and other advanced 
treatments 

Several studies report application of NTP in a combination with other 
treatments. For example, (Mitrović et al., 2020), combined NTP with 
titanium dioxide (TiO2) catalyst for the Reactive orange 16 (RO 16) dye 
degradation. The authors investigated the processes separately and in 
combination to compare energy efficiency of all systems. As a result, 
when NTP is enhanced with TiO2 nanopowders, the degradation effi-
ciency has improved since in the process the radicals are generated in 
the gas phase by the plasma and transported into the liquid, but also in 
the liquid on the surface of the catalyst. The influence of different flow 

rates and gas composition was also evaluated. In (Hama Aziz et al., 
2017), ozonation, photocatalysis and DBD were compared for DCF and 
IBP in aqueous solution. The same reactor design was used in all ex-
periments which allowed more valid comparison of the efficiency. For 
both pharmaceuticals, after DBD treatment, removal efficiency was 
higher than when treated with other methods, but also important note is 
that the degradation depended on the type of gas during treatment. 
Overall, the combination of two AOPs showed the most promising re-
sults. Similar conclusions were reported in (Hama Aziz et al., 2018) for 
pesticides. Other interesting reports can be found in (Vanraes et al., 
2015), where degradation of atrazine was investigated by combination 
of NTP and nanofiber membrane and in (Vanraes et al., 2017), where 
NTP was combined with activated carbon. In both reports, results had 
shown that decomposition of atrazine was higher when NTP was used. 
Very detailed evaluation of physico-chemical processes for the PFAS 
treatment can be found in (Nzeribe et al., 2019). The authors investi-
gated and compared efficiency such as cost, energy use, removal and 
proposed possible degradation pathway for several types of chemical 
oxidation and chemical reduction processes, ultrasonication and plasma 
technology. In general, as a proposed conclusion is that technologies 
which include persulfate and photochemical oxidation are less efficient 
than electrochemical oxidation technology. Based on the defluorination 
yield, energy use and cost, plasma treatment is one of the most efficient 
process for the PFAS treatment. 

5. Outlook/conclusion 

This paper gives a broad review on degradation mechanisms, path-
ways, removal efficiency of treatments by NTP for several groups of 
OMPs as well as the effects of different parameters on the degradation 

Fig. 5. Proposed pathways for the degradation of MO using non-thermal plasma. Reprinted with permission from (Jiang et al., 2012). Copyright (2012) Elsevier.  
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processes of pharmaceuticals, perfluorinated compounds, pesticides, 
phenols and phenolic compounds and dyes. For those OMPs which are 
known to be recalcitrant and difficult to remove with other types of AOP 
and conventional treatment, successful removal, and degradation up to 
95% has been demonstrated with application of different types of dis-
charges. In majority of cases plasma is generated in the air or other 
working gas or gas mixture above the liquid sample surface with the 
reactive species transferred from the gaseous to the liquid phase. Plasma 
sources used in these kinds of setups are different DBD geometries: co-
axial, parallel plate, or thin falling water film, then (multi) pin-to-plane 
corona and streamer discharges operating mostly in pulsed mode. In 
fewer cases, the discharge is formed directly inside the liquid phase 
usually using pulsed power supplies. In some studies authors employed 
recirculation of the sample and showed that this results in enhancement 
of the decontamination in all cases. Most studies are done by studying an 
individual OMP present in the aqueous solution or, in some cases, in a 
synthetic mix solution with few other contaminants. It should be point 
out that these types of experimental set-ups are useful to study inter-
action between plasma-generated reactive species inside the liquid and 
pollutant molecules to better understand the degradation mechanisms 
for each contaminant. Once the mechanisms are identified, one can 
perceive the possibility of employment of the plasma technology for an 
efficient treatment of certain type of compound to be treated in polluted 
water. However, at this point little is known on how OMPs behave in real 
(waste)water samples when plasma is applied and what degradation 
pathways they would follow. As it can be seen from the review of the 
studies, depending on the type of OMP in water, different radical can 
play important role on its degradation. However, with other co- 
contaminants present in the water, the mechanism of the target OMP 
degradation can change easily since there is possibility that one or more 
of those co-contaminants have scavenger affect towards the radicals. An 
example for this is mixture of few different EC (pharmaceuticals and 
pesticides) in river water where presence of carbonates and bi-
carbonates, known as scavengers of *OH radicals, decreased degrada-
tion rate of EC. The results of most of the studies involving one or several 
contaminants had shown promising removal efficiency and even 
mineralization in some cases. Nevertheless, since most dominant reac-
tion mechanisms are shown in “the best case” scenario, i.e. without the 
influence of co-contaminants, more research is needed with realistic 
samples of wastewater treated by plasma in order to apprehend the 
complete potential of the plasma technology. Because of this research 
gaps, further studies are recommended: (i) at laboratory scale – exper-
iments using matrix solutions and real wastewater to understand 
optimal conditions and to elucidate degradation mechanisms for such 
complex matrix, (ii) at pilot scale – experiments using real matrix to 
investigate how to scale-up parameters for optimal energy/economic 
costs. According to the literature, most of the studies have been per-
formed at laboratory scale and in such systems high degradation rates 
have been achieved. However, future studies should be also focused on 
the investigation of possibilities to scale-up the plasma systems and 
make application of the plasma technology at water volumes that are 
104–106 times higher than existing. Among other treatment parameters, 
this also affects the treatment duration; thus, the scaling-up of the sys-
tems should comprehend the changes in all related parameters. That is 
not a straightforward task and even though at laboratory scale plasma 
treatment showed numerous advantages compared to other AOP – such 
as no use of chemical reagents and better output of cost-efficiency, these 
assets should be also demonstrated at a large-scale in order to move the 
scientific advances towards new technology. 

Moreover, the next important step in plasma degradation studies is 
further investigation degradation mechanisms and by-products formed 
both in the liquid phase and gas phase. In this research phase, it is very 
difficult to give proper general degradation mechanism for the organics 
due to the variations in given results by the research done up to this date. 
Possible degradation mechanisms and proper conclusions can be done 
per group of OMPs. Still, in some group of OMPs, those mechanisms can 

change based on the type of compound and working parameters, for 
example, by using different type of working gases, it is possible that 
different types of reactive species are produced, and possible reaction 
pathways can be changed. Therefore, the study of by-products is 
important. In recent years many new protocols have been reported for 
detection of those by-products after the AOP treatment and degradation 
of a parent compound. While some authors have investigated and 
studied the formation of by-products, but only few have evaluated and 
discussed the toxicity of those compounds. In some cases, they prove to 
be even more toxic and not biodegradable, for example PFAS. Therefore, 
this is an important step that should be investigated along with the 
decontamination process. Having said that, one possible way to resolve 
this issue is to focus the future studies towards reaching possible 
mineralization of treated compounds in plasma systems, especially for 
compounds where currently there is lack of findings of complete 
degradation and/or mineralization. 

In terms of comparison between plasma and other AOPs, few studies 
were reported. Since the degradation efficiency depends on experi-
mental conditions, i.e., many different treatment parameters (volume, 
initial concentration, characteristics of solution, reactor type, gas type, 
etc.), general comparison of this type is very difficult to obtain, and 
direct comparisons have been obtained only for specific cases. To have 
the reliable results for comparison, the combination of experimental 
conditions should be the same for all types of AOPs. Nevertheless, it was 
clearly shown when NTP is combined with other AOPs, better removal 
efficiency can be achieved, with reduced treatment time. Considering 
the necessity for scaling-up the plasma decontamination systems, 
combining plasma with another AOP seems a promising option to ach-
ieve large-scale reactors. 
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and Miodrag Čolić 1,3,5
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Puač, N.; Škoro, N.; Bekić, M.;
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Simple Summary: Dendritic cells (DCs)-based anti-cancer vaccines displayed limited efficacy in
clinical trials, mostly due to a lack of protocols for preparing immunogenic tumor antigens used in
the vaccine. Here, a unique atmospheric pressure plasma jet was used to prepare a plasma-activated
medium (PAM) which induced immunogenic cell death in tumor cells. This procedure increased
the efficacy of tumor lysates in enhancing the immunogenicity of DCs according to their increased
maturation, production of IL-12, and the capacity to induce cytotoxic CD8 T cells able to kill tumor
cells. In contrast to the tumor lysates commonly used in DC vaccines, PAM-tumor lysates lacked
the capacity to increase IL-10 production by DCs, and their potential to induce protumorogenic Th2
and regulatory T cells. Cumulatively, these results suggest that the novel method for preparing
immunogenic tumor lysates with PAM could be suitable for improved DC-based immunotherapy of
cancer patients.

Abstract: Autologous dendritic cells (DCs)-based vaccines are considered quite promising for cancer
immunotherapy due to their exquisite potential to induce tumor antigen-specific cytotoxic T cells.
However, a lack of efficient protocols for inducing immunogenic tumor antigens limits the efficacy
of DC-based cancer vaccines. Here, we found that a plasma-activated medium (PAM) induces
immunogenic cell death (ICD) in tumor cells but not in an immortalized L929 cell line or human
peripheral blood mononuclear cells. PAM induced an accumulation of reactive oxygen species
(ROS), autophagy, apoptosis, and necrosis in a concentration-dependent manner. The tumor lysates
prepared after PAM treatment displayed increased immunogenicity in a model of human monocyte-
derived DCs, compared to the lysates prepared by a standard freezing/thawing method. Mature DCs
loaded with PAM lysates showed an increased maturation potential, as estimated by their increased
expression of CD83, CD86, CD40, IL-12/IL-10 production, and attenuated PDL1 and ILT-4 expression,
compared to the DCs treated with control tumor lysates. Moreover, in co-culture with allogeneic
T cells, DCs loaded with PAM-lysates increased the proportion of cytotoxic IFN-γ+ granzyme A+
CD8+ T cells and IL-17A-producing T cells and preserved the Th1 response. In contrast, control
tumor lysates-treated DCs increased the frequency of Th2 (CD4+IL-4+), CD4, and CD8 regulatory
T cell subtypes, none of which was observed with DCs loaded with PAM-lysates. Cumulatively,
these results suggest that the novel method for preparing immunogenic tumor lysates with PAM
could be suitable for improved DC-based immunotherapy of cancer patients.
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1. Introduction

Cold atmospheric plasma (CAP), also called non-equilibrium atmospheric-pressure
plasma (NEAPP), is a partially ionized gas generated under normal atmospheric pressure
and ambient temperature [1]. Achieving non-equilibrium conditions at atmospheric pres-
sure proved to be possible in only a limited number of cases. Just recently, CAP sources
have become more diversified and are being developed with specific applications in mind.
CAP is a source of reactive species, ions, neutral particles and molecules, electrons, and
other physical factors such as electromagnetic fields, metastable and excited molecules,
weak ultraviolet radiation, etc., while producing only a very weak or negligible heating
effect [2]. CAP has been widely used in various fields of modern medicine, such as pro-
moting wound healing, blood coagulation, stem cell differentiation and the treatment of
some skin diseases, as an anti-bacterial, anti-viral and sterilization agent [3]. In particular,
CAP has recently been tested for cancer treatment [2,4–6]. The therapeutic effect of low-
temperature plasma is based on the production of various reactive oxygen and nitrogen
species (RONS) [7], such as nitric oxide (•NO) and hydroxyl (•OH) radicals [8]. In contact
with the cancer tissue, CAP produced RONS are capable of inducing cell death and this
approach has been extensively explored for the treatment of tumor because malignant
cells are extremely vulnerable to the effect of RONS and die by necrosis, apoptosis, or
necroptosis. In contrast, normal cells are less sensitive to CAP [9]. An indirect approach
to using CAP in medicine is the production of a plasma-activated medium (PAM). The
gas phase plasma chemistry and the plasma chemistry in the gas/liquid (i.e., cell culture
medium) interface induce chemical reactions in the liquid phase. As a result, specific
compounds are created in the liquid phase which are responsible for the effects on cells
(bacteria, plant cells, human cells, cancer cells, stem cells, etc.). The chemistry, both in
a gas phase and liquid phase, depends on the plasma parameters (type of gas mixture,
gas flow, concentration of electrons, temperature of electrons, deposited power etc.), and
on the type of liquid medium that is being treated by plasma. PAM may be prepared by
treating aqueous solutions, including cell culture media, with CAP. In this process, RONS
are transported from the gas phase into the liquid surface, dissolved into the medium, and
undergo further reactions with dissolved molecules in the aqueous solution. Mixing of the
gas-phase RONS with the medium is promoted (in this paper as well) by a strong flow of
gas/plasma into the liquid whereby “bubbles” of plasma effluent are formed within the
top layer of the liquid.

The interaction of gas-phase RONS with aqueous organics produces other relatively
long-lived RONS, such as hydrogen peroxide (H2O2), nitrates, nitrites and organic per-
oxides (RO2) [8]. Due to the long-lived RONS, PAM has been shown to be as effective
in killing cancer cells as direct treatment with CAP, and the effect of both treatments is
enhanced by intracellular ROS production [10]. The “treatment dose” depends on the
source of the plasma, the time of plasma exposure of the liquid, as well as the period for
which the cells or tissue is allowed to remain in contact with PAM [11]. The efficacy of
plasma in the treatment of malignant tumors is based on two general principles. The first
includes a direct cytotoxic effect caused by RONS- mediated intracellular oxidative stress
followed by inactivation by anti-oxidative mechanisms. This phenomenon is of special
relevance, knowing that the increase of pro-oxidative mechanisms in the tumor could be
beneficial for tumor therapy [12]. The second pathway involves activation of the anti-tumor
immune response by molecules released from CAP- and PAM-dependent immunogenic
cell death (ICD) [13].

ICD is a type of cell death, also referred to as immunogenic apoptosis, which is char-
acterized by a release or display of damage-associated molecular patterns (DAMPs). The
most important DAMPs released from cancer cells during ICD are calreticulin, adenosine
triphosphate (ATP), heat-shock proteins, and high mobility group protein B1 (HMGB1).
DAMPs are a potent adjuvant for antigen-presenting cells (APCs), especially dendritic
cells (DCs), inducing their migration to the regional lymphoid tissue, maturation, and
stimulation of a specific anti-tumor immune response [14]. DCs are specialized APCs
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playing a key role in the initiation and regulation of innate and adaptive immune responses.
Due to their unique properties, DCs have been extensively investigated and used to im-
prove cancer immunotherapy. In this context, many strategies have been developed to
target DCs in cancer [15]. One of them is the in vitro generation of DCs from monocytes
(MoDCs), loading of these APCs with autologous tumor lysates together with matura-
tion stimuli, and inoculation of thus prepared DCs vaccines in cancer patients [16]. The
use of DC vaccines for cancer therapy has been extensively investigated, with more than
200 completed clinical trials to date. The injected MoDCs migrate to the regional lymph
nodes where they efficiently induce CD4+ T cell- and CD8+ T cell-mediated anti-tumor
responses. MoDCs can be also recruited into the tumor microenvironment (TME) following
treatment with ICD inducers, including CAP, with the potency to the prime anti-tumor
T-cell responses [15]. The clinical benefit of DC-based vaccines is not as efficient as expected
due to the presence of many inhibitory molecules and mechanisms in TME. Therefore, an
immunotherapy approach based on improved DC vaccines together with the blockade
of inhibitory molecules in TME sounds promising for future tumor therapy [15,17]. Opti-
mization of DC vaccines implies the use of better protocols for preparing tumor antigens,
designing new strategies for antigen loading, as well as selection of optimal adjuvants
and maturation stimuli. In this context, the use of lysates from tumor cells subjected to
ICD could be beneficial, as already well documented [14,18–20]. PAM treatment of tumor
cells has not been explored up to the date for the stimulation of MoDCs. This was the
reason why we tested the hypothesis that a lysate prepared from PAM-treated tumor cells
is superior to the induction of immunogenic DCs than the tumor lysates prepared under
the conventional freezing-thawing protocol, commonly employed in clinics.

2. Materials and Methods
2.1. Experimental Setup-Plasma Treatments

Figure 1 illustrates the schematics of the dielectric barrier discharge (DBD) atmospheric
pressure plasma jet (APPJ) setup and the plasma treatment of a medium placed in the well
of a 24-well plate. The DBD jet consists of a glass tube with an inner diameter of 4 mm
and an outer diameter of 6 mm. The two electrodes placed around the tube are 15 mm
wide and made of copper tape. The surface of the target grounded through a resistor
served as the third electrode. The electrode positioned at 5 mm from the edge of the glass
tube was connected to the power supply. Another grounded electrode was placed at a
distance of 10 mm from the powered electrode. This electrode was grounded over a second
resistor to the same point of the electrical circuit as the ground line of the target. The power
supply of the APPJ consists of a function generator (PeakTech DDS Function Generator,
PeakTech GmbH, Ahrensburg, Germany), a home-made amplifier, and a high-voltage
transformer operating at its resonance frequency of 81 kHz. A sine-wave high-voltage
signal was provided to power the APPJ. One high-voltage (HV) probe (P6015A HV probe,
Tektronix Inc., Beaverton, OR, USA) and two voltage probes (N2863B voltage probe,
Agilent, Santa Clara, CA, USA) were used to record voltage and current waveforms. The
current waveforms were obtained at the resistors (R = 1kΩ) in the grounded branches of the
electrical circuit. They were used to monitor the stability of plasma and calculate the power
delivered from the plasma to the sample. This power was 1.2 W in all experiments. The
RMS voltage was 1.9 kV and the RMS current was 2.2 mA. The APJ was operating with 2 slm
of He as the working gas. The distance between the ending of the APPJ tube and the surface
of the sample was 5 mm in all experiments. After the sample treatment, the production of
RONS in PAM was investigated by spectrophotometry and colorimetric methods and the
concentrations of nitrite ions, nitrate ions and hydrogen peroxide were determined. The
pH value of the PAM-RPMI 1640 was not changed after the plasma treatment.
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Figure 1. Schematic diagram of the experimental setup.

2.2. Measurement of RONS in the Plasma-Activated Medim

Immediately after the plasma treatment PAM was placed in vials and frozen in liquid
N2. RONS (H2O2, NO2

−, NO3
−) were measured by using colorimetric measurements. The

measurements were performed immediately after the plasma treatment and, as a control,
after defrosting the PAM. No differences in RONS concentrations were noticed between
these samples (data not shown). This is in accordance with the previously reported results.
The good stability of PAM properties in room conditions has been shown to be preserved
for 8 to 18 h [21]. Moreover, freeze-thaw procedures for different PAM were studied and it
reportedly retains the properties when kept at low temperatures [22].

The H2O2 and NO3
- concentrations of the treated medium were analyzed by using

commercial H2O2 test stripes (Merckoquant 110011, Merck, Darmstadt, Germany) and
commercial NO3

− test stripes (Merckoquant 110020, Merck, Darmstadt, Germany). The test
stripes were scanned by a scanner (Perfection V370 Photo, Epson, Nagano, Japan) in order
to analyze their color value. A calibration procedure was performed before the experiments.
Six different H2O2 concentrations ranging from 0 to 25 mg/L were made by diluting 30%
H2O2 stock solution in distilled H2O. The same process of calibration was used for the
nitrate concentration. Seven different nitrate concentrations ranging from 0 to 250 mg/L
were made by diluting a nitrate stock solution (Nitrate standard solution 200 mg/L NO3-
N in H2O, 125040, Merck, Darmstadt, Germany) in distilled H2O. The sum of the color
values of the red, green, and blue channel (grey value) for different H2O2 and NO3

−

concentrations were plotted in their respective calibration graphs. The exponential fit of the
calibration data allows the determination of an unknown H2O2 and NO3

− concentration
deposited in the sample during the plasma treatment. Aliquots of 10 µL PAM were taken
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immediately after 5 min of plasma treatment time. The plasma treatment was done in
triplicate and each time concentration of H2O2 and NO3

− was determined.
To detect nitrite ions (NO2

−), Griess reagent was added to the PAM (Spectroquant
Nitrite test 1.14776.0001, Merck, Darmstadt, Germany). In an acidic solution, nitrite
ions react with sulfanilic acid to form a diazonium salt, which in turn reacts with N-(1-
naphthyl) ethylenediamine dihydrochloride to form a red-violet azo dye. This dye was
determined spectrophotometrically and the absorbance was measured at λ = 540 nm. For
the calibration curve, seven different nitrite concentrations ranging from 0 to 1 mg/L NO2-
N were produced by diluting a nitrite stock solution (Nitrate standard solution 40 mg/L
NO2-N in H2O, 125042, Merck, Darmstadt, Germany) in distilled water. Similarly to NO3

−

and H2O2, the concentration of NO2
− was determined after 5 min plasma treatments. The

experiment was done in triplicate.

2.3. Cells

Human melanoma A375, laryngeal carcinoma Hep2, and immortalized mouse fibrob-
last L929 cell lines were obtained from ATCC (American Type Cell Culture, Manassas,
WV, USA) and were stored in 10% DMSO/Fetal calf serum (FCS, Sigma, St. Louis, MO,
USA) in liquid nitrogen before the experiments. The cells were thawed in 20x volume of
complete RPMI medium, containing basal RPMI 1640, 10% FSC, 2 mM L-glutamine (Sigma,
St. Louis, MO, USA), 50 µM 2-mercaptoethanol (2-ME, Sigma, St. Louis, MO, USA ), and
antibiotics (gentamicin, streptomycin, penicillin) and after washing by centrifugation, they
were cultivated at 37 ◦C, 5% CO2 up to 80% confluence. After reaching the confluence, the
cells were passaged via trypsinization in 0.2% trypsin/0.02% NaEDTA (Sigma, St. Louis,
MO, USA) according to standard laboratory procedures.

Peripheral blood mononuclear cells (PBMCs) were obtained from healthy volunteers
who signed consent forms and isolated by using Lymphoprep (Nycomed, Oslo, Norway).
All studies involving the usage of human cells were approved by the Ethics committee of
the Institute for the Application of Nuclear Energy, University of Belgrade (No. 02/765/2).
PBMC were used in direct cytotoxicity assay or as a source for the isolation of mono-
cytes and T cells as negative fractions of Magnetic-activated cell sorting (MACS) using
Monocyte isolation kit II and Pan-T cell isolation kits (Miltenyi Biotec, Bergisch Gladbach,
Germany), respectively.

MACS-sorted monocytes were used for the generation of monocyte-derived dendritic
cells (DCs) according to a protocol described previously [23]. Briefly, 1 × 106 monocytes
were plated in low-adherent 6-well plates (Sarstedt AG & Company, Sarstedt, Germany)
and cultivated for 4 days in CellGenix® GMP DC medium (CellGenix, Freiburg im Breis-
gau, Germany) in the presence of a recombinant human granulocyte-macrophage colony-
stimulating factor (GM-CSF) and interleukin (IL)-4 (both at 20 ng/mL, R & D Systems,
Minneapolis, MN, USA) to obtain immature (im)DCs. Tumor lysates derived from A375 or
Hep2 cells, as described in Section 2.4, were added to the DC cultures on day 4. To obtain
mature (m)DC, the cells were treated with LPS from E. coli 0.111:B4 (200 ng/mL, Sigma,
St. Louis, MO, USA) and human recombinant IFN-γ (20 ng/mL), 4 h after the treatment of
DCs with tumor lysates, for the next 16–18 h. Afterward, the DCs were collected and used
for phenotype characterization and functional assays with MACS-purified T cells.

2.4. Cytotoxicity Study

PAM was prepared by treating a basic RPMI 1640 medium with CAP. The components
for a complete RPMI medium were added immediately afterwards and serial dilutions of
PAM were prepared in the complete RPMI medium.

To evaluate the cytotoxic effects of PAM on A375, Hep2, L929 cells (each at 5 × 104 cells
per well of a flat 96-well plate) and PBMCs (2 × 105 cells per well of 96-wells plate) were
cultivated in complete RPMI medium with serial dilutions of PAM (100%, 50%, 25%, 12.5%,
6.25%, 0%) for 24 h. Supernatants of these cell-cultures were collected and stored at −80 ◦C
for cytokines analysis. The MTT assay was performed on the remaining cells to determine
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the metabolic activity of the cells treated with PAM. The corresponding cell-free cultures
containing PAM were used as blank controls. After the cultivation, all cultures were
washed in phenol red-free RPMI medium twice and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (1 mg/mL), Sigma) in phenol red-free RPMI was added
for the next 4 h. The formazan crystals were dissolved by using 10% sodium dodecyl
sulphate (SDS, Sigma, St. Louis, MO, USA) in 0.01N HCl (Sigma, St. Louis, MO, USA)
overnight, and the absorbance was read at 570 nm with a spectrophotometer (ELx800,
Biotek, Winooski, VT, USA). The absorbance in cell-free blank controls was subtracted from
the absorbance of corresponding experimental cultures. Each of the three experiments
performed was carried out in six-plicates. The metabolic activity (MTT%) detected in the
treated cultures was expressed as the percentage of the absorbance in non-treated control
cultures (100%).

Oxidative stress in the A375 cells treated with different concentrations of PAM
(6.25–100%) for 4 h or 24 h was analyzed after trypsinization of cells, by using a Muse®

Oxidative Stress Kit (Luminex, Austin, TX, USA), which is based on the reactive oxygen
species-sensitive dye dihydroethidium (DHE), according to manufacturer’s instruction.
Autophagy flux in the A375 cells treated with different concentrations of PAM was evalu-
ated using a Muse ® Autophagy LC3 Antibody-based kit, according to the manufacturer’s
instructions. The method relies on the detection of membrane-bound LC3 after selective
permeabilization of cells which extracts cytoplasmic LC3 but not membrane-bound LC3,
and the blockage of lysosomal degradation of LC3 in autophagosomes. Apoptosis of the
A375 cells treated with PAM for 24 h was detected with a Muse ® Annexin V & Dead Cell
kit, which is based on Annexin V/7AAD staining in Ca2+-containing buffer. The analysis
of oxidative stress, autophagy, and apoptosis was performed on a Guava® Muse® Cell
Analyzer (Luminex, Austin, TX, USA). The expression of heat-shock protein (HSP) 60 and
heat-shock complex (HSC) 70 on the surface of A375 and Hep2 cells was analyzed after 4h
exposure of cells to different doses of PAM. After harvesting the cells by trypsinization, the
cells were incubated with primary mouse anti-HSP 60 (Clone 24, 1 µg/mL BD Biosciences,
San Jose, CA, USA) or mouse anti-HSC 70 (Clone sc-7298, 1 µg/mL Santa Cruz Biotechnol-
ogy, Inc., Dallas, TX, USA) in PBS/NaN3/5%FCS for 30 min, washed, and then incubated
with a secondary anti-mouse IgG-FITC antibody (Sigma St. Louis, MO, USA) for 20 min,
followed by fixation and analysis by flow cytometry (BD LSR II).

A375 and Hep2 tumor cells treated with PAM for 24 h, and control non-treated tumor
cells, were used for preparing tumor lysates in DC cultures. Totally 5 × 106 live tumor
cells were incubated in 500 µL of 100% PAM for 24 h, and a loss of viability >90% in
the PAM-treated cultures was confirmed by Trypan blue staining. Both PAM-treated
and control tumor cells were then frozen at −80 ◦C for 10 min and afterward thawed at
room temperature for 10 min in an ultrasonic bath, and the process was repeated at least
7 times. After that, 100 µL of complete tumor lysates were added in 2 mL of DC cultures
(total 5% vol.) thus providing an equivalent of 1:1 DC: lysed tumor cells, respectively.

Direct cytotoxicity of PAM on DCs was evaluated by treating 4-day DC cultures with
12.5% or 25% of PAM, whereas control DC cultures were treated with equivalent volumes of
basal RPMI medium, for the next 24 h. Apoptosis was detected by an Annexin V-FITC/PI
staining kit according to manufacturer’s recommendations (Thermo Fisher, Waltham, MA,
USA) and analyzed on a flow cytometer (LSR II, Becton Dickinson, East Rutherford, NJ,
USA). Oxidative status in the DCs treated with PAM for 24 h was assessed by staining
the cells with 2.5 µM dihydrorhodamine (DHR) in PBS for 30 min at 37 ◦C, followed by
analysis on the flow cytometer.

2.5. Mixed Cell Reactions

The allostimulatory capacity of DCs (prepared as in Section 2.3) was tested by co-
cultivating MACS-purified T cells (1 × 105/well of 96-well U-bottom plate) labeled with
CellTrace™ Far Red (1 µM, Thermo Fisher, Waltham, MA, USA), with a different number of
DCs (1 × 104, 0.5 × 104, 0.25 × 104 cells/well) for 5 days. To avoid transferring any stimuli
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from DC cultures, the cells were washed twice in RPMI medium prior to co-cultivation
with T cells. After 5-day co-cultures, the cells were washed in PBS, stained with 7AAD and
then analyzed on a BD LSR II flow cytometer. CellTrace Far Red dilution was analyzed
after exclusion of doublets and dead (7AAD+) cells, and the percentage of proliferated T
cells (CellTrace Far Red low) was calculated in FCS Express (DeNovo Software, Pasadena,
CA, USA). The capacity of DCs to induce allogeneic cytokines production by T cells was
analyzed after 5-day co-cultures (1:20 DC:T cell ratio), after treating the co-cultures with
PMA (20 ng/mL, Sigma, St. Louis, MO, USA), calcium ionophore (500 µg/mL, Sigma, St.
Louis, MO, USA) and monensin (3 µg/mL, Sigma, St. Louis, MO, USA) for the last 4 h to
stimulate cytokine accumulation in the primed T cells. Harvested cells were washed in
0.1% NaN3/PBS and stained for surface and intracellular cell markers. To detect cytokines
produced in co-culture-supernatants, DC/T cell co-cultures carried out likewise, were
treated with PMA and Ca Ionophore for the last 4 h, and the supernatants were collected
after centrifugation at 2000 RPM for 5 min.

To evaluate the capacity of DCs to prime cytotoxic T cells, autologous T cells isolated
from freshly obtained PBMC were co-cultured with A375 lysate-loaded or non-loaded
DCs at a 1:40 DC:T-cell ratio for 6 days. Recombinant IL-2 (10 ng/mL) was added to these
co-cultures on day 0 and day 3. After 6 days, the proliferation of autologous T cells was
evaluated by staining the cells fixed in ice-cold ethanol (75%) for 2h at −20 ◦C and washed
with PBS, with an anti-human Ki-67 antibody (Wuhan Fine Biotec Co., Wuhan, China)
and secondary anti-rabbit IgG Alexa 647 (Abcam, Cambridge, UK), followed by staining
with PI (1 ug/mL, Sigma, St. Louis, MO, USA) prior to the analysis of proliferation on
a flow cytometer. Cytotoxic activity of the primed autologous T cells towards live A375
tumor cells was carried out by co-cultivating T cells with CellTrace Far Red-labeled live
A375 cells (5 × 105 cells) at 1:2, 1:4 and 1:8 A375: T cell ratios for 4 h. After that, the cells
were collected and labeled with PI prior to analysis on a flow cytometer. For all mixed
cell cultures, T cells cultivated without DCs and A375 cells cultivated without T cells were
used as controls.

2.6. Flow Cytometry

The flow cytometry analysis of DCs and T cells was performed on the flow cytome-
ters CyFlow Cube 6 (Sysmex, Kobe, Hyogo, Japan) and LSR II (BD) by staining the cells
with the following directly conjugated antibodies: anti-CD83-FITC, anti-CD86-PE, CD86-
PerCPCy5.5, anti-CD40-APC, anti-CCR7-FITC, anti-IL17A-Alexa Fluor 488, anti-CD25-
PerCPcy5.5, anti-CD127-PE, anti-IL10-APC, anti-HLA-DR-APCCy7 (Biolegend Inc., San
Diego, CA, USA), anti-HLA-DR-PerCP (Miltenyi Biotec, Bergisch Gladbach, Germany),
anti-ILT4-PE, anti-IFNγ-FITC (R&D Systems Minneapolis, MN, USA), anti-IL-12p40/p70-
PE, anti-IL-10-FITC (BioRad, Hercules, CA, USA), anti-CD4-APC, anti-CD8-PerCPCy5.5,
anti-Granzyme A-PE (eBioscience, San Diego, CA, USA), anti-Foxp3-FITC, anti-IL-4-PerCP,
anti-PDL1-PE (eBioscience, San Diego, CA, USA), anti-CD4-PE (Sysmex, Kobe, Hyogo,
Japan), IgG1 negative control-PE, IgG1 negative control-FITC, IgG1 negative control-APC,
IgG1 negative control PerCP, (Thermo Fisher, Waltham, MA, USA), IgG2 negative control
APCCy7 (Millipore, Burlington, MA, USA). Surface staining with primary Abs was con-
ducted in PBS/0.1% NaN3/0.5% FBS prior to the intracellular staining that was carried
out using a flow cytometry fixation and permeabilization kit (Biolegend, San Diego, CA,
USA). Signal overlap between the channels was compensated before each analysis using
single labeled samples. Non-specific fluorescence was determined according to isotype
control antibodies and fluorescence minus one (FMO) controls and at least 5000 cells were
analyzed in each sample. Doublets were excluded according to forward scatter (FS) H/FSA,
and dead cells were gated-out according to 7-aminoactinomycin D (7AAD) staining, fixable
viability dye 620 (BD) staining, or low FSC properties.
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2.7. Cytokines

TNF-α, IL-1β, IL-6, TGF-β, IL12-p70, IL-10, IL-23 and IL-27 were measured in DC
culture supernatants by a specific duo-set sandwich enzyme-linked immunosorbent assay
(ELISA) (R&D Systems, Minneapolis, MN, USA) in duplicates according to manufacturer’s
protocol. The levels of cytokines in DC/T-cell co-cultures were determined by the Leg-
endPlex human Th cytokine panel 13-plex (Biolegend) in duplicates, according to the
manufacturer’s protocol. Unknown concentrations of cytokines were calculated from stan-
dard curves generated with the manufacturer-supplied recombinant cytokines and fitting
with a 4-parameter (log) dose/response curve (GraphPad Prism 8, GraphPad Software,
San Diego, CA, USA).

2.8. Statistical Analysis

Repeated-measures one-way analysis of variance (RM-ANOVA) was performed, fol-
lowed by Tukey’s multiple comparison test, to analyze differences in means between
the different groups of treated cells and control groups (GraphPad Prism 8,). Student’s
T test was used to evaluate differences in levels of RONS in PAM. Data are presented
as means± SD of the indicated number of independent experiments (different time for
experiments with cell lines, different DC donors and/or DC/T cell pairs), and differences
were considered significant at p values of≤0.05. For data presented as a heatmap, the
values of each cytokine obtained in each experiment were normalized to the range 0–1,
according to the following formula:

y = X(
x − min(x)

max(x)− min(x)
) (1)

with y- heatmap value; x- level of cytokine in a sample in one dataset, (x)-dataset of one
type of cytokine

3. Results and Discussion
3.1. Two-Electrode Plasma Jet Induces Efficient Accumulation of RONS in PAM

A two-electrode dielectric barrier discharge (DBD) atmospheric pressure plasma
jet (APPJ) was used as a CAP source (Figure 1) for treating the RPMI 1640 cell culture
medium. The power deposited in the effluent discharge in contact with the surface of
RPMI 1640 was 1.2 W. The resistors (R = 1 kΩ) in this grounded branch of the electrical
circuit used for monitoring current waveforms showed stable plasma throughout the PAM
generation. The distance of the APPJ to the treated liquid was kept constant at 5 mm
in all experiments and treatment time was 5 min. Plasma treatment did not change the
pH of the medium, according to stable phenol-red coloring and the measurements of
pH. We have measured the three long-lived RONS and their concentrations in untreated
RPMI 1640 and the PAM-RPMI 1640 are shown in Figure 2. In the literature, H2O2 is
the most commonly detected and characterized, followed by NO2

–. At the end of the
list is the NO3

– radical, which is scarcely reported albeit it plays an important role in
PAM-cell interactions. Their concentration mainly depends on the type of plasma device
used, deposited power in the discharge, feeding gas, treatment time, and treated volume.
Adding the type of the treated liquid media to this large variety of parameters that can
influence the concentration of deposited RONS in the cell medium makes it very difficult
to perform a direct comparison of two atmospheric plasma systems [24]. Nevertheless, the
described diagnostics provide enough information to ascertain the stability of plasma and
identify the most abundant species.
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Figure 2. Measured concentrations of RONS in the plasma-activated medium PAM- RPMI 1640
compared to concentrations in the untreated RPMI 1640 medium. Helium flow during the treatments
was kept constant at 2 slm and the power deposited in the discharge in contact with the sample was
1.2 W. The distance between the edge of the APPJ and the sample surface was 5 mm in all treatments.
*** p < 0.005 compared to non-treated control RPMI 1640 (0% PAM) or as indicated by line.

The measured concentration of hydrogen peroxide was 1 mg/L and of nitrate 34 mg/L,
while there was no nitrite detected in the untreated RPMI 1640 medium. The largest increase
in concentration was observed for hydrogen peroxide, which increased 14 times after the
treatment. Hydrogen peroxide is relatively stable and has strong oxidizing properties that
can cause lipid peroxidation and, among other roles, serves as a cellular messenger. In the
case of PAM-RPMI 1640, the highest yield of H2O2 was expected due to the presence of
organic molecules in the cell medium (like glucose) [25]. Regardless of some reports in the
literature stating that the increase in the concentration of H2O2 is generally responsible for
the decrease in the viability of cancer cells [22,26], the main reason for this is the synergistic
effect with reactive nitrogen species [27]. Therefore, we monitored the concentration
of nitrates and nitrites in PAM-RPMI 1640. The concentration of nitrites in PAM was
5 mg/L and the nitrate concentrations increased by 30% compared to the untreated control
RPMI medium.

3.2. PAM Induces Immunogenic Cell Death in Tumor Cells

ICD of tumor was reported as beneficial for triggering a DC-mediated anti-tumor
response [28]. Increased presence of RONS in PAM makes it a good candidate for inducing
ICD in tumor cells. Therefore, we examined the dose-dependent cytotoxicity of PAM
towards tumor A375 melanoma cell line and laryngeal carcinoma Hep2 cell line, as well
as towards non-tumor cells, such as immortalized L929 cell line and PBMCs (Figure 3a).
Results from an MTT assay suggested that even the low doses of PAM (12.5% and 25%)
were cytotoxic for A375 and Hep2 cells after 24h culture, but not for L929 cells and PBMCs.
Higher doses (50% and 100%) of PAM significantly reduced the metabolic activity of all cell
types, but the effect was most prominent in cultures with the tumor A375 and Hep2 cells.
According to the ISO standard on the cytotoxicity of medical devices, a 30% reduction
in MTT is considered as non-cytotoxic [29], suggesting that the reduction of MTT in the
cultures of L929 cells and PBMCs treated with 50% PAM could be considered as non-
cytotoxic as well. Our results are in line with previous findings showing that induction of
cell death by CAP or PAM treatment is a universal phenomenon in malignant cells [30–33]
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in contrast to non-malignant cells, which are more resistant [34]. Towards tumor cells, PAM
showed dose- and time-dependent cytotoxic responses in vitro. In addition, the selectivity
of PAM against tumor cells is influenced by the medium to be activated and the type of
tumor cell lines used [35].
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Figure 3. Dose dependent cytotoxicity of PAM. (a) Metabolic activity of A375, Hep2, L929, PBMC was assessed by MTT
assay after 24 h treatment with serial dilutions of PAM (0% (white bars), 6%, 12.5%, 25%, 50% and 100% (black bars)) in
complete RPMI medium. The results are shown as % MTT relative to the non-treated corresponding control cells 100%.
Data from two independent experiments, each carried out in triplicates, are shown as the average % of MTT ± SD. (b) A
representative data on the measurement of oxidative stress by DHE in A375 cells cultivated in the presence different
concentrations of PAM for 4 h is shown. The summarized data from two independent experiments, in which the oxidative
stress with the different doses of PAM (0% (white bars), 12.5%, 25%, 50% and 100% (black bars)) was measured after
4 h or 24 h as indicated, is shown as mean % of ROS+ cells ± SD. (c) A representative histograms on measurements of
membranous LC3 expression in permeabilized A375 cells is shown with the indicated total mean fluorescence intensity
(MFI), and the summarized data from two experiments is shown as MFI of LC3 ± SD. (d) Analysis of cell death by Annexin
V/7AAD staining (AnnV−7AAD− viable; AnnV+7AAD− early apoptosis; AnnV+7AAD+ late apoptosis; AnnV−7AAD+
necrosis) in A375 cells is shown, carried out after 24 h cultures in presence of different doses of PAM (0%, 12.5%, 25%, 50%,
100%). Representative dot-plots and summarized data are shown as mean % A375 cells ± SD of 3 independent experiments.
* p < 0.05, ** p < 0.01, *** p < 0.005 compared to non-treated control cells (0% PAM) or as indicated by line.
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High concentrations of RONS, both originating from PAM and produced by PAM-
exposed cancer cells were shown responsible for cell death predominantly via induction of
oxidative stress [10,36]. Considering that oxidative stress in dying cells is a hallmark of
ICD [37], we analyzed oxidative stress in PAM-treated A375 cells by measuring intracellular
ROS with dihydroethidium (DHE) staining (Figure 3b). PAM applied at the concentrations
of 25% and higher, induced significant accumulation of ROS in A375 cells after 4 h cultures.
Thereby, 100% PAM induced oxidative stress in nearly 80% of cells. After 24 h cultures,
even the lower doses of PAM (12.5% PAM) induced significant accumulation of ROS in
A375. These results are in line with the general mode of PAM and CAP actions in tumor
cells [38]. It is known that ROS production by tumor cells treated with PAM depends on
PAM-derived RONS (nitrite and H2O2) and the generation of initial singlet oxygen (1O2).
This molecule is formed through the complex interaction between NO2

− and H2O2 and
the tumor cells expressing nicotinamide-adenine dinucleotide phosphate oxidase 1 (NOX1),
catalase, sodium dismutase (SOD) on their surface [13]. The formation of peroxynitrite
(ONOO−) plays a key role in these processes [39]. At the site of inactivated catalase, cell-
generated H2O2 enters the cell via aquaporins, depletes glutathione, induces the HOCl
signaling pathway and promotes lipid peroxidation and cell death by apoptosis [40,41].
Non-malignant cells lack the expression of NOX1, catalase, and SOD on their surface
making them resistant to cell death as long as the concentration of H2O2 is below a
cytotoxic threshold level [10]. An investigation showed that the cytoprotective effects of
mild PAM against oxidative stress in non-malignant cells such as human skin fibroblasts
are characterized by the up-regulation of HO-1 mediated by the Nrf2-ARE pathway [42].

Reactive oxygen species and RNS are the key intracellular signal transducers sus-
taining autophagy [43]. Autophagy is essential for the survival of cancer cells, since it
provides the required energy and removes damaged organelles [44]. However, intensive
and persistent activation of autophagy leads to programmed cell death [45]. Moreover,
autophagy was shown critical for the induction of the ICD of tumor in a mouse model [46].
Therefore, we next measured autophagy and apoptosis in the A375 treated with PAM for
24 h by quantifying membrane-bound LC3, a key marker of autophagosome formation [47],
and by annexin-V/7AAD staining, respectively. It was found that autophagy was indeed
triggered in the A375 cells treated with 50% PAM, but not with higher or lower doses
of PAM (Figure 3c). According to Annexin V/7AAD staining, both increased apoptosis
and necrosis were observed in the A375 cells treated with 50% and 100% PAM for 24 h,
whereas lower doses of PAM (25%) induced predominantly the apoptosis of these cells
(Figure 3d). Apoptosis was described as a dominant mode of cell death induced by PAM.
Adachi et al. [48] showed that PAM reduced the mitochondrial membrane potential, down-
regulated the expression of the anti-apoptotic protein Bcl2, activated poly (ADP-ribose)
polymerase-1 (PARP-1) and released apoptosis-inducing factor (AIF) from mitochondria,
suggesting a caspase-independent apoptotic pathway. Aggressive tumors have a different
cellular machinery that protects them from the apoptosis caused by anticancer agents,
thereby making them drug resistant. Therefore, cancer therapy based on the induction of
non-apoptosis has been considered as an alternative approach to treat apoptosis-resistant
cancer cells, including necroptosis [48]. However, the effect of CAP and PAM on this form
of cancer cell death has not been sufficiently investigated.

In addition to apoptosis and necrosis, the ICD of tumor cells is characterized by the
induction of heat-shock proteins, particularly their plasma membrane localization [49],
as well as the release of inflammatory mediators, such as HMBG1, IL-1β and others [50].
In line with this, the membrane expression of heat-shock proteins HSP60 and HSC70 on
both A375 and Hep2 cells increased after 4 h treatment with high concentrations of PAM
(Figure S1a,c). Moreover, significantly higher levels of IL-1β were detected in 24 h culture
supernatants of both tumor cell lines in the presence of 50% and 100% PAM, compared
to their levels in the control culture supernatants (Figure S1b,d). Considering that heat-
shock proteins and IL-1β are strong stimulators of the immune response [50], these results
suggested that PAM-treated tumor cells could strongly potentiate immune response as well.
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It has been shown that PAM induced apoptotic cell death in a time-dependent manner
in endometrial cancer cells. The results correlated with the G2/M-phase arrest at all PAM
concentrations and the induction of intracellular ROS accumulation [51]. In addition, PAM
induced autophagy as judged by increased intracellular LC3B protein expression simul-
taneous with a decrease in the phosphorylated mammalian target of rapamycin (mTOR)
and phosphorylated AKT protein levels and a decline of autophagy-related (p62 and ATG
family) proteins. The autophagy inhibitor MHY1485 rescued PAM-induced cell death by
decreasing the expression of LC3B but without the influence on phosphorylation of mTOR
and AKT [51]. Adhikari et al. [52] have recently shown that CAP and synimarin nanoemul-
sion together activate autophagy in melanoma G-361 cells by activating PI3K/mTOR and
EGFR pathways, expressing autophagy-related transcription factors and genes. In contrast,
a preliminary report by Ando et al. [53] showed that plasma activated infusion (PAI) solu-
tion suppressed the autophagy in melanoma and osteosarcoma cell lines by activating the
mTOR pathway. The authors suggested that ROS-mediated necroptosis, but not autophagy,
plays a dominant role in the cell death induced by PAI. Our results are in accordance with
these, showing that the highest doses of PAM induced predominantly necrosis but not
autophagy, and the potentiate induction of ICD markers, such as heat-shock proteins and
IL-β. However, all three types (autophagy, apoptosis and necrosis) of cell death are seen
with 50% PAM, suggesting that further investigation of these mechanisms is necessary.

3.3. Tumor Lysates Prepared with PAM-Treated Cells Potentiate Maturation of Dendritic Cells

Complete tumor lysates are considered attractive and affordable sources of tumor
antigens suitable for an autologous anti-tumor DC vaccine [54]. Several clinical trials used
whole autologous tumor lysates prepared by multiple freeze–thaw cycles of tumor cells for
DC vaccines [55,56]. Necrotic cell death by freeze-thaw enables the release of DAMPs from
tumor cells such as HSP70, HSP90, HMGB1, and others [57], driving the maturation of
DCs [58]. However, the finding that freeze-thaw necrotic tumor cells could inhibit toll-like
receptor (TLR)-induced maturation and functions of DCs [59], opened serious doubts
about the immunogenicity of thus prepared tumor lysates [60]. Different protocols for
inducing immunogenic tumor lysates have been described including heat-treatment [61],
hydrostatic pressure [62], electroporation [63], and others [60]. Nevertheless, it remained
unclear how these protocols compare to standard freeze-thaw tumor lysates, and whether
the application of PAM for the treatment of tumor cells could improve the immunogenicity
of their lysates. Considering that PAM induced the ICD of A375 cells, we next investigated
whether the A375 lysates prepared from A375 cells treated with 100% PAM for 24 h (PAM-
A375lys) display better effects on DC maturation compared to the lysates prepared from
non-treated A375 cells (A375lys). Thereby, LPS/IFN-γ treatment was additionally used
as a strong maturation stimulus potentiating the Th1 polarizing capacity of DCs, which is
highly desirable in the DC anti-cancer vaccine [64,65].

Both A375 lysates increased the expression of the costimulatory CD86 molecule and
reduced CD40 expression by immature (im) DC, whereas PAM-A375lys also increased the
expression of HLA-DR by imDC compared to control imDC (Figure 4). Upon LPS/IFN-γ
treatment, the expression of all markers tested was up-regulated significantly. Thereby, both
lysates additionally up-regulated the CD86 expression by mDC and inhibited LPS/IFN-γ-
induced up-regulation of HLA-DR and PDL1 by mDC. However, the PAM-treated A375
lysate displayed an additional stimulatory effect on the up-regulation of CD83 on mDC and
reduced the LPS/IFN-γ-induced up-regulation of ILT-4 on mDC significantly. In contrast,
the control A375 lysate inhibited LPS-induced up-regulation of CD40 on mDC, unlike the
PAM-treated A375 lysate.
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DR and CD40/CD86 co-expression analysis is shown and, (b) the summarized data from 3 independent experiments (dif-
ferent DC donors) are shown for the % of cells expressing the indicated surface marker, or as mean fluorescence intensity 
(MFI), ± SD. * p < 0.05, ** p < 0.01, *** p < 0.005 vs corresponding control DCs (white bars) or as indicated with lines (RM-
ANOVA, Tukey’s multiple comparison test). Statistical significance between the corresponding iDCs and mDCs was not 
indicated for clarity. 
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the cultures with A375 lysates (Figure 5). It was shown that the A375 lysates did not in-
duce significant IL-12 expression in imDCs. The strongest induction of IL-12p40/p70 ex-
pression was detected after LPS/IFN-γ treatment of PAM-A375lys-treated mDCs and con-
trol mDCs (Figure 5a), whereas mDCs treated with a control A375 lysate displayed signif-
icantly lower IL-12p40/p70 expression.  

A similar trend for IL-12 production was observed when protein levels were meas-
ured in cell-culture supernatants by ELISA (Figure 5b). However, it was found that control 
A375lys-treated mDCs produced substantially higher levels of IL-10 compared to PAM-
A375lys or control mDCs, suggesting that PAM-A375lys mDCs display a significantly bet-
ter IL-12/IL-10 production ratio than A375lys-treated mDCs. Previous reports also 
showed that freeze-thaw tumor lysates stimulate IL-10 production by mouse DCs [59], 

Figure 4. Effects of PAM-treated A375 lysates on phenotypic properties of DCs. Immature DCs differentiated for 4 days in
the presence of GM-CSF/IL-4, were treated with the A375 lysate or the PAM-A375 lysate at 1:1 A375: DCs ratio, and after
4 h they were stimulated with LPS/IFN-γ or not, for the next 16 h. (a) A representative experiment on CD83/HLA-DR and
CD40/CD86 co-expression analysis is shown and, (b) the summarized data from 3 independent experiments (different
DC donors) are shown for the % of cells expressing the indicated surface marker, or as mean fluorescence intensity (MFI),
±SD. * p < 0.05, ** p < 0.01, *** p < 0.005 vs corresponding control DCs (white bars) or as indicated with lines (RM-ANOVA,
Tukey’s multiple comparison test). Statistical significance between the corresponding iDCs and mDCs was not indicated
for clarity.

Miebach et al. [66] showed recently that colorectal cancer cells treated with an argon-
based plasma jet increase the expression of CD80 and CD86 by monocyte-derived DCs in
co-culture, unlike a neon-based plasma jet, which induced similar weak (<30%) cytotoxicity
in tumor cell culture. However, the majority of CAP-treated tumor cells in the DC co-
cultures were live in that study, and it remained unclear how they modulate the maturation
and functions of DCs triggered by stimuli. Our study is the first report showing that DCs
treated with PAM-tumor lysates display a good immunogenic phenotype, especially after
the stimulation with LPS/IFN-γ, according to their higher CD83 and lower expression
of ILT-4. ILT-4 was demonstrated as an important new checkpoint molecule in tumor
immunotherapy involved in the induction of regulatory T cells [67]. On the other hand,
CD83 is critically involved in the maturation of DCs and their resistance to pro-tolerogenic
effects of IL-10 [68].
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3.4. Tumor Lysates Prepared from PAM-Treated Cells do Not Impair High IL-12/IL-10 Production
Ratio by DCs

Besides the mature phenotype of DCs, the induction of an efficient anti-tumor re-
sponse by DCs is marked by their increased IL-12 production or IL-12/IL-10 production
ratio [69]. Therefore, intracellular expression of IL-12p40/p70 was analyzed in DCs after
the cultures with A375 lysates (Figure 5). It was shown that the A375 lysates did not induce
significant IL-12 expression in imDCs. The strongest induction of IL-12p40/p70 expression
was detected after LPS/IFN-γ treatment of PAM-A375lys-treated mDCs and control mDCs
(Figure 5a), whereas mDCs treated with a control A375 lysate displayed significantly lower
IL-12p40/p70 expression.
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Figure 5. Effects of PAM-treated A375 lysates on cytokines expression by DCs. Immature DCs differentiated for 4 days
in the presence of GM-CSF/IL-4, were treated with A375 lysate or PAM-treated A375 lysate at 1:1 A375: DC ratio, and
after 4 h they were treated with LPS/IFN-γ or not, for the next 16 h. (a) A representative experiment on IL-12p40/p70
expression analysis is shown, and the summarized data from 3 independent experiments (with different DC donors) are
shown as mean fluorescence intensity (MFI) ± SD. (b) The levels of indicated cytokines detected by ELISA in the cell-culture
supernatants are shown as pg/mL ± SD. * p < 0.05, ** p < 0.01, *** p < 0.005 vs. corresponding control DCs (white bars) or as
indicated with lines (RM-ANOVA, Tukey’s multiple comparison test). Statistical significance between the corresponding
iDCs and mDCs was not indicated for clarity.
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A similar trend for IL-12 production was observed when protein levels were measured
in cell-culture supernatants by ELISA (Figure 5b). However, it was found that control
A375lys-treated mDCs produced substantially higher levels of IL-10 compared to PAM-
A375lys or control mDCs, suggesting that PAM-A375lys mDCs display a significantly
better IL-12/IL-10 production ratio than A375lys-treated mDCs. Previous reports also
showed that freeze-thaw tumor lysates stimulate IL-10 production by mouse DCs [59],
which could be a consequence of direct inhibitory effects of autocrine IL-10 on the capacity
of DCs to produce IL-12 [70]. However, mouse IL-10−/− DCs treated with tumor lysates
also displayed a reduced capacity for IL-12 production suggesting that this effect could be
independent of IL-10 as well [59]. It remains unclear whether similar mechanisms occur in
human DCs treated with tumor lysates, so this requires further investigations.

PAM-A375lys and control A375lys both increased IL-1β and IL-6 production by
imDCs but did not modulate their production by mDCs (Figure 5b). The significance of this
finding is still not clear, since a NLRP3-regulated increase in IL-1β, and subsequently IL-6
production was reported to promote tumor growth [71]. In contrast, Ghiringhelli et al. [72]
showed that the activation of NLRP3-dependent IL-1β production by DCs, triggered via
ATP release from dying tumor cells and activation of the P2X7 purinergic receptor, is
critical for the efficient priming of IFN-γ-producing CD8 T cells by dying tumor cells.
PAM-A375lys-treated mDCs also produced significantly lower levels of IL-27 compared
to both control A375lys-treated mDCs and control mDCs. IL-27 has been implicated in
promoting cancer progression [73], and high IL-27 levels are associated with advanced
cancer [74], most probably due to its capacity to induce regulatory T cells [75]. Therefore,
the attenuating effects of PAM-A375lys on IL-27 production by DCs could be interpreted
as a desirable effect for the development of a DC cancer vaccine.

To observe whether different kinds of tumor cells induce similar effects on DC mat-
uration and IL-12/IL-10 production ratio, Hep2 tumor cells were used instead of A375
to prepare lysates after the PAM treatment. It was observed that mDCs pre-treated with
PAM-Hep2lys express higher levels of CD83 and CD86, lower levels of PDL1, and display
a higher IL-12/IL-10 production ratio than the control Hep2lys-treated mDCs, although
Hep2lys did not stimulate IL-10 production by DCs (Figure S2a,b). PAM-Hep2lys treated
mDCs also displayed higher expression of CD86 and lower expression of PD-L1 compared
to control mDCs. These results suggest that the phenomenon of increasing the immuno-
genicity of tumor lysates by PAM is not limited to a single tumor cell line. However,
additional investigations are necessary to evaluate whether this phenomenon applies to
primary tumors isolated from cancer patients as well.

We also assessed whether contaminating PAM added to DC cultures along with
the lysates (5% PAM) could have directly affected the maturation and the IL-12/IL-10
production ratio by DCs and found no significant effects (data not shown). The cells
were also treated with 12.5% PAM, which is more than twice the amount of PAM added
with the PAM-A375lys in DC cultures, as well as 25% PAM, as the highest non-toxic
dose of PAM for PBMCs (Figure S3). It was found that neither concentration of PAM
directly affected oxidative stress and apoptosis in DCs after 24h (Figure S3a,b), nor did
it affect the maturation and IL-12 production capacity of DCs (Figure S3c,d). However,
25% of PAM reduced LPS/IFN-γ-induced increase in IL-10 production by these cells.
Unlike T and NK cells, which are more susceptible to ROS-inducing treatments [76,77],
monocytes and DCs are more resistant due to their stronger anti-oxidative protection
systems allowing them to secrete ROS as a part of normal immune functions [12,20,78].
However, an increased presence of exogenous ROS or their prolonged presence could
induce depletion of glutathione in DCs leading to their reduced maturation and Th1
polarization capacity [79]. In this sense, 25% PAM induced attenuation of IL-10 production
by DCs which could be interpreted as a beneficial effect in tumor therapy. Nevertheless,
care should be taken when DCs are exposed to higher doses of PAM or for a longer period,
as this could reduce the DC-mediated immune response. Cumulatively, our results suggest
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that PAM-treated tumor lysates display good stable immunogenic properties on DCs, and
that the effect is not merely a direct consequence of the contaminating PAM.

3.5. DCs Loaded with PAM-A375 Lysate Preserve Th1, Potentiate Cytotoxic CD8 T Cells and
Th17 Response

DC-mediated induction of an efficient anti-tumor response involves their increased
capacity to induce Th1 and/or Th17 cells [80]. Therefore, the immunogenic properties
of DCs loaded with A375 lysates were next investigated in co-cultures with allogeneic
T cells to evaluate their T cell polarization capacity (Figure 6). It was found that PAM-
A375lys-treated mDCs significantly increased the proportion of Th17 cells (IL-17A+ CD4+

T), IL17+ CD8 T cells and cytotoxic CD8 (IFN-γ+ Granzyme A+ CD8+) T cells compared to
both control mDC and A375lys-treated mDC. According to the unaltered IL-12 production
by PAM-A375lys-treated mDCs (Figure 4b), and its role [81], we also did not find altered
proportions of Th1 (IFN-γ+ CD4+T cells) cells in co-culture with these DCs. In contrast,
control A375lys-treated DCs reduced the proportion of Th1, Th17 and cytotoxic CD4
T cells (IFN-γ+ Granzyme A+ CD4+) compared to control mDCs, probably due to their
increased capacity to secrete IL-10, which is known to inhibit Th1 and Th17 polarization [82].
Moreover, PAM-A375lys-treated mDCs significantly reduced the proportion of Th2 (IL-4+

CD4+) cells compared to mDCs, unlike A375lys-treated mDCs (Figure 6a,b). In general,
mDCs induced lower levels of Th2 cytokines (IL-4, IL-5, IL-13) and higher levels of IL-6,
Th9 (IL-9), Th1 (IFN-γ, IL-2, TNF-α) and Th17 (IL17A, IL17F, IL21, IL22) cytokines in
DC/T cell co-culture supernatants, as compared to co-cultures with imDCs (Figure 6c).
Thereby, PAM-A375lys-treated mDCs were the most potent in relatively lowering the
Th2 and increasing the Th1 and Th17 cytokines in co-culture supernatants, confirming
that PAM-treated tumor lysates potentiate beneficial anti-tumor properties in DCs. In
line with this, Th2 cells demonstrated pro-tumorigenic effects in a mouse tumor model,
whereas Th1 and Th17 cells displayed the opposite effects [83,84]. PAM-A375lys-treated
mDCs also displayed a significantly higher capacity to stimulate proliferation of allogeneic
T cells compared to A375lys-treated mDCs (Figure 6d). These results are in line with the
higher levels of IL-2 detected in PAM-A375lys-DC/T co-cultures, better maturation of
PAM-A375lys DCs, and their stronger IL-12 production, all of which are critical for the
induction of T cell proliferation [85–87].

Analysis of the alloreactive T cell response in DC co-cultures, does not allow direct
assessment of the antigen-specific T cells response. Therefore, in a pilot experiment, we
additionally tested whether autologous T cells primed with A375 lysates-loaded DCs
proliferate and display cytotoxic activity towards live A375 cells after 6-days of priming
with DCs. Encouragingly, we observed that the PAM-A375lys-treated mDCs induced
the highest proliferation of autologous T cells in co-cultures (Figure S4a). Additionally,
T cells primed with PAM-A375lys-treated mDCs displayed significantly higher cytotoxic
activity towards live A375 cells after 4h of co-cultures compared to T cells primed with
A375lys-mDCs or control mDCs, when the same number of primed T cells was used in
the co-cultures (Figure S4b) suggesting that both increased proliferation and increased
cytotoxic functions are potentiated by PAM-A375lys-treated DCs.

The increased proliferation and cytotoxic activity of T cells primed with control DCs
which were not treated with tumor lysates, could be attributed to the presence of other
proteins during co-cultures such as FCS [88]. Therefore, additional investigations on the
antigen-specific effects of DCs, especially with cells from cancer patients, are necessary to
delineate the antigen-specific and direct modulatory effects of PAM-A375lys on the DCs
capacity to induce proliferation and cytotoxic autologous T cells.
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Figure 6. T cell polarization capacity of DCs treated with A375 lysates. (a) Immature DCs and mDCs, either treated or not
with the A375 lysate (+A375lys) or the PAM-treated A375 lysate (+PAM-A375lys) were co-cultivated with MACS-purified
allogeneic T cells (1 × 105/well) at 1:20 (DC: T cell ratio) for 5 days, followed by the stimulation of co-cultures with
PMA/Ca Ionophore/monensin for the last 3 h prior to their staining for flow cytometry. Representative dot-plots are shown
on the total gated T cells that were co-cultured with the indicated mDCs and afterwards stained to CD4, CD8 and the
indicated cytokines. (b) The summarized results on the % of cytokine/enzyme expressing cells normalized to 100% of
T cells are shown as % ± SD of 3 independent experiments. (c) The levels of cytokines from DC/T cell co-cultures as in
(a), stimulated for the last 3 h with PMA/ Ca ionophore, were measured with the LegendPlex Th13-plex system from the
co-culture supernatants. The results are shown as a heatmap wherein each cell represent the level of cytokine normalized
in each experiment to the range of 0–1, and averaged from 3 independent experiments, as described in Materials and
Methods. (d) The allogeneic T cell proliferation was analyzed after 5-day co-cultures of CellTrace Far Red-labeled T cells
(1 × 105 cell/well) and different number of DC (1 × 104, 0.5 × 104, 0.25 × 104 cells/well), providing 1:10–1:40 DC: T cell
ratios. The percentage of proliferated (CellTrace Far Red low) T cells is shown as mean ± SD of 3 independent experiments.
* p < 0.05, ** p < 0.01, *** p < 0.005 vs. corresponding control DCs (white bars) or as indicated with lines (RM-ANOVA,
Tukey’s multiple comparison test). Statistical significance between the corresponding iDC and mDC was not indicated
for clarity.

3.6. DCs Loaded with PAM-Tumor Lysate Do Not Induce Tregs

An efficient immunogenic DC vaccine ought to potentiate the Th1/Th17 response in
T cells, but not regulatory T cells, which the suppress immune response and display pro-
tumorigenic effects [62]. In line with this, previous reports [89], including our own [23,90],
have shown that regulatory IL-10-producing CD8+ T cells display stronger suppressive ac-
tivity than conventional FoxP3+ CD4+ T cells. Therefore, the presence of conventional CD4
Tregs (CD4+CD127−CD25+FoxP3+) and regulatory CD8+T cells (CD8+CD25+IL-10+IFN-γ-)
was analyzed in DC/T cell co-cultures. It was found that iDCs treated with control A375
lysates induced significant proportions of regulatory CD4 and CD8 T cells, unlike PAM-
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A375lys-loaded DCs (Figure 7). Stimulation of A375lys-treated DCs with LPS/IFN-γ did
not affect the capacity of these DCs to induce CD4 Tregs, though it did lower their CD8
Treg inducing capacity. The higher capacity of A375lys-treated DCs to induce regulatory T
cells is probably a consequence of their higher expression of ILT-4, IL-10, and IL-27 com-
pared to PAM-A375lys-treated DCs. ILT-4 is critical for the induction of CD8+CD25+IL10+

regulatory T cells by DCs, as we showed previously by blocking ILT-4 in the DC/T cell
co-cultures [23]. IL-10 was shown to induce both regulatory CD8 and CD4 T cells [89],
whereas IL-27 potentiates the functions of CD4+ Tregs [91], leading to pro-tumorigenic
effects in a multiple gene-deficient mouse model system [92]. Overall, these results sug-
gest that PAM-A375lys induces desirable immunogenic properties in DCs, whereas A375
lysates prepared by the conventional freeze-thaw method could induce adverse effects in
DC-vaccines via induction of pro-tumorigenic T cells subsets.
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Figure 7. Treg induction capacity of DCs treated with A375 lysates. DCs either treated or not with the A375 lysate (+A375lys)
or the PAM-treated A375 lysate (+PAM-A375lys) were co-cultivated with MACS-purified allogeneic T cells (1 × 105/well)
at 1:40 (DC: T cell ratio) for 5 days, in the presence of 2 ng/mL of IL-2, followed by the stimulation of the co-cultures with
PMA/ Ca Ionophore/ Monensin for the last 3 h prior to their staining for flow cytometry. (a) Representative dot-plots are
shown on total gated CD4+ T cells after staining to CD25, CD127 and intracellular FoxP3. The summarized results on the %
of CD4 Tregs are shown as % ± SD of 3 independent experiments. (b) Representative dot-plots are shown on total gated
CD8+ T cells after staining to CD25, and intracellular IFN-γ and IL-10. The summarized results on the % of CD8 Tregs are
shown as % ± SD of 3 independent experiments. * p < 0.05, *** p < 0.005 vs. corresponding control DCs (white bars) or as
indicated with lines (RM-ANOVA, Tukey’s multiple comparison test). Statistical significance between the corresponding
iDCs and mDCs was not indicated for clarity.
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4. Conclusions

A DBD atmospheric pressure plasma jet was employed as a CAP source in order
to obtain PAM by treating RPMI 1640 culture medium. Three main RONS components
(H2O2, nitrates, and nitrites) were identified in PAM. Tumor cell lines (A375 and Hep2)
were more sensitive to the cytotoxic effects of PAM including the stimulation of ROS
production, than a non-transformed cell line (L929 cells) and human PBMC. The type of
PAM-induced ICD in A375 cells (autophagy, apoptosis, necrosis, membrane expression
of heat-shock proteins, and the secretion of IL-1β) depended on applied concentrations
of PAM. PAM-A375 lysate potentiated the maturation of DCs by up-regulating CD83 and
CD86 expression, simultaneously with a down-regulation of PDL1, and increased the
IL-12/IL-10 production ratio by mature DCs, compared to the control A375 lysate without
PAM treatment. Mature DCs treated with the PAM-A375 lysate preserved Th1, potentiated
Th17 and down-regulated Th2 responses in co-culture with T cells. In addition, such
treated DCs increased the frequency and cytotoxic activity of CD8 T cells, along with a
reduction in CD8 Tregs frequency. In contrast to the DCs treated with control tumor lysate,
which increased the proportion of conventional FoxP3+ CD4 Tregs, the PAM-treated tumor
lysate did not potentiate the Treg-inducing capacity of DCs. Cumulatively, our results
suggest for the first time that priming of mature DCs with tumor cell lysates prepared
by PAM-induced ICD could be explored as a new strategy for the generation of more
immunogenic DC-based tumor vaccines.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers13071626/s1, Figure S1: Dose dependent effects of PAM on induction of heat shock
proteins and IL-1β secretion by tumor cell lines, Figure S2: Effects of PAM-treated Hep2 lysates on
phenotype and cytokines production by DCs, Figure S3: Direct effects of PAM on oxidative stress,
apoptosis, maturation, and cytokines expression by DCs, Figure S4: Proliferation and cytotoxic
activity of T cells primed with DCs.
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Abstract: Beside Fusarium toxins, Alternaria toxins are among the most commonly found mycotoxins
in wheat and wheat products. Currently, investigations of possibilities of reduction of Alternaria
toxins in the wheat-processing chain are limited. Therefore, the aim of this study was to explore the
potency of cold atmospheric plasma treatments, as a new non-thermal approach, for reduction of
alternariol (AOH), alternariol monomethyl ether (AME) and tentoxin (TEN) content in spiked white
wheat flour samples. Samples were treated with plasma generated in the air during 30 s to 180 s,
with an increment step of 30 s, and at four varying distances from the cold plasma source (6 mm,
21 mm, 36 mm and 51 mm). The reduction of the Alternaria toxins content in samples after treatment
was monitored by high performance liquid chromatography coupled to tandem mass spectrometry
(LC-MS/MS). The maximum reduction of the examined Alternaria toxins was obtained by treatment
performed at 6 mm distance from the plasma source, lasting 180 s, resulting in reductions of 60.6%,
73.8% and 54.5% for AOH, AME and TEN, respectively. According to the obtained experimental
results, five empirical models in the form of the second-order polynomials were developed for the
prediction of AOH, AME and TEN reduction, as well as the temperature and the moisture content
of the wheat flour, that gave a good fit to experimental data and were able to predict the response
variables successfully. The developed second-order polynomial models showed high coefficients of
determination for prediction of experimental results (between 0.918 and 0.961).

Keywords: wheat flour; atmospheric cold plasma; alternariol; alternariol monomethyl ether; tentoxin;
LC-MS/MS; mathematical modelling

Key Contribution: This study represents the first report about potency of cold atmospheric plasma
treatments in reduction of Alternaria toxins in wheat flour. The results obtained in this study indicated
that exposure time of cold plasma treatment had a stronger effect than distance from the discharge on
reduction of AOH, AME and TEN in wheat flour. Furthermore, longer exposure time at a shorter
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distance of the cold plasma source from the sample, provided a greater degree of reduction of the
examined Alternaria toxins.

1. Introduction

Wheat (Triticum aestivum L.) is one of the most important food crops, being among the ten most
produced commodities [1,2]. The global quality of common wheat and wheat-based products are
interrelated to various features such as protein content, protein quality, and presence of contaminants
that affect the safety, generally associated with the absence of toxigenic molds and their secondary
metabolites, mycotoxins [3]. Fungi of the genus Alternaria (about 250 species), can grow at low
temperature. Frequency and ability of this genus to produce a wide range of toxins is a significant
and present threat to the health of humans and animals. Due to their prevalence in various foods and
cumulative effect [4], mutagenic, teratogenic and possibly carcinogenic effects of Alternaria toxins are
possible. According to the European Food Safety Authority (EFSA), major risk factors for Alternaria
toxin dietary exposure are cereals and cereal-based products [5]. The genus of Alternaria is commonly
present in cereals, resulting in a high possibility of Alternaria toxin incidence and increased risk in
affected wheat [6]. Alternaria toxins most frequently present on wheat include alternariol (AOH),
alternariol monomethylether (AME), tenuazonic acid (TeA), tentoxin (TEN) and altertoxins (ATXs) [7].
In recent years, many studies showed that the prevalence of Alternaria toxins in wheat from Europe,
Africa, Asia, Australia and North and South Americas should not be underestimated [8–13]. Prevention
of contamination by Alternaria fungi is the most sensible and cost-saving approach to reducing the
risks accompanied with the presence of Alternaria toxins. Still, this approach is not always possible
with current agronomic and storage practices, when the environmental conditions favor the growth of
toxigenic fungi [8].

Investigations regarding the fate of Alternaria toxins during wheat kernel and wheat flour
processing are limited. Only a handful of studies refer to the investigation of the fate of AOH, AME
and TeA during wheat cleaning, wheat milling and bread-making [14,15]. The abovementioned
studies show that wheat cleaning reduces the content of AOH, AME and TeA through the removal of
impurities, whereas wheat milling performs only toxin distribution into wheat flour mill streams, and
the bread-making procedure only cause a reduction in AOH content. Further, the extrusion process
provides possibilities for reduction of Alternaria toxins. In the investigation of the potential of simple
pilot single screw extruder for reduction of AOH, AME and TeA in flour of whole wheat, the highest
reduction of AOH (87.9%), AME (94.5%) and TeA (65.6%) was achieved when high raw material
moisture (w = 24 g 100 g−1), high feeding rate (q = 25 kg h−1) and medium screw speed (v = 390 rpm)
were applied [16].

Recently, application of cold atmospheric plasma got much attention as a novel non-thermal
technology for the food industry [17–19]. Some of the advantages of this technology are high efficiency
with short treatment time, lack of residues, a low or positive overall impact on the quality of treated food
products, and reduced costs when using ambient air as the working gas [20]. Not long ago, the research
focus of the plasma treatment was on its effects on pathogenic bacteria [21,22]. Lately, much attention
has been paid to studies related to plasma effects on chemical and biological compounds which showed
promising results [23–25]. Degradation of mycotoxins is being studied worldwide with different types
of plasma sources. Cold atmospheric plasma could possibly overcome the greatest disadvantages of
classical techniques and provide a sustainable solution for mycotoxins detoxification [26–29]. Cold
plasma is a weakly ionized, quasi-neutral gas with rich chemistry containing a wide variety of highly
reactive species and ultraviolet radiation that are shown to be efficient in degradation of mycotoxins.
The formation of reactive species in the discharge takes place through complex reaction mechanisms
which depend on several factors like type of power supply, frequency, gas used, geometry of the
electrode system etc. [30–32]. The choice of the most efficient plasma source is at large extent governed
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also by the type of application. In order to get the desired plasma chemistry for destruction of toxins it
is necessary to characterize in detail and optimize the plasma source.

Cold atmospheric plasma in air generates a favorable combination of ions, short- and long-lived
reactive oxygen species (ROS) and reactive nitrogen species (RNS) that include OH•, O•, NO, O3,
H2O2, NO2, etc. [33–36]. By varying the plasma source geometry and type of applied voltage signal
discharge can be tuned to produce ozone as one of the prevailing reactive specie which degrades, to a
certain degree, mycotoxins on its own [37,38]. However, in addition to ozone alone, cold plasma in air
leads to the formation of radicals, ROS, RNS and ultraviolet light, culminating in greater mycotoxin
degradation efficacy under shorter exposure times than ozone alone. Hence, the importance of other
reactive species produced in plasma should not be overlooked [39].

With cold plasma technology, it could possibly be feasible to degrade mycotoxins effectively.
Treatment would be more sustainable requiring smaller energy inputs and investment compared to
classical techniques. To be applicable to treat wheat flour, cold plasma treatments need to be able to
treat the bulk quantities of wheat flour. Multiple intrinsic and extrinsic parameters of wheat flour
matrix, including its powdered form, possibly play a role in the effectiveness of cold plasma treatment.
One of the plasma sources that can meet these criteria is surface dielectric barrier discharge (SDBD).
Technology allows treating the samples at atmospheric pressure with air as the working medium,
thereby reducing equipment cost and offering the great advantage of high adaptability and scaling up.

Previous studies indicate that cold atmospheric plasma is a promising technology for degrading
of mycotoxins [27,28,40,41]. However, none of these studies included Alternaria toxins in wheat flour
matrix. Thus, the aim of the present study was to investigate the effects of atmospheric SDBD cold
plasma treatments on Alternaria toxin (AOH, AME and TEN) reduction in wheat flour. The experiments
were carried out by using SDBD reactor to excite strongly oxidizing cold air plasma above the samples.
To process the data obtained, the second order polynomial (SOP) models were used for mathematical
modelling. Pattern recognition technique (Principal Component Analysis – PCA) was applied to the
experimental data (used as descriptors) to characterize and differentiate among the observed samples.
The optimum processing conditions were determined by standard score (SS) evaluation.

2. Results and Discussion

2.1. Optical Emission Spectroscopy and Electrical Characterization of Plasma Source

Species is generally identified as the main active species responsible for the effects of cold plasma,
among which is degradation of chemical and biochemical compounds are atomic oxygen, ozone
(O3), hydrogen peroxides (H2O2), hydroxyl radicals (•OH), as well as peroxynitrites and nitrogen
oxides [23,24,41]. Some of the species, such as •OH, NO, O, after excitation emit in near UV-visual
range and this emission is easily recordable by the optical emission spectroscopy (OES) technique.
An emission spectra of the discharge in air was recorded in a wide range of wavelengths from 270 nm
to 860 nm by using the optical emission spectroscopy (OES) technique. Emission measurements were
taken within the first few seconds after the plasma ignition through a quartz window inserted on one
side of the plastic box. The spatial angle of the recording included the total volume of the discharge
ignited at the lower side of the electrode as well as the volume directly under the electrode plate.
The spectrum of the discharge (in arbitrary units) obtained in absence of flour samples is presented
in Figure 1 and it gives us qualitative information regarding the chemical species present in the
plasma discharge. The most intense lines recorded belong to the N2 Second Positive System band, as
expected for the atmospheric air plasma. Relatively lower intensities of peaks associated with atomic
oxygen (triplet at 777 nm) are due to involvement of O in creation of O3, and quenching by N2 and
O2 molecules [42]. Since the plasma operates in ambient air with certain humidity, OH radicals are
produced mainly through direct H2O dissociation. Thus, lines of the OH (A-X) band coming from
excited OH radicals are also observed in the recorded spectrum with low emission intensity. Hence,
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the existence of these reactive species can be confirmed by OES characterization of the SDBD unit, thus
showing the application feasibility to detoxicate samples with mycotoxins in general.
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The high-voltage (HV) given by the transformer and the current were measured at the point
of electrical circuit close to the powered electrode. The dependence of root-mean-square (RMS)
values of voltage and current on the variable transformer (variac) voltage are shown in Figure 2a.
As expected, for an increase in the variac voltage, there is an increase in both HV and current at the
electrode. The maximal RMS values for voltage and current reached with this system were 2400 V and
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Figure 2. (a) Dependence of VRMS and IRMS values on the voltage values set by the variable transformer;
(b) Voltage-current characteristics of the SDBD plasma system. Red and blue lines are guides
for the eye for easier detection for impedance change. VRMS—root-mean-square value of voltage;
IRMS—root-mean-square value of current; Vr—voltage on variable transformer.

The voltage-current (V-I) characteristics of the system is shown in Figure 2b. At lower voltages
immediately after the ignition, plasma does not cover the whole surface of the electrode, but with the
increase in the applied voltage, plasma spreads and covers the whole surface uniformly. Spreading
of the active plasma surface causes changes in the system impedance. This can be observed as a
change from red to blue line in Figure 2b. For higher voltages, the impedance is slightly lower, which
indicates larger electrode surface covered by homogenous plasma. Generally, when plasma is ignited
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the total impedance of the system is changed. The impedance change towards a lower value can be
seen through the effective circuit of the system represented as parallel connection of two complex
impedances. One impedance is due to the ignited plasma, which itself represents a complex RLC
circuit, and the other one is the impedance of the electrode system. The impedance of the electrode
system is due to the capacitance of the electrode system and, to some small extent, due to the resistance
of the cables and connectors. Hence, in large area discharges at atmospheric pressure, the changes in
the total impedance indicate the area covered by the discharge. Therefore, we have chosen 200 V as an
operating voltage for the flour treatment since the plasma impedance (i.e., total impedance) is constant
in this range of voltage-current parameters, since the whole electrode area is covered homogenously.
Also, we avoided the highest achieved variac value because of the danger of temperature increase, as
well as the change into arcing.

2.2. Reduction of Alternaria Toxins by Atmospheric Cold Plasma Treatments

Among the most commonly found Alternaria toxins in wheat [7], AOH, AME, and TEN, were
chosen for the focus of this study. The results obtained by the analysis of Alternaria toxins in treated
samples suggest that there is a realistic possibility of a significant reduction of toxins by cold atmospheric
plasma treatment. The experimental results are presented in Table 1. The content of toxins was reduced
even after only 30 s of treatment; the reduction ranged from 2.4% to 44.6%. The reduction rate was
dependent on the toxin and sample distance from the plasma. The greatest reduction for all toxins was
achieved when samples were placed 6 mm from plasma discharge, with AME showing the greatest
instability. Similar behaviour of other toxins is noticeable from Table 1. Thus, it can be presumed that,
in addition to duration and sample distance from the electrode, structural features of toxins affect the
treatment efficiency.

Table 1. The results of cold plasma treatments on reduction of Alternaria toxins content in wheat flour.

Trial Input
d [mm] t [s] Responses

AOH (%)* AME (%) * TEN (%) * T (◦C) M (%) SS

1 6 30 21.5 44.6 30.6 29.0 14.1 0.420
2 21 30 17.0 37.0 14.4 27.0 14.1 0.327
3 36 30 8.9 32.2 13.7 25.7 14.1 0.287
4 51 30 2.4 22.3 3.6 24.0 14.1 0.200
5 6 60 29.1 61.3 37.6 33.2 13.8 0.539
6 21 60 21.8 49.7 22.7 27.9 14.1 0.418
7 36 60 12.3 40.5 16.2 26.9 14.1 0.332
8 51 60 3.0 32.9 15.4 25.9 14.1 0.275
9 6 90 32.9 61.5 38.5 37.4 13.6 0.546

10 21 90 24.2 51.4 23.2 30.0 14.0 0.430
11 36 90 12.6 41.8 22.7 28.7 14.1 0.350
12 51 90 6.3 35.2 18.5 27.5 14.0 0.306
13 6 120 33.0 65.0 48.1 41.6 13.0 0.632
14 21 120 27.5 55.9 40.7 32.0 13.8 0.534
15 36 120 16.4 48.8 39.7 30.5 14.1 0.443
16 51 120 7.7 38.2 20.7 29.1 14.0 0.319
17 6 150 35.0 69.2 50.2 45.9 12.6 0.675
18 21 150 30.5 56.4 44.1 34.1 13.8 0.544
19 36 150 16.9 49.7 40 32.2 13.9 0.458
20 51 150 9.4 47.4 29.6 30.8 13.9 0.394
21 6 180 60.7 73.8 54.5 50.0 12.3 0.800
22 21 180 47.9 62.7 48.6 36.0 13.5 0.664
23 36 180 41.1 57.3 46.4 34.0 13.5 0.627
24 51 180 28.6 52.7 31.8 32.5 13.9 0.476

Polarity + + + − −

d—distance of the cold plasma source to the sample; t—time range; AOH—reduction of alternariol; AME—reduction
of alternariol monomethyl ether; TEN—reduction of tentoxin; T—temperature of wheat flour sample after treatment;
M—moisture of wheat flour sample after treatment; SS—standard score. Polarity—negative sign is associated with
“the lower the better” criteria, while positive sign is associated with “the higher the better” criteria, as explained in
Section 4.10.3. * Values are calculated (see Section 4.9).
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For all treatment times, a similar reduction ratio between studied toxins is noticeable. AME was
the most susceptible to cold plasma treatment, followed with TEN and AOH, respectively. There are
three possible ways by which cold plasma treatment could exert such a reducing effect on Alternaria
toxins content in wheat flour. These are heating, ultraviolet (UV) irradiation, and effects of plasma
reactive species. As a non-thermal process, cold atmospheric plasma is designed to minimize heating
of the samples. The temperature of SDBD treatments conducted in our experiment never exceeded
50 ◦C (the temperature recorded for the longest treatment period at the smallest distance of sample
and plasma discharge). Thus, generally the temperature of the sample is well below the temperature
required for thermal decomposition of Alternaria toxins. AOH and AME have melting points with
decomposition at 350 ◦C and 267 ◦C, respectively, and undergo considerable reduction only after 20 min
at 80 ◦C [43]. Hence, the contribution of heat is considered to have a negligible effect on Alternaria
toxins degradation. The standard scores presented in Table 1 are calculated according to calculation
explained in Section 4.10.3. The larger SS values are assigned to the more efficient toxins reduction
(obtained by larger t and smaller d values).

As it can be observed from Figure 1, UV light was emitted due to the N2 species transition in the
cold plasma generation process. Still, the emission power in cold plasma generation is not significant
enough to be considered as effective for the degradation of mycotoxins, or in our study, Alternaria
toxins [43]. Thus, toxin degradation should be attributed to the effects of plasma reactive species.

As earlier demonstrated by OES measurement, when SDBD plasma is excited, ROS and RNS were
generated. Since these species accumulate over time of treatment, significant contribution to toxin
degradation is possible. Based on the results of other studies, the authors believe that ROS, rather
than RNS have a major role in toxin degradation under SDBD treatment. Justification for this claim
can be found in the study [41] that reported much lower degradation efficiency of aflatoxin when
nitrogen was used as a working medium for cold plasma generation instead of air. Moreover, while
Shi et al. [41] were exploring the degradation mechanism, they could not find nitrogen moieties in
the degradation products of aflatoxin. Holding to these findings by analogy, the authors expect that
ROS are primarily responsible for Alternaria toxin degradation, but do not exclude the possibility of
RNS contribution. One of the major ROS generated by cold atmospheric plasma is ozone O3 [44].
Ozone effects on mycotoxins degradation are known [45,46]. Several other ROS, atomic oxygen (O),
the hydroxyl radical (OH•), and hydrogen peroxide (H2O2), accompany ozone in the generation of
cold atmospheric plasma [26,39,44].

In addition, it was examined whether there is a correlation between process responses. The positive
and highly significant correlations between AOH, AME, TEN and T can be observed in Table 2. Also,
the negative, highly significant correlations between M and AOH, AME, TEN and T were obtained in
Table 2.

Table 2. The correlation matrix of the process responses, during the cold plasma treatments on
wheat flour.

Responses AME TEN T M

AOH 0.902 0.848 0.844 −0.784
AME 0.933 0.901 −0.792
TEN 0.861 −0.751

T −0.963

AOH—reduction of alternariol; AME—reduction of alternariol monomethyl ether; TEN—reduction of tentoxin;
T—temperature of wheat flour sample after treatment; M—moisture of wheat flour sample after treatment.
* All correlations are statistically significant at p < 0.01 level.

To characterize and differentiate among the observed samples pattern recognition techniques
Principal Component Analysis–PCA were applied to the experimental data (used as descriptors).
The points shown in the PCA graphics, which are geometrically close to each other, indicate the
similarity of patterns that represent these points. The orientation of the vector describing the variable in
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factor space indicates an increasing trend of these variables, and the length of the vector is proportional
to the square of the correlation values between the fitting value for the variable and the variable
itself. The angles between corresponding variables indicate the degree of their correlations (small
angles corresponding to high correlations). The PCA of the presented data explained that the first two
components accounted for 95.47% of the total variance (88.68% and 6.79%, respectively) in the five
variables system. Considering the map of the PCA performed on the data, AOH (which contributed
19.5% of total variance, based on correlations), AME (20.9%), TEN (19.7%) and T (21.2%) exhibited
negative scores according to first principal component, whereas M (18.7%) showed a positive score
value according to the first principal component (PC1) (Figure 3). The positive contribution to the
second principal component (PC2) calculation was observed for: AME (10.9% of total variance, based
on correlations), TEN (18.7%) and M (48.8%), while negative scores on the second principal component
calculation was observed for T (13.3%).
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The influence of processing parameters can be observed in Figure 3. According to the PCA results,
the best results in reduction of AOH, AME and TEN were observed at 6 mm plasma source distance
when the temperature of wheat flour sample after treatment was higher (this conclusion coincide
with the SS results (Table 1.)) compared to other treatments. The processing time vector is oriented
in the same direction as the AOH, AME and TEN vectors in the PCA graph, which means that time
is positively correlated to the reduction of the AOH, AME and TEN, while the treatment variable is
negatively correlated to the reduction of the AOH, AME and TEN. Groups of samples with the same
processing time are coded using different colors, and it is evident that better results in the reduction
of the AOH, AME and TEN were gained for longer processing time (orange color). The group of
samples being treated for the same processing time differs due to the distance from the plasma source
(treatment); if the distance to plasma source is shorter, better results in AOH, AME and TEN reduction
is gained.
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Further, ANOVA was conducted for obtained Second order polynomial (SOP) models, and output
variables were tested against the impact of input variables (Table 3).

Table 3. ANOVA calculation of the process responses, during the cold plasma treatments on wheat
flour (sum of squares are presented).

Term df AOH AME TEN T M

d 1 2296.355 * 1942.272 * 1573.696 * 370.657 * 1.704 *
d2 1 2.385 17.783 1.845 73.150 * 0.570 *
t 1 1892.277 * 1675.572 * 2626.082 * 391.053 * 1.808 *
t2 1 344.607 * 21.607 6.396 0.142 0.066

d × t 1 26.331 4.890 2.185 52.807 * 0.890 *
Error 18 356.801 148.727 321.540 41.188 0.451

r2 0.927 0.961 0.929 0.956 0.918

d—distance of the cold plasma source to the sample; t—time range; AOH—reduction of alternariol; AME—reduction
of alternariol monomethyl ether; TEN—reduction of tentoxin; T—temperature of wheat flour sample after treatment;
M—moisture of wheat flour sample after treatment; df—degrees of freedom; r2—coefficient of determination. *
Statistically significant at p < 0.05 level.

ANOVA analysis revealed that the linear terms of d and t considerably influenced the forming
of SOP models for AOH, AME, TEN, T and M calculations, statistically significant at p < 0.05 level.
The quadratic term of t was influential for the AOH reduction model, while the quadratic term of d
was influential for the T and M SOP models. The interchange term d × t was influential for the SOP
models of T and M prediction, statistically significant at p < 0.05 level. The coefficient of determination
(r2) for the SOP models was rather good (Table 3). According to results presented in Table 3, the higher
r2 values were attributed to SOP models in which the nonlinear terms were less effective and the linear
terms of d and t were more pronounced.

Since the OES measurement performed in the present study can provide only qualitative
information about reactive species, it is unclear which specific reactive species play the major role in
Alternaria toxin degradation. The most likely scenario is degradation through the synergy of all ROS
since they coexist during the treatment and are interconvertible. Besides the conditions already stated,
degradation depends on relative humidity, as in humid air higher concentrations of OH• and H2O2

are achievable. During the samples treatment, the air was at an intermediate humidity level (40%).
However, water evaporated from wheat flour samples into the surrounding air of cold plasma, which
would have certainly resulted in an increase of OH• and H2O2 reactive species (Table 1). Therefore, it
is expected that the degradation of Alternaria toxins was through combined effects of the following
oxidative species: OH•, H2O2, and O3.

Furthermore, the quality of the model fit was tested in Table 4. The higher r2 values, and the lower
χ2, MBE, RMSE and MPE values show the better fit to the experimental results [47]. The residual analysis
of the developed model was also performed. Skewness measures the deviation of the distribution from
normal symmetry. If the skewness is clearly different from zero, then the distribution is asymmetrical,
while normal distributions are perfectly symmetrical. Kurtosis measures the “peakedness” of a
distribution. If the Kurtosis is clearly different than zero, then the distribution is either flatter or more
peaked than normal; the Kurtosis of the normal distribution is zero. The average and the standard
deviation (SD) and the variance of residuals have also been analysed and shown in Table 4.
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Table 4. Goodness of fit for developed models of the process responses, during the cold plasma
treatments on wheat flour.

Responses χ2 RMSE MBE MPE r2 Skew Kurt Mean StDev Var

AOH 18.779 3.856 0.000 19.474 0.927 −0.756 −0.179 0.000 3.939 15.513
AME 7.828 2.489 0.000 4.427 0.961 0.025 −0.072 0.000 2.543 6.466
TEN 16.923 3.660 0.000 11.794 0.929 −0.038 0.681 0.000 3.739 13.980

T 2.168 1.310 0.000 3.427 0.956 −0.579 −0.210 0.000 1.338 1.791
M 0.024 0.137 0.000 0.816 0.918 0.515 −0.177 0.000 0.140 0.020

AOH—reduction of alternariol; AME—reduction of alternariol monomethyl ether; TEN—reduction of tentoxin;
T—temperature of wheat flour sample after treatment; M—moisture of wheat flour sample after treatment;
χ2—reduced chi-square; RMSE—root mean square error; MBE—mean bias error; MPE—mean percentage
error; r2—coefficient of determination; Skew—skeweness; Kurt—kurtoisis; Mean—mean values of residuals;
StDev—standard deviation of residuals; Var—variance of residuals.

The residual analysis showed that the mean of residuals were equal to zero, and the standard
deviation was between 0.140 and 3.939. These results showed a good approximation to a normal
distribution around zero with a probability of 95% (2 × SD), which means a good generalization ability
of the developed model for the range of observed experimental data.

Increasing the time of treatment increased the plasma degradation efficacy of toxins for all studied
toxins in this study. Efficacy for treatment with 6 mm sample distance ranged from 21.5 %, 44.6% and
30.6% for 30 s plasma exposure to 60.7%, 73.8% and 54.5 % for AOH, AME and TEN respectively, for
plasma exposure of 180 s. Observed reductions of Alternaria toxins can be explained with the increase
of reactive species during longer treatment times. The increase in toxins degradation with time after
90 s is smaller than what one would expect based only on the first 60 s of sample exposure to cold
plasma. We partly attribute this lower-than-expected increase in toxin degradation to the possibility
that after the toxins are degraded in the surface layer of flour, degradation slows down due to smaller
toxins availability in deeper layers. This is a specific wheat flour matrix feature, as samples were in
powdered form, treatment time was probably spent on the diffusion of plasma reactive species into
sample volume.

The SDBD expressed the filamentary nature of discharge across the electrode surface without
directly making contact with samples placed below the electrode. This geometry certainly has an
influence on the reactive species fluxes to the sample surfaces and on the effects of ROS and RNS.
However, the remote production of ROS and RNS is significantly mediated by the diffusion time to
the sample surface during the treatment. In all cases, degradation efficiency increases with increasing
treatment time. As it can be seen from Table 1, degradation efficiency is greater for all toxins after
an exposure time of 180 s at 51 mm than it is after an exposure time of 30 s and 6 mm distance from
discharge. The extent of Alternaria toxin reduction might be dependent on the structure of mycotoxins
in the first place, and then on their molecular mass. For example, AME with a molecular mass of
272.2 Da showed a greater reduction compared to AOH with a mass of 258.2 Da under the treatments
studied. The reduction extent might be affected by their structure since these two mycotoxins share
an identical structure with only one different group. AME is a benzochromenone that is AOH in
which the hydroxy group at position 9 has been converted to the corresponding methyl ether. On the
other hand, TEN is a natural cyclic tetrapeptide with molecular mass of 414.4 Da and exhibited higher
reduction extent under almost all treatments studied compared to AOH. Our findings would be in
accordance with the earlier results of other authors (summarized by ten Boch et al. [27]) that showed
that the degradation of mycotoxins treated with atmospheric cold plasma did not correlate with a
molecular mass. A hypothesis reported by other researchers suggests that mycotoxins with longer
aliphatic chains are more sensitive to the influence of cold atmospheric plasma relative to mycotoxins
with structures of condensed rings and aliphatic chains and mycotoxins with a compact structure of
condensed aromatic rings [27]. Further, Standard Score Analysis (SS) of the five response variables
was accomplished in order to find the processing variables (processing time and distance), that give
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optimal values of response variables. The “higher the better” or the “lower the better” criteria have
been used according to the sign in “Polarity” raw in Table 1.

The standard score is the average of the five normal scores sum. Each response variable (the
reduction of AOH, AME and TEN, wheat flour temperature and moisture content) has equal weight,
when calculating the SS. The maximum of SS represents the optimal parameters for processing
parameters, and also the optimum for response variables. SS analysis showed that the best results were
obtained with treatment performed at 6 mm, during 180 s (SS was equal to 0.800, reduction of AOH
was 60.6%, reduction of AME and TEN were 73.8% and 54.5%, respectively, while the obtained wheat
flour temperature was 50 ◦C and the moisture was 12.3%). According to SS results, presented in Table 1,
the satisfactory results for the observed toxins reductions were obtained at a shorter treatment distance
(6 mm) and average processing time (120 and 150 s), at which the SS was 0.632 and 0.675. Using this
set of process variables, relatively low reduction of AOH was performed. The different approach in
optimization could be observed with average treatment distance (21 and 36 mm) and larger processing
time (180 s), where gained SS reached 0.664 and 0.627. This set of variables lead to relatively low
temperature of the wheat flour, but it also gained relatively lower reduction of all studied toxins.

2.3. Experimental Verification of the Mathematical Models

In order to test the accuracy of the developed mathematical models, the experimental verification
of the model was performed. For the verification of models, the two previously untested values of
distance of the cold plasma source to the sample, and the two time range values, within the tested range
of values defined in Table 1, were chosen. The optimal process parameters (Trial 21 from Table 1, with
d = 6 mm and t = 180 s) were also used in verification of the accuracy of the model. The experimental
values of AOH, AME and TEN reduction were recorded, as well as the temperature and moisture of
the observed material. The values of the response variables were also calculated. The results of the
additional experiments and model calculated responses are presented in Table 5. According to the
obtained results, only minor differences between the optimal experimental and predicted values for
AOH, AME and TEN reduction, temperature and moisture content were observed, which means that
the developed mathematical model could be used for prediction of the reduction of AOH, AME, TEN
and also the temperature and moisture content of wheat flour.

Table 5. Verification of the mathematical models of the process responses, during the cold plasma
treatments on wheat flour.

Verification
Trial

d
(mm)

t
(s) AOH (%) * AME (%) * TEN

(%) *
T

(◦C)
M

(%)

Model 40 45 8.370 32.179 12.858 24.809 14.200
Exp. 40 45 8.498 31.980 12.754 24.767 14.249

Model 15 165 43.825 65.288 49.448 40.717 13.098
Exp. 15 165 44.408 64.022 50.256 40.852 13.027

Optimal 6 180 55.708 72.484 56.482 48.106 12.409

d—distance of the cold plasma source to the sample; t—time range; AOH—reduction of alternariol; AME—reduction
of alternariol monomethyl ether; TEN—reduction of tentoxin; T—temperature of wheat flour sample after treatment;
M—moisture of wheat flour sample after treatment. * Values are calculated (see Section 4.9).

3. Conclusions

It can be seen that similar results were obtained with all statistical analyses, pointing out that for
Trial 21 the best score (SS was 0.800) was gained. The highest reduction of all three Alternaria toxins
was achieved with treatment performed at 6 mm, during 180 s. Under these treatments, a reduction of
60.6%, 73.8% and 54.5%, for AOH, AME and TEN, respectively, was achieved. The results obtained
in this study indicate that cold atmospheric plasma with SDBD excitation has the great potential for
reduction of Alternaria toxin content. It can be stated that both investigated factors (time of exposure
and distance from discharge) affect degradation efficiency of Alternaria toxins in wheat flour matrix.
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Authors attribute degradation effects to ROS of cold atmospheric plasma, and their synergies. Further,
the authors do not exclude the effect of RNS completely. Thus, further research in this direction is
needed. The ANOVA results revealed that the linear terms of d and t considerably influenced the
forming of SOP models. The second order polynomial models showed good prediction capabilities
(the coefficients of determination for the observed variables were between 0.927 and 0.961). On the
basis of SOP models, the optimal treatment for toxin degradation was obtained at shorter treatment
distance (6 mm) and longer time, with relatively low temperature of the wheat flour. In addition,
future research should be related to the investigations of the effect of cold atmospheric plasma with
SDBD excitation at optimal treatment conditions on the fate of Alternaria toxins by using naturally
contaminated wheat milling products.

4. Materials and Methods

4.1. Material

For this study, white wheat flour was purchased at the market. The white wheat flour sample was
analyzed before the spiking procedure, in order to confirm that it is a blank sample without any of
the examined Alternaria toxins. In order to investigate the effect of atmospheric cold plasma on AOH,
AME and TEN content, 10 g of white wheat flour was spiked with examined Alternaria toxins (100 µg
kg−1 of each AOH, AME and TEN in flour).

4.2. Treating Spiked Samples with SDBD

The schematic of experimental set-up is shown in Figure 4. The plasma system consists of SDBD
source, active cooler, translucent polypropylene box and a sample holder for a Petri dish of 100 mm
diameter. The SDBD source has 9 stripe electrodes (~1mm width) placed in comb-like geometry on
bottom sides of 2 mm ceramic dielectric plate (length 70 mm ×width 40 mm). The distance between
the stripes is 4 mm. These electrodes are placed along the plate length and connected to a high voltage
(powered line from high-voltage (HV) transformer). The top of the dielectric surface is covered with a
conductive layer which is connected to the ground line of the HV transformer. The plasma system was
actively cooled by a cooler placed on the outside of the box cover on top of the SDBD. The electrical
circuit of the plasma system consists of the SDBD source, commercial high-voltage transformer and
variac regulator. The variac was powered through the standard electrical grid at the frequency of 50 Hz
and it served as the regulator of HV given by the transformer. Stable plasma ignites in the surrounding
air for the input voltage of 200 V given by the variac.
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Figure 4. Schematic of experimental setup for SDBD treatment of Alternaria toxins in wheat flour.

The box was sealed to prevent leakage of the plasma species that were generated. An amount of 10
g of spike white wheat flour was placed in Petri dish and subjected to SDBD treatment. Flour samples
were treated for periods of 30 s, 60 s, 90 s, 120 s, 150 s and 180 s with variable distances from the SDBD
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plasma source, specifically 6 mm, 21 mm, 36 mm and 51 mm. The air in the box had a relative humidity
(RH) of 45 ± 1% at room temperature. The parameters for the experimental set-up are shown in Table 6.

Table 6. Parameters of the SDBD.

Parameter * Value

Variac voltage/frequency 200 V/50 Hz
Applied RMS voltage/current 2340 V/0.094 A

Sample weight 10 g
Compartment box size (L ×W × H) 195 mm × 125 mm × 65 mm

Gas temperature ≈40 ◦C

* L: length, W: width, H: height.

The temperature of the plasma was measured using an infrared thermometer (Fluke 64 MAX IR
Thermometer, Everett, WA, USA). After treatment, the spiked samples were removed from the box,
transferred to sealed bag and stored in freezer at 4 ◦C until mycotoxin analysis.

4.3. Optical Emission Spectroscopy

The optical emission spectroscopy (OES) of the surface barrier discharge in ambient air was
captured in an empty polypropylene box, covering the near ultraviolet-visible region (270–850 nm).
OES of the surface barrier discharge was acquired with a spectrometer (Shamrock 750, UK) with a
detector (Andor DH734 ICCD camera, Belfast, UK) and optical fibers (Thorlabs, Newton, NJ, USA)
with Ø200 µm core and collimating lens in UV and VIS range.

4.4. Electrical Measurements

Electrical measurements were performed by using a high-voltage probe (Tektronix, P6015A,
Beaverton, OR, USA) and current probe (Agilent N2783B) which were placed in the electrical circuit
close to the powered electrode. The waveform data were collected by using digital oscilloscope
(Agilent, DSOX3014A, Waldbronn, Germany). Additionally, two multimeters were used to measure the
voltage and current in the part of the circuit between the variac and high-voltage transformer.
The root-mean-square values of voltage and current were used to determine voltage–current
characteristics of the plasma system.

4.5. Moisture Content

Moisture content in white wheat flour samples before and after appleied treatments was determined
using IM 9500 NIR instrument with the optional Flour Module (Perten Instruments, Hagersten, Sweden)
and was expressed on the dry basis.

4.6. Sample Preparation

The modified method by Siegel et al. [48], described in detail in our previous studies [8,14], was
used for sample preparation.

4.7. Instrumental Conditions

Alternaria toxins (AOH, AME and TEN) were quantified by high performance liquid
chromatography coupled to tandem mass spectrometry (LC-MS/MS) using our previously published
method [8] including the equipment and materials, but with some modifications. Namely, quantification
of TEN (purity 99.2%) purchased from Sigma Aldrich (Seelze, Germany) was included in the method.
TEN was quantified in negative ionization dynamic selected reactions monitoring mode, and was
monitored at a determined retention time of ±1.5 min. Fragmentor voltage and collision energies were
optimized during infusion of the pure standard of TEN (concentration of 5 µg mL−1), and the most
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abundant fragment ions were chosen for the selected reaction monitoring. The precursor ion for TEN
was m/z 413.5, the fragmentor voltage for monitored product ions (m/z 141 and 271) was 170 V and the
collision energies were 6 V and 3 V for m/z 141 and m/z 271, respectively. Retention time of TEN was
5.47 min.

4.8. Method Validation

The method was validated by an in-house quality control procedure following the guidelines of
Commission Decision EC 657/2002 [49]. Method validation was performed in terms of matrix effects,
linearity, trueness, precision, limit of detection (LOD) and limit of quantification (LOQ), by the same
procedure, as were described in detail in our previous study [14].

The validation data of the analytical method for the determination of selected Alternaria toxins are
given in Table 7. During the validation study, matrix-matched calibration (MMC) standards were used
to compensate for the matrix effect, i.e., signal suppression or enhancement of the studied Alternaria
toxins in the white wheat flour. AOH and TEN showed signal enhancement, while slight signal
suppression was observed for AME.

Table 7. Recovery data of the employed analytical method based on solvent (RA) and matrix-matched
(RE) calibration curves and matrix effect (SSE).

Analytes Concentration Range
(µg kg−1)

Overall Method
Recovery RA (%) *

Sample Preparation
Recovery RE (%) **

Matrix Effect
SSE (%) ***

LOD/LOQ
(µg kg−1)

AOH 2.5–100 90.4 80.4 112.5 0.75/2.5
AME 2.5–100 68.5 83.0 82.5 0.3/0.9
TEN 2.5–100 90.4 74.1 122.0 0.5/1.5

AOH—alternariol; AME—alternariol monomethyl ether; TEN—tentoxin; * Calculated by (slope of spiked
sample-prepared curve/slope of solvent calibration curve); ** Calculated by (slope of spiked sample-prepared
curve/slope of matrix-matched calibration curve); *** Calculated by (slope of matrix-matched calibration curve/slope
of solvent calibration curve).

The method exhibited good linearity, with correlation coefficients (r2) above 0.9924.
Trueness was evaluated through recovery studies. The overall method recoveries (RA) and the

sample preparation recoveries (RE) for target analytes were calculated as were described in detail in
our previous study [14]. It can be seen that the RA and the RE for all target analytes were above 70%,
with the exception of RA for AME.

Precision for white wheat flour, expressed as the repeatability and within-laboratory reproducibility
(Table 8), gave RSD values within the range of 3.4–11.2% and 6.1–11.9%, respectively, fulfilling the
criteria of RSD ≤20% and indicating a good precision of the developed method.

Table 8. Precision data of the selected Alternaria toxins.

Analytes Spiking Level
(µg kg−1)

Repeatability
(n = 6) RSD (%)

Within-Laboratory Reproducibility
(n = 3 × 6) RSDs (%)

AOH
25 11.2 11.8
50 7.4 8.8
100 6.0 7.7

AME
25 11.0 11.5
50 7.0 7.2
100 3.1 6.1

TEN
25 10.1 11.9
50 5.3 9.8
100 3.4 6.2

AOH—alternariol; AME—alternariol monomethyl ether; TEN—tentoxin; RSD (%)—relative standard deviation of 6
replicates at three concentration levels using the spiked white wheat flour and the matrix-matched calibration (MMC)
curve; RSDs (%)—relative standard deviation of 6 replicates at three concentration levels using the spiked white
wheat flour and the mmC curve, over the course of three days, using the same instrument and by the same operators.
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4.9. Alternaria Toxins Determination

Alternaria toxins were quantified by external matrix-matched calibration procedure in order to
eliminate the effect of matrix. Matrix-matched calibration curves were constructed in the concentration
range from LOD to 100 µg kg−1 for AOH, AME and TEN, respectively. Linearity testing gave values
of correlation coefficients (r2) above 0.9924 in all the investigated ranges. The obtained results were
corrected for sample preparation recovery (RE), and were expressed on a dry matter basis. All samples
were prepared and analyzed in triplicates. The reduction of AOH, AME and TEN were calculated as:

Reduction of Alternaria toxin (%) = 100 − (Cx × 100/C0) (1)

where Cx is the concentration of Alternaria toxins (AOH, AME and TEN) in the wheat flour sample
after tretment; C0 is the initial concentration of Alternaria toxins (AOH, AME and TEN) in spiked wheat
flour sample before tretment.

4.10. Statistical Analysis

The applied experimental design corresponded to a 4 × 6 Latin square design with two factors
(Treat. – 4 levels and Time – 6 levels). The collected data were presented using descriptive statistics
tables. The analysis and mathematical modelling was performed using STATISTICA 13.3 (V13.3;
StatSoft, Inc.: Tulsa, OK, USA, 2018) [50].

4.10.1. SOP Models

According to general recommendations, prior to artificial neural network (ANN) modelling,
five SOP models were developed. SOP models were used for the modelling, rather than first order
polynomials, due to the complexity of the data, and the pronounced nonlinear dependence between
variables. Furthermore, ANOVA was performed, in order to explore the effects of the input variables
over the outputs, as well as to justify the later use of the ANN model by the coefficient of determination
(r2).

The SOP model was used for estimation of the main effect of the process variables on responses.
The variables used for modelling were the reduction of AOH, AME and TEN, whey temperature
(Temp) and a moisture of whey (M). The SOP model was fitted to data collected from experimental
measurements [51,52]:

Yk = β0 +
3∑

i=1

βiXi +
3∑

i=1

βiiX2
i +

2∑
i=1

3∑
j=2

βi jXi ·X j, k = 1–8 (2)

where: β0, βi, βii, βij, are constant regression coefficients for intercept, linear, quadratic and product term,
respectively, Yk is the response variable, while Xi and Xj are independent variables. The significant
terms in the model were found using ANOVA for each dependent variable.

4.10.2. The Accuracy of the Models

The numerical verification of the developed models was tested using coefficient of determination
(r2), reduced chi-square (χ2), mean bias error (MBE), root mean square error (RMSE) and mean
percentage error (MPE). These commonly used parameters can be calculated as follows [47]:

χ2 =

N∑
i=1

(xexp,i − xpre,i)
2

N − n
(3)

RMSE =

 1
N
·

N∑
i=1

(xpre,i − xexp,i)
2


1/2

(4)
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MBE =
1
N
·

N∑
i=1

(xpre,i − xexp,i), MPE =
100
N
·

N∑
i=1

(

∣∣∣xpre,i − xexp,i
∣∣∣

xexp,i
) (5)

where xexp,i stand for the experimental values and xpre,i are the predicted values by calculating from the
model for these measurements. N and n are the number of observations and constants, respectively.

4.10.3. Standard Score Calculation

Normal scores were calculated for each variable, and were used for complex comparison of
observed samples, regarding their technological and chemical properties of the samples listed in Table 1.
The ranking procedure between different samples was performed based upon the ratio of raw data
and extreme values for each applied assay [53], according to these equations:

xi = 1−
max

i
xi − xi

max
i

xi −min
i

xi
, ∀i (6)

in case of “the higher, the better” criteria, or

xi =
max

i
xi − xi

max
i

xi −min
i

xi
, ∀i (7)

in case of “the lower, the better” criteria.
where xi represents the raw data.
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47. Arsenović, M.; Pezo, L.; Stanković, S.; Radojević, Z. Factor space differentiation of brick clays according
to mineral content: Prediction of final brick product quality. Appl. Clay Sci. 2015, 115, 108–114. [CrossRef]

48. Siegel, D.; Feist, M.; Proske, M.; Koch, M.; Nehls, I. Degradation of the Alternaria mycotoxins alternariol,
alternariol monomethyl ether, and altenuene upon bread baking. J. Agric. Food Chem. 2010, 58, 9622–9630.
[CrossRef]

49. European Commission. Commission Regulation 2002/657/EC of 12 August 2002 implementing council
directive 96/23/EC concerning the performance of analytical methods and the interpretation of results. OJEC
2002, 221, 8–36.

50. STATISTICA (Data Analysis Software System), V13.3; StatSoft, Inc.: Tulsa, OK, USA, 2018.
51. Box, G.E.P.; Behnken, D.W. Some New Three Level Designs for the Study of Quantitative Variables.

Technometrics 1960, 2, 455–475. [CrossRef]
52. Khuri, A.I.; Mukhopadhyay, S. Response surface methodology. Wiley Interdiscip. Rev. Comput. Stat. 2010,

2, 128–149. [CrossRef]
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Abstract
In this paper, we present data from experimental studies of the DC breakdown in ethanol vapour
at low pressure as well as electrical and optical measurements of DC discharge parameters from
low-current to high-current regimes. A Paschen curve and the corresponding distribution of
emission intensities at low-current were recorded in the range of pd (pressure x electrode gap)
from 0.10 Torr cm to 3.00 Torr cm, covering the region of Paschen minimum. Recorded axial
profiles of emitted light from low-current discharge reveal that heavy particles make up a
significant part in ethanol vapour breakdown in a wide range of values of pd i.e. E/N, for values
E/N>3 kTd they become dominant. Also, we recorded volt–ampere characteristics at working
conditions close to the minimum of the Paschen curve, together with spatial profiles of low-
current discharge. In the region of transition from normal to abnormal glow, sudden changes of
the regime of operation were observed.

Keywords: plasmas in liquids, electrical gas breakdown, DC discharges, alcohol vapour, volt–
ampere characteristics

1. Introduction

Non-equilibrium plasmas are an indispensable part in the
development of material processing and sputtering techni-
ques, in microelectronics for fabrication of large-scaled inte-
grated devices (LSI) and in the light sources industry [1].
Applications of non-equilibrium electrical discharges in
organic liquids and their vapours is of interest for environ-
mental technologies, sensor industries [2], nanotechnologies
and biotechnologies [3, 4]. For instance, organic molecules
(containing carbon and hydrogen atoms) play an important
role in the production of graphene layers [5] and in the growth
of nanotubes [6]. For a long time discharges in mixtures of
gases involving alcohols have been used for elementary
particle detectors [2, 7–9].

Recently, studies of discharges in ethanol (and other
alcohols) began drawing attention because of their application
in production of ecologically friendly sources of energy
(biofuels for internal-combustion engines, PEMFC fuel cells)
[10, 11], in nanoscience for fast growth of high purity carbon
nanotubes (CNT’s) and nanoparticles [12, 13], in the food
industry, biomedicine etc. One of the main advantages of

applications of plasma operating in alcohols/alcohol vapours
is the simplicity of experimental design allowing for fast
emergence of new devices. However, development of appli-
cations cannot be based only on empirical technical advances
in the design of devices. Key knowledge required for further
advances is the understanding of discharges in liquids and
their vapours and information about elementary processes
taking part in the discharge [14].

One direction that research should take are measurements
of elementary properties of the discharge regarding break-
down, operating regimes and discharge structure etc. Break-
down studies can reveal information on processes and their
balance in discharges. Moreover, secondary electron pro-
duction is an important parameter of the discharge and to
obtain it, and consequently to develop realistic models of
discharges, it is not sufficient to only model the Paschen
curve, but also the volt–ampere (VA) characteristics of the
discharge [15].

In this paper we present measurements in low pressure
ethanol vapour of a Paschen curve, showing the dependence
of breakdown voltages (Vb) as a function of the product of
pressure and electrode distance (pd). Besides, we recorded
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VA characteristics at working conditions close to the mini-
mum of the Paschen curve. We also noticed and performed a
detailed analysis of the unusual behaviour of the discharge
regime switching, observed in the abnormal glow. All mea-
surements of electrical properties are supported with record-
ings of axial discharge structure by an ICCD camera. Hence,
our study of low pressure discharges in ethanol vapour pro-
vides a complete set of breakdown data together with spatial
profiles of low-current discharge as well as thorough invest-
igation of electrical and optical properties of the discharge
operating in a wide range of currents in the VA
characteristics.

2. Experimental setup

Figure 1 shows a simplified schematic of the experimental
setup. Discharge is initiated between two parallel-plate elec-
trodes, placed inside a tightly fitting quartz tube. Each of
electrodes is 5.4 cm in diameter. The cathode (C) is made of
copper, while the anode (A) is made of quartz covered by a
thin, transparent, conductive platinum film. The distance of
electrodes can be adjusted and for this experiment it was set
to 1.1 cm.

Construction of the discharge chamber allows side-on
recordings and we used two setups to register emission
coming from the discharge. In the first case, the camera was
equipped with an objective lens allowing us to acquire axial
discharge profiles of spectrally integrated emission in the
visual range of spectra, defined by the transparency of the
objective and the quantum efficiency of the ICCD photo-
cathode. Additionally, placing band-pass optical filters that
have maximum transparency at 431 nm (region of hydro-
carbon CH radical emission band , the 2Δ -> 2Π transition)
and at 656 nm (region of Hα line emission, the n = 3 to n = 2
transition ) in front of the objective lens allowed us to record
the profiles of emission at quoted wavelengths. In another
setup, to obtain a spectrum of emission of ethanol discharge
we focused light from the discharge volume to a 100 μm
entrance slit of spectrograph ORIEL MS127i. In both cases, a

sensitive ICCD camera (Andor IStar DH720-18U-03) was
used for detecting the signal. The spectrograph is equipped
with a ruled grating with a wavelength range from 200 to
1200 nm and spectral resolution 0.22 nm.

In order to obtain reproducible results, it is necessary to
perform preparations before every measurement. In the
beginning, the system is pumped down to an initial pressure
of the order of 10−6 Torr. Before the measurements, the
cathode surface is conditioned in a hydrogen discharge with a
current around 30 μA (for approximately 40 min), until the
operating voltage stabilizes. Hydrogen is chosen because it is
lightweight, so no cathode material is dispersed. At the same
time, this treatment effectively removes chemical oxides and
adsorbed layers of impurities from the cathode surface and
thus produces the same surface conditions for each
measurement.

Additionally, values of pressure are measured to better
than 1% uncertainty. As for the gap d it is also of the order of
2% uncertainty but it is fixed for all measurements as it does
not change from one pressure to another. The critical issue is
the changes in the surface conditions and there we needed to
ascertain the reproducibility of results. For argon, the repro-
ducibility is excellent (better than 1% over long time periods)
but for gases such as ethanol the reproducibility is not as good
as there is always a possibility of deposition. Thus, we
repeated cleaning cycles and checked for the reproducibility
over the period of measurements. Changes in the breakdown
voltage were taken as an indication that surface of the cathode
has been conditioned (deposition or possibly cleaning) and
we repeated cleaning that always produced results within
narrow margins (to one volt). Thus, one may conclude that
the uncertainty of measurements of the voltage is less than
1%, the current is accurate to several percent but bearing in
mind extrapolation to the zero current uncertainty is mainly
defined by the uncertainty of the voltage measurements, while
uncertainties in current average out if results were obtained
carefully. The experimental uncertainty is of the order of the
size of the points or less.

Ethanol vapour is obtained from 95% ethanol (C2H5OH)
(M=46.07 g mol−1). The main impurity in ethanol is water,
while other impurities, such as acetone, methanol, aldehydes,
formic acid are present only in traces (<0.001%). Therefore a
small percentage of water vapour is present in the discharge.
Typically, molecular gas impurities produce a very large
effect on the discharges in atomic gases due to lack of
vibrational energy losses in the former. Another strong effect
arises from the attachment to impurities that may strongly
affect the gases that are not subject to attachment. However,
neither of the two effects are important in the ethanol vapour
and they will not affect the results strongly. We could not
clean the samples any further by freezing and evacuating the
liquid as the freezing of ethanol occurs at a very low temp-
erature. The vapour is introduced into the chamber at low
pressure from a container with a liquid sample, through a
pressure regulatory valve at a low flow rate. Immediately after
opening the valve alcohol begins to boil due to the pressure
difference over its surface and the pressure of gases dissolved
in the sample itself. Throughout this process alcohol becomes

Figure 1. Schematic of the experimental setup and the electrical
circuit used in measurements. Recordings are obtained with an ICCD
camera with an objective lens and a spectrograph (SG).
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devoid of dissolved volatile constituents and after few sec-
onds the sample surface becomes still. After that, the vapour
is maintained at moderate pressure (∼20 Torr) in the chamber
for periods of 1–2 h in order to saturate the electrodes and the
chamber walls. The vapour pressure of ethanol, at room
temperature, is around 45 Torr [16], so during the measure-
ments operating pressure is kept well below this value to
avoid the formation of liquid droplets.

The electric circuit is designed to provide operation of the
discharge both at breakdown conditions (i.e. low-current
limit) and at higher currents. The breakdown voltage for each
pd is determined from the low-current limit of the discharge,
by extrapolating the discharge voltage to zero current in the
dark Townsend discharge mode [15, 17]. In figure 2 we show
VA characteristics with the low-current limit enlarged and
inserted in a separate graph in order to illustrate determination
of the breakdown voltage. One should pay attention to the
linear extrapolation with small changes of voltage from the
lowest current points to the zero current limit. Usually we
limit ourselves to below 10 μA currents.

The discharge current is determined by measuring volt-
age drop on the resistor Rm. Recording of VA characteristics
is accomplished in a pulsed regime, by imposing a short pulse
of voltage in addition to running discharge at a small DC
current (∼1 μA). Pulses last long enough to allow the for-
mation of the steady-state discharge and measurement of
constant values in voltage and current signals. Pulsed mode of
operation prevents the heating and conditioning of the cath-
ode surface during the measurements, while a small DC
current is also used to eliminate the breakdown delay time
[18, 19]. The pulses are synchronized with the ICCD camera
so electrical measurements and recording of emission can be
acquired simultaneously.

3. Results and discussion

3.1. Paschen curve

The Paschen curve for the discharge in ethanol vapour at an
electrode gap of 1.1 cm is shown in figure 3. Breakdown
voltage dependence on pd, where p is pressure and d is
electrode gap, cover a range from 0.10 Torr cm to
3.00 Torr cm.

The shape of the Paschen curve is typical for low pres-
sure DC discharges [15]. The minimum breakdown voltage of
435 V occurs at around pd=0.35 Torr cm, which corre-
sponds to the reduced electric field value of E/N=4 kTd.
After breakdown, the discharge operates stably at low-cur-
rents up to pd=0.70 Torr cm, but above this value discharge
ignites into oscillations. For pds in the range between 0.70
and 3.00 Torr cm, we could not operate the discharge outside
the oscillatory regime- the oscillations are the same as the
oscillations annotated in the VA characteristics, and we have
chosen the modes that allowed us to determine the breakdown
voltage most accurately [20, 21]. There are periodic relaxation
oscillations with frequencies between 250 and 800 Hz.
However, above 3.00 Torr cm, it becomes difficult to control
the discharge, oscillations become random and we cannot use
them to establish a breakdown voltage with reasonable acc-
uracy. Spatial profiles of emission from the discharge recor-
ded along with breakdown data confirm that even at the
highest pressures covered here, there is no evidence of
transition to the streamer discharge in the range of pd cov-
ered here.

3.2. Spectrally and spatially resolved measurements

Measurement of emission spectra enables identification of
species existing in the discharge. In figure 4 we present
optical emission spectrum for ethanol vapour discharge
recorded at pd=0.10 Torr cm at low current, i.e. for the

Figure 2. Example of VA characteristics of ethanol vapour discharge
at pd=0.20 Torr cm and d=1.1 cm, with an illustration of
breakdown voltage determination in the inserted graph.

Figure 3. Paschen curve for discharges in ethanol vapour at
d=1.1 cm, at various reduced electric field (E/N) indicated by
dashed lines [1 Td=10−21 Vm2 and 1 Torr=133.32 Pa].
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discharge operating in Townsend regime. Very few lines are
observed because of the very small current of 3 μA.

In the spectral range 300–700 nm, we detected OH, CO,
CH, and Hα (Balmer series line) emission. All observed
emission stems from excited species produced in dissociative
excitation of the parent molecule [22–25] producing H atoms
and some heavier excited dissociation fragments (OH, CO
and/or CxHy). As previously observed in ethanol discharges
[6, 23, 25], it is possible to form CO from the molecule of
ethanol either in collisions with electrons or radicals/H2O
molecules. Additionally, the spectra baseline features a broad
peak at wavelengths between 500 nm and 600 nm which can
be caused by CO2 continuum [26], CO band emission [27] or
C2 Swan band emission [26].

Besides measurements of emission spectra we also
recorded spatially resolved emission. These recordings
include spatial profiles of the total emission in a visual
spectral range and spatial distribution of emission in a narrow
wavelength interval around the most intense lines in the
visible part of the spectrum (431 nm and 656 nm). Axial
emission profiles shown in figure 5 are extracted along the
discharge axis from 2D images obtained for emission spec-
trally integrated in visual spectra and filtered by CH and Hα
band-pass optical filers.

Profiles for different pd values between
0.10–0.60 Torr cm present how the change of E/N (pd)
influences the structure and basic processes in the discharge.
Since during these recordings discharge operates at a low-
current limit i.e. in the Townsend regime, where the density
of space charge is insignificant so electric field between
electrodes is nearly homogeneous [18], one would expect an
exponential rise of emission towards the anode as electrons
gain enough energy for excitation processes in electron–
neutral collisions. However, presented integrated profiles
(solid lines) for all pd values reveal a strong emission peak in
front of the cathode. The work of Phelps and colleagues has
shown that heavy-particle (fast neutral) excitation is the

dominant cause of the emission in front of the cathode
[19, 28]. While CH emission singled out from the discharge
(dashed lines) follows the integrated profiles in shape, Hα
emission (dash dotted lines) exhibit dissimilar shape and a
much lower emission intensity as compared to the CH
emission.

At the 0.10 and 0.20 Torr cm (figures 5(a) and (b)), in the
left-hand branch of the Paschen curve, predominate emission
comes from the wavelength range covered by the CH filter
suggesting that CH species have the most important role in
heavy-particle excitations. With the increase of pressure, at
pd=0.60 Torr cm (figure 5(d)), CH emission partakes less in
the total emission. The peak of the total emission near the
anode, that emerges at pd=0.20 Torr cm (figure 5(b)) and
exceeds maximum of emission in front of the anode at
pd=0.60 Torr cm at the highest values of pd (lowest E/N)
(figure 5(d)), is created due to excitation processes in elec-
tron–neutral collisions. In this case, the Hα emission intensity
(dash dotted lines) is also much higher. The shape of Hα
profile in the range from 0.20 Torr cm to high pd values
suggest that only electron excitation plays role in the case of
H atom in that range. However, at low pd (high E/N) H atoms
are also excited in collisions with heavy particles.

3.3. Volt–ampere characteristics

For a complete picture of ethanol vapour discharge properties,
along with the breakdown and low-current recordings, it is
also necessary to obtain VA characteristics. In figure 6 we
show VA characteristics of ethanol vapour discharge at
pd=0.20 Torr cm measured in the range of discharge cur-
rents from ∼1 μA to several mA together with 2D images of
typical operating regimes for low pressure DC discharges
[29, 30]. These regimes are clearly distinguished [28, 29].

In the diffuse Townsend regime (up to 20 μA), VA
characteristics shows a slightly negative slope, with a nega-
tive differential resistance of RD=−84 kΩ. The negative
differential resistance, jointly with the breakdown data, is
important in the analysis of secondary electron yields
[15, 31]. Between Townsend and normal glow regime, for
currents from 20 μA to 300 μA, is a region of free-running
oscillations characterized by a more rapidly decreasing
voltage.

After this region, the discharge becomes constricted and
operates in a stable regime of normal glow. With a further
increment of the current, discharge becomes diffuse again and
runs in an abnormal regime that is characterized by a very
steep positive slope in VA characteristics for currents above
740 μA. In 2D images recorded for all discharge regimes, i.e.
at all discharge currents investigated, there is a peak of
emission in front of the cathode. As for the low-current case
discussed before, it has been shown that the peak of emission
at the cathode in higher current regimes is a result of fast
neutral excitation. These fast neutrals are mainly produced by
fast ions going through charge–transfer collisions with
molecules of the background gas [19, 32]. These processes
are prone to occur at lower pressures since the ion energy gain
has smaller dissipation in collisions. Lower pressures

Figure 4. Emission spectrum of discharge in ethanol vapour at
pd=0.10 Torr cm and d=1.1 cm. The width of the
spectrograph slit was 100 μm.
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typically correspond to the conditions at the left-hand side of
the Paschen curve, where the E/N-s are high enough, which is
the case for the VA characteristics shown in figure 5. Parti-
cularly, for ethanol vapour the most probable candidates for
heavy particles that participate in excitation and ionization are
fast H atoms and some heavier dissociation fragments (OH,
CO and CH species).

During our investigation of normal glow, sudden changes
in the operating conditions (even in regime) were observed.
Measurements reveal changes in the steady-state current and
voltage values within a single voltage pulse. Changes in
discharge operating modes have been noticed before, in the
case of a normal glow in argon [17] and in the case of hollow
cathode discharges [33, 34], where a sudden increase of
current is followed by a decrease of operating voltage within a
single pulse. However, in the present study the discharge
operates at the lower current and higher voltage after the
transition.

In figure 7 we show two examples of the effect where
current and voltage waveforms have pronounced step-like
shapes due to the mode change. The transition effect is pre-
sent in the current range from around 860 μA (beginning of
positive slope of the VA characteristics) to around 1430 μA.
In the first example, at lower current shown in figure 7(a) the
transition in operation mode occurs approximately 2 ms after
the pulse ignition. During the transition, the discharge
switches to a ∼40 V higher voltage and ∼130 μA smaller
current.

The transition is smooth and lasts around 15 μs. In the
second example, shown in figure 7(b), the same effect is
present at a higher initial current of ∼1680 μA, but the
transition here happens only 30 μs after the initial time
interval of stable operation. The transition lasts around 3 μs,
and the discharge switches to ∼70 V higher voltage and
∼320 μA smaller current. It appears that the transition hap-
pens earlier within the pulse for higher initial currents. At
given conditions, mode change in consecutive pulses is very

Figure 5. Axial profiles of emission from discharge in ethanol vapour for different values of pd (pressure x electrode gap) and E/N (reduced
electric field) at electrode gap d=1.1 cm. Filtered emission is recorded at the same intensity scale and corrected for the filter transparency.
Letters C and A indicate the positions of the cathode and anode.
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reproducible, it always occurs at the same time after the
beginning of the pulse. The transition is always smooth and
there are no instabilities or oscillations in the voltage and
current waveforms.

Together with the waveforms, recordings of light emis-
sion from the discharge are taken several times during one
pulse. Figure 8 shows axial profiles of emission recorded with
short exposure time (0.2 μs) at time points marked in
figure 7(b). Generally, in both profiles, a significant influence
of heavy particles in excitation and ionization is present,
judging by the peak of emission near the cathode. Although
the discharge current drops after the step, the overall intensity
of emission is higher. However, ratios of maximum intensities
of profiles near electrodes obtained for both cases, before the
step (open circles) and after the step (full circles), are the same
(around 3). Moreover, from 2D images of the discharge taken
before and after the transition, we estimated that in the radial
direction both profiles have the same width and therefore the
same effective discharge area [35]. One significant difference
between profiles is in the position of emission peak that
corresponds to the negative glow i.e. coincides with the edge
of the cathode fall [36]. The edge of the cathode fall region
shifts closer to the cathode after the transition.

This kind of behaviour is very unusual, as one would
expect that the length of the cathode fall would increase with

the decrease of current [36]. The cause for such change in
electric field distribution, discharge current and voltage is not
clear. Bearing in mind that the timing of the effect is repro-
ducible in consecutive pulses, we cannot attribute the effect to
deposition or sputtering. Gas or electrode heating should not
have a significant influence, as the discharge pulses are kept
short and the discharge operates in slow flow regime to avoid
those effects. Furthermore, one would expect the effect to be
more significant at higher currents. From the estimates based
on the complete sets of cross sections for similar gases for
which such sets exist, the degree of dissociation does not
affect the results. The observed behaviour is probably con-
nected to changes in the balance of charged or excited spe-
cies: ions or electronically and vibrationally excited
dissociation products and adsorbed species created in dis-
charges [22]. Thus, in some time intervals, after the pulse
application, the dominant gas species produced in the dis-
charge may be changed and consequently influence the bal-
ance of charged and excited species. In order to clarify and
explain the mechanism behind the transition, additional
experimental measurements and modelling should be
performed.

4. Conclusions

Discharges in vapours and liquids, especially organic ones,
have become a very popular area of research due to a wide
range of applicability [4, 14]. However, lack of relevant and
complete existing data on elementary processes have become
important obstacles to further understanding of these complex
systems [37–41]. By measuring properties of DC breakdown,
low-current and glow discharges in ethanol vapour we aim to
provide information necessary for the understanding of this
kind of non-equilibrium discharge.

In this paper we present data from experimental studies
of the DC breakdown in ethanol vapour at low pressure as
well as electrical and optical measurements of DC discharge
parameters from low-current to moderately high-current
regimes. A Paschen curve in ethanol vapour has a minimal
breakdown voltage of 435 V at pd=0.35 Torr cm. Recorded
axial profiles of emitted light from low-current discharge
reveal that heavy particles make a significant contribution to
ethanol vapour breakdown in a wide range of values of pd i.e.
E/N. For E/N>3 kTd they become dominant. Spatially
resolved emission measurements with optical filters show that
most of the emission in visible spectral range originates from
CH radicals and H atoms, probably mostly through dis-
sociative excitation rather than ground state excitation [42].
Spectrally resolved measurements reveal that OH band (head
at 306 nm), CH band (head at 431 nm) and Hα line have the
largest share in the emission spectrum in the range from 300
to 700 nm, while CO lines are also visible. The measured VA
characteristics at pd=0.20 Torr cm has the shape typical for
low pressure discharges.

Measurements in a narrow current range in the abnormal
glow part of the VA characteristics reveal sudden transitions
while operating in a stable discharge regime. Without any

Figure 6. VA characteristics of ethanol vapour discharge at
pd=0.20 Torr cm and d=1.1 cm. The voltage is shown as a
difference between discharge (V ) and breakdown voltage (Vb).
Capital letters (T, N, A) correspond to 2D false colour images of the
discharge running in different regimes. Circles and arrows indicate
transitions in operating regimes shown in figure 7 (please see text for
details).
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instabilities or oscillations and with no significant change in
the externally observed spatial structure, the discharge
switches between steady-state modes of operation changing
from higher to lower current and from lower to higher voltage
within a single voltage pulse. The transition into a more
preferable operating mode, after some time of stable opera-
tion, is probably due to changes in the balance of charged and
excited species, dissociation products and adsorbed species
created in the discharge. The effect is interesting from the
point of view of fundamental discharge properties and from

the point of view of applications that work in pulsed or high
frequency glow regime.
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In this work we present results of two significantly different types of plasma treatment on

Paulownia tomentosa Steud. seeds. In the first type, seeds were directly treated in low-

pressure plasma and then imbibedwith distilled water. In the second type, an atmospheric

pressure plasmawas used for obtaining plasma activatedwater (PAW)which is then used

for imbibition of seeds. The CAT activity and protein content is evaluated

during 4 d following the imbi-

bition process, i.e., immediately

after the phytochrome activa-

tion and in the 3 subsequent

days. Comparison of results of

treated seeds to the control

group allows to correlate the

enzyme activity and protein

content during the initial stages

of germination with plasma

treatment types and treatment

conditions.
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1 | INTRODUCTION

Non-equilibrium plasmas for decades played an important
role in treatments of various types of materials in order to
modify roughness, hydrophobicity, produce coatings, poly-
merization, nanostructuring, increase the active area for
absorbed dyes on textile surface, etc.[1–6] The choice which
plasma system will be used is determined mainly by the type
of the sample and the effect that plasma needs to achieve.

Another very important point in favor of plasmas is that they
are environmentally friendly and, in most cases, cost efficient
solutions that can supplement or replace in total classical
treatments. Lately, the driving force for development of
plasma sources, especially those that operate at atmospheric
pressure, is the expansion of biomedical applications of
plasmas. Low temperature plasmas so far have been
successfully used for sterilization, wound healing, blood
coagulation, cancer treatment, increasing of differentiation,
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and proliferation of normal and human stem cells, stomatol-
ogy, dermatology, and treatment/production of biocompatible
materials.[7–14] Applications of these devices is accompanied
by their detailed characterization by various diagnostic
techniques[5,15,16] as well as comprehensive modeling that
describe plasma behavior and chemistry, especially chemistry
of reactive oxygen and nitrogen species (RONS) production
that have key importance in biomedical applications.[4,17–24]

In recent times, new and fast developing field of low
temperature plasma applications is plasma agriculture (appli-
cation of plasmas for different aspects of agriculture and food
industry). It was shown that both low pressure and atmospheric
pressure plasmas can be successfully used in stimulation of
seed growth, increase of germination percentage and decon-
tamination, breaking of dormancy or increase in the length of
seed sprout.[25–34] Plasma treatment of seeds became one of the
starting points in opening of a wide area of applications of
plasmas in agriculture and related biotechnologies. Nowadays,
this list ismuchwider including treatments of seeds, soil, usage
of plasma activated water, etc.[35–41]

In direct plasma treatments, i.e. where seeds are in direct
contact with plasma or afterglow, the surface of seeds
undergoes a variety of changes. During the plasma treatment,
depending on the plasma conditions, the surface is activated
so other functional groups can be attached (-COOH, -COH,
-COO, -NH2, -OH, -NO, etc.). Also, during the treatment seed
surface is etched and, at the same time, decontaminated from
various types of microbes. As a result the surface contact
angle is reduced and seeds’ surface changes from hydropho-
bic to hydrophilic.[42,43] The main species responsible for this
type of changes are neutrals and ions of nitrogen and oxygen,
especially O(3P), O2(

1Δg), O3, NO, N, O(
1D) and O2

− ion,
which is signaling molecule in most of the cell processes.
Lately, as an alternative to the direct plasma treatment of
seeds and plants, application of water treated by plasma, the
plasma activated water (PAW), gives similar results in the
increase of germination percentage, decontamination of both
seeds and plants and faster growth.[44–46] The reason for these
enhancement lies in the fact that in comparison to regular
water PAW contains large amounts of chemically active
species produced in plasma and at the plasma-liquid interface.
These species are transferred from the interface volume to the
liquid bulk and are able to trigger desired responses in
biological samples. Some of the most important species
appearing in the liquid bulk of PAW that are involved in
triggering cell mechanisms are OH, O, NO, H, H2O2, NO2

−,
O2

−, NO3
−, OH−.[47–50] In this paper, we want to compare the

effects of these two significantly different types of treatments
on the seeds of model plant P. tomentosa Steud. To
accomplish this we have used a low pressure radio-frequency
(RF) plasma system for direct treatment of seeds and an
atmospheric pressure plasma jet (APPJ)[51] for treatment of
distilled water in order to obtain PAW which is then used for

imbibition of the seeds. In addition to being a model plant
P. tomentosa is a viable agricultural product often used in
medical supplements and as addition to alcoholic drinks.

Seeds of P. tomentosa are positively photoblastic and
their germination is phytochrome-controlled. The light
requirement for maximum germination may vary from brief
exposure to several hours of red light, depending on seed
maturation conditions.[52] A large number of RONS are
continuously produced during seed and plant development,
from embryogenesis to germination.[53] However, cells have
evolved protective mechanisms in order to control free
radical-induced cellular damage.[54]

Process ofP. tomentosa seeds germination consists of three
phases: imbibition, the phase of phytochrome activity and the
phase of radicle protrusion and elongation. The optimum
imbibition time is 3 d. Previous findings showed that a 5 min
illumination with red light (660 nm) is sufficient for the
phytochrome activation, the phase that lasts from 48 to 72 h.
The processes following, including radicle protrusion, require
several days after which germination is completed.[52,55,56]

In the experiments that will be presented in this paper we
have investigated the early phase of germination, preferentially
immediately after the light treatment and up to 3 d after the
phytochrome activation, through CAT enzyme protein content
and activity. Catalase (CAT, EC 1.11.1.6) is a tetrameric protein
found in all aerobic organisms that catalyzes the dismutation of
H2O2 into water and oxygen.[57] CAT represents one of the
several cellular antioxidant defenses that play an important role
in scavenging reactive oxygen species (ROS).[58] It was shown
that, particularly in oily seeds,CAT is very important in the early
germination events because it removes H2O2 produced during
β-oxidation of the fatty acids.[59]

Increased generation of ROS seems to be a common
feature of the early germination phase, which is the critical
step of the process, since it involves activation of a regulatory
system controlled by intrinsic (i.e., dormancy) and extrinsic
(i.e., environmental conditions, such as temperature, oxygen,
and water availability) factors.[53]

Plasma treatment has been found to promote seedling
growth, increase proline concentration as well as activities of
superoxide dismutase (SOD) and peroxidase (POD) in wheat
seedlings under drought stress.[60] Similar observations have
beenmade for oilseed rape seedlings, confirming that SODand
CAT activities were significantly increased after cold plasma
treatment. Jiang et al.[61] reported that cold plasma treatment
increases activities of POD, phenylalanine ammonia lyase
(PAL), and polyphenol oxidase (PPO) of tomato under disease
stress.[62] In spite of these studies of antioxidant enzymes
activity in plasma treated seedlings and plants, evaluation of
cold plasma effect on seeds during germination has not been
investigated. Having in mind that plasma treatment of seed
induces a significant increase in germination, it is of particular
interest to study the effect of plasma on seeds.
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Hydrogen peroxide is widely generated in plants and
mediates various physiological and biochemical processes. As
a signalingmolecule, it can activate proteins/genes related to plant
growth and development. Accumulation of hydrogen peroxide
can reinforce cell walls through lignification. CAT activity is
essential for the removal of the potentially toxic hydrogen
peroxideproducedundervarious stress conditionsand then for the
avoidance of oxidative-stress-related damage.[63] CAT is also
important in fine-tuning the cellular H2O2 and then inmodulating
the related signaling pathways.[64,65]

In order to investigate the correlation between the plasma
effects and CAT activity and protein content during the initial
stages of germination process we performed direct treatment
of P. tomentosa seeds in an asymmetrical capacitively
coupled plasma (CCP) reactor under two different pressures
and several treatment times. Apart from direct plasma
treatment of seeds, an indirect treatment method was used
where we treated distilled water by using APPJ in order to
obtain PAW. After the treatment, PAW was used for
imbibition of P. tomentosa seeds. In both cases, the CAT
activity and protein content was evaluated during 4 d
following the imbibition process, i.e., immediately after the
phytochrome activation and in the 3 subsequent days.

2 | EXPERIMENTAL SECTION

2.1 | Low pressure plasma treatments

Low pressure treatments of seeds were performed in the
cylindrically shaped capacitively coupled plasma (CCP)
reactor with a powered electrode centrally positioned
along the axis (see Figure 1). This asymmetrical system
has ability to produce large volume of homogeneous
plasma performing mild treatments of many seeds at the
same time. Until now it was successfully used for
different types of textile treatments[66,67] and in treat-
ments of seeds and commercial grains for disinfection
and to increase the germination percentage.[26,27,68] It
was previously characterized in more detail and also the
PIC model was used to estimate the main parameters of
plasma treatments.

Main goal in construction of this RF plasma system was
to achieve homogeneous plasma in large volume with the
low energy of ions that bombard the grounded electrode that
serves as sample holder. This was achieved by using large
surface ratio between the powered and grounded electrode
(Apow

�
Agnd

¼ 700). The results obtained from the PIC
simulation show us that the energy of ions impinging the
grounded electrode and the samples are around 1–2 eV. The
samples are positioned on the grounded electrode and due to
their small size we can say that they are positioned in the
plasma sheath. The estimation of the sheath thickness
obtained from the PIC simulation is around 2 cm at the

grounded electrode. At the same time the electrical field at
this electrode does not exceeds 75 V/cm. The averaged
concentration of oxygen ions given by PIC analysis is
∼1015 m−3.[69,70] The concentration of neutral oxygen atoms
obtained by using catalytic probe in the same chamber
geometry, but larger in scale, is of the order of 1019 m−3. It
was shown that the concentration of ions coincides with the
results obtained by PIC simulation (∼1015 m−3). Mass
spectrometry measurement revealed that the main ions in
the discharge are O−, O2

−, O2
+, and O+. But the most

important is the presence of the atomic and molecular
oxygen metastables, especially O2(

1Δg). As with other
species that concentration of excited and metastable
increases with the increase of working pressure.[71]

The length and diameter of the chamber are 46 and
37.5 cm, respectively. Chamber wall, which serves as the
grounded electrode, is made of stainless steel while the
powered electrode is made of aluminum. The powered
electrode is axially placed, with length of 40 cm and diameter
of 1.4 cm. The electrode is powered by RF signal at
13.56MHz through automatically adjusting matching net-
work. The power during the treatments was kept constant at
100W given by RF power supply (Dressler Cesar 1310).

The platform for holding samples is positioned 13 cm
bellow powered electrode. Since it is connected to the
chamber wall it is also electrically grounded. A door mounted
on one side of the cylindrical chamber provides an easy access
and allows positioning of samples on the holder.

During all treatments flow of the gas was controlled by a
flow controller connected to the gas inlet of the chamber while
the exhaust linewas connected to themechanical pump.Herewe
need to emphasize that only mechanical pump was used.
Therefore, the baseline pressure that could be reached was
20mTorrwhich implies that certain amount of impurities (air, in
particular) were present. Pressure in the chamber was measured
by a capacitive gauge attached to one of the chamber ports.

Treatments were performed in oxygen at pressures of 200
and 600 mTorr which, with a constant pumping speed,

FIGURE 1 Schematics of the experimental set-up
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corresponded to gas flows of 80 and 435 sccm. For each
pressure four different treatment times were engaged: 1, 5, 10,
and 20min. During the treatments four Petri dishes (6 cm in
diameter), each containing 100 seeds, were positioned on the
platform inside the chamber. After the end of the treatment, the
seeds were immediately taken out of the chamber and
transferred to other sterile Petri dishes. The imbibition of the
treated seeds was performed by using 3 ml of distilled water.

2.2 | Atmospheric pressure plasma treatments
– Plasma Activated Water

We have used a standard atmospheric pressure plasma jet
(APPJ)[51,72,73] for treatments of distilled water (see Figure 2).
After the treatments, the obtained plasma activated water (PAW)
was used for imbibing the P. tomentosa seeds. The design of the
APPJ used in the experiments is simple and it consists of a glass
tube with the electrode made of copper tape wrapped around the
tube 5mmfrom its end. The outer and inner diameters of the glass
tubewere 6 and 4mm, respectively. The electrodewas connected
to a high voltage sinusoidal signal of 50 kHz that allowsplasma to
ignite immediately after the signal is turned on. The high voltage
signal is obtained by home-made power supply system consisting
of a function generator (PeakTech DDS Function Generator
4025), a home-made amplifier, and a high-voltage transformer.

To allow operation of plasma in glow regime,[16,74] He
gas was flown through the tube with the rate of four slm.
For treatments of water, the jet was positioned vertically
with a glass Petri dish underneath. At the bottom of the
dish we placed copper tape that was connected to the
ground through a 100 kΩ resistance. This electrical circuit
permits monitoring of the discharge current going to the
ground by measuring the voltage drop on the resistor. At
the same time, high-voltage probe connected to the
powered electrode measures voltage supplied to the

plasma jet. To produce plasma activated water we placed
12 ml of distilled water into the Petri dish (6 cm in
diameter). The distances between the end of the glass tube
of the jet and the water surface used in treatments were 0.5
and 1 cm. For both distances the applied voltage was kept
constant at 6 kVPeak-to-Peak. and measured current was
6 mAPeak-to-Peak for 0.5 cm distance and 4 mAPeak-to-Peak for
the distance of 1 cm. The water volume after treatments
was checked and found to be the same as the initial.
Treatment times were 5, 10, and 20 min.

In order to characterize PAW we have measured pH
and dissolved oxygen content immediately after the
treatment. Dissolved oxygen content analysis measures
the amount of gaseous oxygen (O2) dissolved in an
aqueous solution. For the pH measurements we have used
Hanna Instruments HI1131B pH electrode with HI5522
controller and for the percentage of dissolved oxygen in
water Hanna Instruments DO electrode HI764080 powered
by HI2004 unit.

2.3 | Plant material and seed treatment

Seeds of the empress tree (P. tomentosa Steud.) were
collected during 2015 in the Garden of the Institute for
Biological Research “Siniša Stanković,” University of
Belgrade, and stored at room temperature until use. Batches
of 100 seeds (plasma pre-treated or not) or 200 seeds (PAW
treated or not) were placed in Petri dishes (6 cm in
diameter) and imbibed with 3 ml of distilled water or
plasma treated water, respectively. Germination was
performed at 25 ± 2 °C, in darkness. Seeds were induced
to germinate with a 5 min red light pulse (660 nm, Philips
TL 20/15 fluorescent tubes with 3 mm plastic Röhm & Haas
filters, No. 501; fluence rate 3.54 μmol m−2 s−1) applied
after 3 d of imbibition.[52] Seed samples were taken
subsequently during next 4 d, in 24 h intervals, weighted
and stored at −70 °C until further analysis. A weak green
safelight was used for manipulations in the dark. All
experiments were repeated twice, with 3–5 replicates each.
The schematics of the procedure for the sample collection is
given in Figure 3.

2.4 | Protein extraction

P. tomentosa seeds (about 0.025 g FW) were grounded in
liquid nitrogen with a mortar and pestle and homogenized in
1 ml of potassium phosphate buffer (100 mM, pH 7.5)
containing 2 mM PMSF, 0.5 mMEDTA, 0.5% Triton X–100,
and 2% (w/v) polyvinylpolypyrrolidone (PVPP). The homo-
genates were centrifuged at 14000×g for 20 min, at +4 °C.
The supernatant was used for assays. Protein content in seed
extracts was determined according to Bradford[75] using
bovine serum albumin as a standard.FIGURE 2 Experimental set-up for treatment of distilled water
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2.5 | Native polyacrylamide gel electrophoresis
and enzyme activity staining

Proteins were separated on the 10% non-denaturing poly-
acrylamide gel. Electrophoresis was performed at +4 °C for
2.5 h, at constant current of 120 V using Mini-Protein II
system (Bio-Rad, Richmond, CA). Equal amounts of proteins
(30 µg) were loaded on gels. Gels were stained for CAT
activity according to Woodbury et al.[76]

2.6 | SDS-PAGE and immunoblotting

Samples for sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) were dissolved in the equal
volume of Laemmli buffer.[77] Separation of proteins was
performed at room temperature using Mini-Protein II system
(Bio-Rad, Richmond, CA) for 50min at 200V. Equal amounts
of proteins (15 μg) were loaded on 10% SDS polyacrylamide
gels. For detecting molecular weight of separated proteins,
colored molecular weight markers 10–260 kDa (SpectraTM
Multicolor Broad Range Protein Ladder, Fermentas GmbH,
Germany)were used.After separation, proteinswere transferred
electrophoretically (60 V for 1.5 h, at 4 °C) onto PVDF
membranes (Bio-Rad, SAD) using Mini Trans-Blot Module
(Bio-Rad, SAD).Membranes were blocked overnight at 4 °C in
a solution of 10% (w/v) non-fat dry milk (NFDM;Nestle, USA)
and probed with anti-catalase antibody (1:1000, AS09501;
Agrisera Antibodies, Sweden), and goat HRP conjugated anti-
rabbit IgG secondary antibody (1:20000, Ao545, Sigma
Aldrich, St. Louis, USA). Secondary antibodies were visualized
using an enhanced chemiluminescence detection system (ECL)
and densitometrically quantified using ImageJ 1.32j software
(W. Rasband, National Institute of Health, USA).

2.7 | Statistical analysis

Densitometry was performed on scanned gel and
immunoblot images using the ImageJ gel analysis
tool.[78] Statistical analysis was performed using
Stagraphics software, version 4.2 (StatPoint, Inc.
1982–2006, USA). Differences among different treat-
ments were tested using standard analysis of variance

(ANOVA). The means were separated using
Fisher’s Least Significant Difference (LSD)
post hoc test for p ≤ 0.05. Treatments denoted
by the same letter are not significantly
different (p ≤ 0.05).

3 | RESULTS AND
DISCUSSION

3.1 | Low pressure plasma
treatments

It was previously shown that asymmetrical CCP system
described above can be successfully used in treatments of P.
tomentosa seeds in order to increase percentage of germina-
tion. However, the effect of plasma on germination is affected
by plasma parameters like electric field, power, time, pressure,
and type of gas used in treatments.

It is well documented that electric field can positively
influence germination.[79,80] On the other hand, detrimental
effect can appear if seeds are exposed to electric field for a
very long time or if the field is very strong.[79] In our case
electric field (75 V cm−1) influencing the samples is quite low
comparing to the electric fields (up to several kV cm−1) used
in literature. We believe that influence of electric field is not
significant and main effect is obtained through bombardment
of the seed surface by reactive chemical species created in the
plasma and accelerated by the electric field in the sheath.

Regarding the plasma power, it was shown that higher
powers can induce damage to the seeds due to increased
thermal effects and destruction of seed wall by particle
bombardment. Therefore, for our chamber it was found that
optimal treatment times are up to 10 min for power of
100 W.[26,27,66] Concerning the pressure, its changes affect
densities and energies of particles present in plasma (the most
important are reactive species such are O−, O2

−, O2
+, O+, and

O2(
1Δg)). At lower pressures, densities of particles produced

in plasma are lower, but they have higher energies due to
fewer number of collisions, i.e., longer mean free paths.[4]

Energies of ions are directly influenced by the pressure
through the balance of energy gained from the field and
dissipated in collisions. Fast neutral particles can be affected
indirectly as those may be created by the charge exchange
collisions with ions.[81]

In our case, we performed treatment at two pressures
which are not far apart: 200 and 600 mTorr. Thus, the main
difference between two pressures would be in higher particle
densities (neutrals, radicals, and ions) that reach surface of
treated seeds at 600 mTorr in comparison to the case of
200 mTorr. Taking into account all this, a set of plasma
parameters close to the optimal for germination has been
chosen in order to investigate the response of the CAT
enzyme to the plasma treatments.

FIGURE 3 The experimental procedure for collecting the samples for enzyme
analysis
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As for the effect of the pressure on the seeds and their
germination, the selected seeds do not have a hydrophobic
protective seed coat so oxidization of the protective layer to
allow water to penetrate the seed is not an issue. It has been
postulated[26,27] that a deposition of different active molecules
and radicals may promote germination and growth of these
seedsmainly through their signaling functions in the cell. Thus
the explanation of the effect must be sought in plasma
chemistry leading to production of active species. Understand-
ing, control, andoptimization of the effects of plasmas depends
on being able to connect the plasma chemical processes to the
processes inside the cells of the seed. The effect of plasma
should be small enough to promote the germination and not too
large to have detrimental effect on the living cells.

We have measured both CAT protein content and CAT
enzyme activity at the beginning of the germination process
(immediately after activation of phytochrome) and in 3
subsequent days. The activity of CAT for samples treated for
different times is shown in Figure 4. Relative intensity for each
experimental band was calculated by normalizing the experi-
mental absolute intensity to the corresponding control absolute
intensity. One should bear inmind that the control group follows
the entire process as other seeds with the exception of plasma
treatment (see Figure 3). In other words, control groups have
passed imbibition (3 d) then they were initiated by the R pulse
and then subsequently taken for analysis in 4 subsequent days.
Standard behavior ofCATenzymeactivity in control samples of

P. tomentosa is observed and it increases after R
light pulse. CAT is only one of the relevant
enzymes that is responsible in early stages of
germination and later on peroxidase becomes even
more important. Both of these enzymes together
with the related radicals play their part in a complex
mechanism of germination that is being triggered
by plasma. Thus, one cannot easily correlate
activity of one enzyme to the efficiency of
germination. While effects of plasma are similar
and in the same direction as those reported
earlier[26,27] results will strongly depend on the
season, duration of storage, and other parameters.
Thus we have to find optimal conditions for each
batch. In addition we have improved performance
of our plasma source in the meantime.

When comparing the effects of pressures on
the enzyme activity measured immediately after
the activation of the phytochrome (day 0), the
samples treated in plasma at 600 mTorr of
oxygen exhibit a higher reduction in CAT
activity if compared to 200 mTorr treatments
(see Figure 4(a)). On the contrary, for the
treatment at 200 mTorr changes in the activity
are small, seeds treated for 1 min show slightly

lower activity, while the others show either similar (5 and
20 min) or slightly higher (10 min) CAT activity. Similar
trends can be observed in the samples collected on day 1 (see
Figure 4(b)) with a much larger increase of the activity at
200 mTorr. The treatments with higher pressure (600 mTorr)
and longer treatment times (10 and 20 min) induce four times
lower CAT activity compared to the untreated sample. At the
same time for pressure of 200 mTorr we can see increase in
the CAT activity as the treatment time increases. Two days
after the R pulse the enzyme activity declines more or less
linearly with increment of pressure and treatment time (see
Figure 4(c)). Thus, CAT activity in seeds after 20 min
treatment at 600 mTorr was nearly four times lower in
comparison with control samples. However, 3 d after the R
pulse the activity of CAT increased for both treatments,
exhibiting 1.5–2 fold higher values in comparison with CAT
activity measured in control samples (Figure 4(d)). P.
tomentosa seeds are positively photoblastic, meaning that
their germination is stimulated by light. After the imbibition
(rapid initial water uptake) seeds were induced to germinate
by red light pulse, and entered the next-plateau phase.[82]

Plateau phase involves the reactivation of metabolism,
including the resumption of cellular respiration, the biogene-
sis of mitochondria, DNA repair, the translation and/or
degradation of stored mRNAs, the transcription and transla-
tion of new mRNAs, and the activation of antioxidant
enzymes at the appropriate time.[83,84,85] Therefore, sequen-
tial expression of antioxidant enzymes has been considered to

FIGURE 4 Catalase activity in plasma treated P. tomentosa seeds measured
immediately (a), 1 d (b), 2 d (c), or 3 d after R light pulse (d). Results for different
treatment times (t) and two pressures are shown. The band volume was recorded by
using densitometric analysis. Data were normalized using control signal. Values are
means obtained from three independent experiments shown with standard error.
Treatments denoted by the same letter are not significantly different (p≤ 0.05)
according to the Fisher’s LSD test
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be of particular importance for the completion of germina-
tion.[86,87] It is possible that a renewal of antioxidant systemmay
be initiated with the repair of cell membranes and organelle
development, which are required for complete germination and
growth demands by the seedlings.[88] Increased CAT activity
could be an indication of the cellular evaluated ROS, since the
amount of CAT present in aerobic cells is directly proportional
to the oxidative state of the cells.[89] Measurement of CAT
activity may be a parameter to determine seed viability and
germination as observed by Baily et al.[90]

With few exceptions, radicle extension through the
structures surrounding the embryo is the event that terminates
germination and marks the commencement of the seedling
growth.[91] The time for this event to be completed varies
from several hours to many weeks, depending on the plant
species and the germination conditions. The present study
shows a significant increase in the enzyme activity 3 d after R
pulse (see Figure 4(d)), which can be associated with
metabolic switch occurring in seeds between germination and
subsequent post-germination phase. Apart from CAT, it was
shown previously that another antioxidant enzyme peroxidase
(POD) also has very important role in germination. In
P. tomentosa seeds activity of POD is very low before the
process of radicle protrusion begins, i.e., the activity is
increased during later phases of germination. On the other
hand, in germinated seeds and seedlings, POD activity

increases significantly.[92] Final result of seed
germination process (measured as percent of
germinated seeds) will be reflection of overall
metabolic activity in seeds and young seedlings,
including antioxidant enzymes activity (e.g.,
CAT, but also the activity of other enzymes).

Immunoblot analysis showed that only one
isoform of 50 kDa is detected in all the samples and
in Figure 5 we present the results of CAT protein
content obtained for the same set of parameters as
CAT activity. Germination process immediately
and 1 d after theR light pulse resulted in an increase
inCATprotein content, butwith slight difference in
comparison to the control seeds (Figure 5(a, b)).

Significant reduction in CAT content was
observed 2 d after the phytochrome activation
(see Figure 5(c)). Here we can observe a
reduction in CAT protein content for longer
treatment times at 200 mTorr and for all
treatment times at 600 mTorr. Similar behavior
was observed in the CAT activity (Figure 1(c)).
It should be noted that enzyme content was by far
the highest in treated seeds 3 d after the
activation of phytochrome (about 2.5 fold
greater then control samples) and remained
more or less constant regardless of experimental

conditions used in this study. Enhanced CAT protein content
is in accordance with the increment in enzyme activity in
germinating seeds showed in Figure 4(d). It must be
remembered that immunoblot analysis gives indications
about the synthesis of CAT subunits and does not necessarily
reflect the enzyme activity.[93] This may explain why the
slight apparent decrease or increase in protein content
(Figure 5) was not correlated with the changes of CAT
activity in the same batch of P. tomentosa seeds (Figure 4).

FIGURE 5 Immunoblot analysis of catalase in P. tomentosa seeds, measured
immediately (a), 1 d (b), 2 d (c), or 3 d after R light pulse (d). Results for different
treatment times (t) and two pressures are shown. The band volume was recorded by
using densitometric analysis. Data were normalized using control signal. Values are
means obtained from three independent experiments shown with standard error.
Treatments denoted by the same letter are not significantly different (p≤ 0.05)
according to the Fisher’s LSD test

FIGURE 6 pH values of plasma treated water for two different
treatment times. Distance from the edge of the glass tube of the
plasma jet and water surface was 1 cm
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3.2 | Atmospheric pressure plasma treatment
of distilled water - PAW

Unlike the case of low pressure treatments where seeds were
in direct contact with plasma, when it comes to APP
treatments the seeds are only indirectly influenced by plasma
through the imbibition with plasma activated water. CAT
activity and protein content are more affected when plasma is

further away from the liquid for all durations. While this may
be counter intuitive it could be the result of the liquid
interrupting the plasma at closer proximities or it may result
from the greater obstruction to the gas flow including more
likely turbulence for smaller proximity. During the water
treatment reactive species produced in the plasma are
transported to the gas-liquid interface from where they can
penetrate and/or induce chemical reactions and creation of
new species in the bulk liquid.[47,94] Some of these species,
like H2O2, O2

−, NO2
−, NO3

−, have direct influence on
processes in biological systems so changes in their
concentration should affect enzyme activity. Before using
PAW for imbibition of seeds, we havemeasured pH of treated
water and amount of dissolved oxygen (DO) after plasma
treatments.Measurements of pHwere performed as described
in experimental section and the results are presented in
Figure 6.

In Figure 6 we can see that plasma does not change
significantly the pH value of treated water. In other words,
we kept plasma treatment within the limits of only small
variations of pH value in order to avoid detrimental effect
due to a significantly changed pH factor. Its value is slightly
decreased, from pHCtrl = 7 to pHtreat = 6.7, after the
treatments (regardless of treatment time). Gregory D.
et al. showed that process of germination and seedling
growth of P. tomentosa seeds is influenced if the pH values

of the environment are below pH = 5.[95] If
the pH values are in the range 6–7, the
germination process and development of the
seedling is not influenced. Similarly, the CAT
activity in plants is pH-dependent.[96] Arabaci
and Usluoglu showed that the CAT activity is
significantly influenced if the pH value drops
below 4.[97] Therefore, taking into account
measured pH, our PAW used for imbibition of
P. tomentosa seeds should have negligible
influence on the enzyme activity and germina-
tion of seeds due to the change in pH.

Another parameter that was measured was
oxygen content in the water before and after the
treatment. The results are shown in Figure 7.
We can see that plasma treatment reduces the
oxygen content in water. The reduction of the
oxygen content can be assigned to the presence
of the helium flow.[98] The presence of He flow
above the water surface reduces the partial
pressure of O2 and therefore reducing the
solubility of oxygen in the water. The He flow
used in the experiment is sufficient to create
sparging effect and cause decrease of oxygen
content.[99] With an increase of the treatment
times at distance of 1 cm oxygen content is
reduced by 40%. Similar result is observed at

FIGURE 7 Dissolved oxygen content in treated water in the
control sample and after the treatments. Distance from the edge of the
glass tube of the plasma jet and water surface was 1 cm

FIGURE 8 Catalase activity of P. tomentosa seeds germinated in plasma treated
water, measured immediately (a), 1 d (b), 2 d (c), or 3 d after R light pulse (d). Results
for different treatment times (t) to obtain PAW and two distances are shown. The
band volume was recorded by using densitometric analysis. Data were normalized
using control signal. Values are means obtained from three independent experiments
shown with standard error. The values with the same letter indicate statistically
homogenous groups (p≤ 0.05), as per Fisher’s LSD test
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both distances. One has to bear in mind that oxygen content
cannot be directly correlated with CAT activity due to the
complexity of mechanisms involved.

Nevertheless, the seed germination is particularly sensi-
tive to oxygen deficiency. The oxygen requirement for seeds
typically varies depending on the species and their dormancy
status.[100] During early phase of imbibition, seeds consume
oxygen at slower rates, but at a much higher rate during
radicle protrusion and hypocotyl growth. For example,
Rajashekar and Baek show that oxygen limitation during
imbibition can produce adverse effects which may last during
early seedling growth and development. On the other hand,
adding of the hydrogen peroxide reversed the effect of
hypoxia resulting in normal hypocotyl elongation and stem
growth.[101]

CAT enzyme activity obtained after the imbibition with
PAW is shown in Figure 8. The samples were collected and
the CAT activity is measured in the same manner as in the
case of low pressure plasma treatments. As in the low-
pressure case, the data were normalized to signal of the
control group of the corresponding day. We can see that CAT
activity in samples that were imbibed with PAW is lower than
in the untreated samples immediately after the phytochrome
activation and in 2 subsequent days (see Figure 8(a–c)). Also,
the activity does not change significantly between day 0 and
day 1 (see Figure 8(a, b)). In both cases it is decreased

maximally 2.5–3 times if compared with control
samples. At day 2 we have even more reduction
in CAT activity, going up to 10 times lower than
untreated samples (see Figure 8(c)). In all cases,
the reduction in the activity is higher for PAW
treated with 1 cm distance between the plasma
jet tube and water surface than for the case of
0.5 cm distance. The decrease in CAT activity
within 3 d after R light pulse (Figure 8(d)) can be
to some extent correlated to the decreased level
of dissolved oxygen.

Significant increase in CAT activity oc-
curred 3 d after the R light pulse at 0.5 cm
treatment (Figure 8(d)), and it appears that this
increment corresponds to the initial phase of post
germination process, designated as phase of
radicle protrusion and elongation, as already
mentioned above.

Most likely CAT reserves are broken down
during early stages of germination and de novo
synthesis is occurring along with the radicle
protrusion. It should be noted that ROS produced
in PAW, especially hydrogen peroxide, could
mitigate the adverse effects of hypoxia, both
during imbibition and germination, as it can
generate free oxygen and water by CAT and
other catalysts including many transition metal

ions present in the seeds.[102] When density of radicals
increases it is likely that it would stimulate a greater
production of CAT. If that production is insufficient to keep
up with radicals, then depletion may occur. In addition,
several radicals and other active species may participate in the
kinetics of a particular enzyme. Active species produced in
PAW, such as nitrate (NO3

−) and nitrite (NO2
−) ions most

likely deposit on the seed surface, having an influence on seed
germination as well as on the CAT activity. The same is true
for hydrogen peroxide (H2O2). Although it could be expected
that H2O2 concentration increases with treatment time, which
would result in higher CAT activity, Figure 8 shows the
opposite results (lower CAT values for longer treatment time
of PAW), particularly for 0.5 cm treatment. Most likely
higher content of ROS produced in the case of 0.5 cm
treatment contributes to the higher levels of active species that
could impair the enzyme activity. Precise regulation of H2O2

accumulation by cell antioxidant machinery is crucial to
achieve a balance between oxidative signaling that promotes
germination and oxidative damage that prevents or delays
germination. According to “oxidative window” hypothesis
proposed by Bailly et al.,[103] both lower and higher levels of
ROS impair seed germination, and it is only possible within a
critical range of concentrations.

One subunit of 50 kDa was present in P. tomentosa seeds
in all treatments (Figure 9). The intensity of the band

FIGURE 9 Immunoblot analysis of catalase in P. tomentosa seeds germinated in
plasma treated water, measured immediately (a), 1 d (b), 2 d (c), or 3 d after R light
pulse (d). Results for different treatment times (t) to obtain PAW and two distances
are shown. The band volume was recorded by using densitometric analysis. Data were
normalized using control signal. Values are means obtained from three independent
experiments shown with standard error. Treatments denoted by the same letter are not
significantly different (p≤ 0.05) according to the Fisher’s LSD test
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corresponding to the CAT subunit appeared to decrease
significantly for both treatment distances in comparison to the
control sample, up to 3rd day after the R light pulse. A sharp
decline in CAT protein content (1.5–2 fold) was noticed
immediately after the R light pulse, for longer exposure
treatments at 0.5 cm distance (10 and 20min) and for all
treatments at 1 cm distance between the jet and water surface,
respectively (Figure 9(a)). CAT content in PAW treated seeds
showed similar pattern on the 1st and 2nd day after the
phytochrome activation (Figure 9(b, c)). Subsequent germina-
tion process (3 d after R pulse) resulted in an increase in CAT
protein content in seeds after the 0.5 cm distance PAW
treatment, but after the 1 cm PAW treatment it showed no
significant difference compared to control seeds (Figure 9(d)).

One should bear in mind that different levels of enzymatic
activity are not exclusively dependent on enzyme synthesis,
but on various other factors as well. Thus, in future studies it
would be advisable to take into account the differences
between the effect of plasma treatment on germination and
subsequent post-germination process of P. tomentosa seeds,
suggesting that CAT activity at these stages may be subject to
post-translational regulation.

4 | CONCLUSION

In this paper we have presented results of CAT enzyme
activity and protein content obtained during the second phase
of germination of P. tomentosa seeds (phase of phytochrome
activity). Two significantly different types of plasma treat-
ments were used. In the first type, the seeds were in direct
contact with plasma and, in the second, atmospheric pressure
plasma was used for obtaining PAW which is then applied to
the seeds. In the former case, for direct plasma treatments, we
have used low pressure RF discharge that was previously
shown to be a good solution for increasing germination
percentage of P. tomentosa seeds.[26,27] In the latter case, an
APPJ was used in order to obtain PAW and immediately after
the plasma treatment of water pH and dissolved oxygen
content were measured. In our case the pH does not change
significantly and stays in the range 6.5–7. Therefore, the
processes related to germination and protrusion of radicle
are not influenced by change in pH. On the other hand, the
percentage of dissolved oxygen in the PAW is decreased to up
to 40% compared to untreated water. This can influence the
germination process in negative way by reducing the
germination percentage, radicle protrusion, and slow early
seedling growth and development. However, PAW contains
H2O2 produced during plasma treatments which could
substitute for O2 deficiency and activate CAT genes for
synthesis of new proteins.

We have observed standard behavior of CAT enzyme
activity in control samples of P. tomentosa seeds. In these

samples the CAT enzyme activity increases in the first 3 d
after R light pulse. However, both plasma treatments used in
this study, low-pressure plasma seed treatment and PAW,
cause decrease in CAT activity/protein content in seeds
compared to the control samples in time period up to 2 d
after R light pulse. For low-pressure direct treatments
decayed levels of CAT activity and protein content are
correlated to the treatment times and pressures with the
biggest change for 600 mTorr and longest treatment time. In
the case of indirect PAW treatment we observed similar
behavior at the longest distance and for the longest
treatment time of PAW.

Differences in CAT activity/content noticed 3 d after the
inductive light pulse strongly suggest that approximately 48 h
after the R pulse P. tomentosa seeds enter the 3rd phase of
germination process-phase of radicle protrusion and elonga-
tion, i.e., germination sensu stricto is terminated and post
germination processes take place.[52] Moreover, discrete
differences on the level of CAT content could be distin-
guished between the treatments used in this study.
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Direct and Indirect Treatment of
Organic Dye (Acid Blue 25) Solutions
by Using Cold Atmospheric
Plasma Jet
Amit Kumar1,2*, Nikola Škoro1, Wolfgang Gernjak3,4, Dragan Povrenović 5 and Nevena Puač 1*

1Institute of Physics, University of Belgrade, Belgrade, Serbia, 2Faculty of Sciences, Universitat de Girona, Girona, Spain, 3Catalan
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Spain, 5Faculty of Technology and Metallurgy, University of Belgrade, Belgrade, Serbia

In this work, the direct and indirect removal of Acid Blue 25 (AB25) fromwater by using cold
atmospheric pressure plasma jet (APPJ) has been demonstrated. APPJ with a pin
electrode type configuration operating with argon as a working gas was used as a
plasma source for treatments. In this configuration, argon plasma was formed in the
contact with surrounding air over the liquid surface. The plasma was driven by using a high
voltage radio frequency (RF) power supply. The system was characterized by the
measurement of electrical characteristics and by employing optical emission
spectroscopy (OES). The electrical characterization gave information about the
voltages and currents, i.e., working points of the discharge, as well as power
deposition to the sample. OES recorded the emission spectra and confirmed several
existing reactive species in the gas phase of the plasma system. During the direct
treatment, AB25-containing solution was directly exposed to APPJ. The direct
treatment was performed by modifying various experimental parameters, such as initial
AB25 concentrations, treatment times, and input powers. In the indirect treatment, AB25
was treated by using plasma activated water (PAW). The characterization of PAW was
performed and various plasma-induced long-lived species, such as nitrate (NO3

−), nitrite
(NO2

−) and hydrogen peroxide (H2O2) have been quantified using colorimetric techniques.
Besides, blank experiments have been conducted with main constituents in PAW, where
AB25 was treated individually by NO3

−, NO2
−, and H2O2 and with a mixture of these three

species. As expected, with the direct treatment almost complete removal of AB25 was
achieved. The measurements also provided an insight into the kinetics of the degradation
of AB25. In the indirect treatment, PAW removed a significant amount of AB25 within
17 days. In the blank experiments, H2O2 containing solutions created a favourable
influence on removal of AB25 from liquid.

Keywords: atmospheric pressure plasma jet, acid blue 25, plasma treatment, plasma diagnostics, plasma-activated
water
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INTRODUCTION

Organic dyes are the major group of toxic pollutants that have
been constantly detected in the environment [1–3] with the textile
industries as the main source of dyes in the water bodies [4, 5]. It
has been estimated that 200 thousand tons of different dyes are
discharged every year into the environment during their
application process [6]. Therefore, around 17–20% of
industrial wastewater originates only from the textile industries
[7, 8]. From an environmental point of view, dye effluents can
lead to adverse effects on aquatic life, plant life as well as on public
health [6, 9–11]. However, it has been reported that many organic
dyes are extremely difficult to degrade by conventional
wastewater treatment plants due to their stable chemical
structures (e.g., aromatic rings) [12–14].

Many advanced oxidation processes (AOPs), with various
approaches including H2O2/Fenton, UV/TiO2, O3/H2O2, UV/
H2O2, UV/O3, ozonation have been studied for the treatment of
organic dyes from wastewater [15–17]. AOPs are known to
generate hydroxyl radical (HO), which is well known as a
powerful oxidant with an oxidation potential of around 2.86 V
[12, 17, 18]. HO can react and degrade almost all the non-
biodegradable stable organic compounds via abstraction of
hydrogen bond, electrophilic addition and electron transfer
reactions [10, 18, 19]. Many authors have reported that the
reactivity of non-selective HO towards most of the organic
substrates in the range of 106–1010 M−1s−1, which of course
depends on the nature of the target pollutants [10, 17, 18, 20, 21].

In recent years, cold atmospheric plasma (also known as non-
thermal or non-equilibrium plasma) has gained attention and proven
to be an alternative tool for the oxidation of organic contaminants
from water due to the abundant production of reactive species
without addition of chemicals and increment of ambient
temperature [22–26]. Cold atmospheric plasma is an electrically
conductive gas and multi-component system of high-energy
electrons, and reactive species, negative and positive ions, neutrals,
metastables with thermal energies, and photons of different
wavelengths [27–31]. It has been frequently tested for variety of
applications, including agriculture [32], destruction of toxic gases
[33], food preservations [34], medicines [27], surface modification
[35], etc.

Although plasma can be formed inside a liquid, plasma formed in
the gas phase above the liquid target require lower operating voltages.
Plasma in contact with liquid has been demonstrated by many
researchers to be suitable for the successful treatment of various
organic pollutants, such as organic dyes [25, 36, 37], pharmaceuticals
[21, 38], pesticides [39, 40], and so on. Plasma interacts with liquid
leading to the formation of several reactive oxygen (ROS) and
nitrogen species (RNS): HO, O, H2O2, NO, ONOOH, O3, etc.,
that proved to be highly effective in the elimination of a high
range of organic pollutants from water [13, 19, 26, 41–43].

Various APPJ with different reactor configurations were used
and reported as promising plasma sources for the treatment of
dye-containing polluted waters [11, 14, 22, 44, 45].

Generally, in the direct treatment process, where the solution
is directly exposed to the plasma formed in the gaseous phase,
several factors such as high energetic electrons, short and long-

lived ROS and RNS, UV emission, electric field, all originating
from the active plasma volume, can play a significant role in the
degradation of organic dyes [24–26, 41]. However, in case of
PAW application i.e. indirect treatment only long-lived ROS and
RNS that remained in the water after plasma treatment can be
responsible for the degradation [42, 46–50].

AB25 dye is widely used for dyeing wool, silk, polyamide,
leather and mixed fabric [51, 52]. AB25 has an anthraquinone
structure with three fused aromatic rings, which makes the
molecule resistant to oxidation by conventional wastewater
treatment [13, 53, 54]. Anthraquinone dyes together with azo
dyes are the most commonly used in the textile industries [55].

In the present study, AB25 dye was selected as a model
anthraquinone compound. The removal of AB25 was carried
out with direct exposure to APPJ and by using the
PAW—indirect treatment. To the best of our knowledge, we
could not find a similar report in the literature. The electrical
characterization of the plasma system was performed and power
deposition to the sample was determined. OES was carried out to
study existing short-lived reactive species in the plasma. In
indirect AB25 treatments, quantification of long-lived reactive
species in PAW was performed. Then, AB25 treatment results
with PAW and with chemicals were compared.

MATERIALS AND METHODS

Characteristics of AB25
AB25 (product number: 210684; purity: 45%; chemical formula:
C20H13N2NaO5S; chemical class: anthraquinone; classification:
anionic; maximum absorbance: 602 nm) was purchased from
Sigma Aldrich. A stock dye-containing solution with a
concentration of 50 mg/L was prepared by dissolving an
adequate amount of analytical grade of AB25 in distilled
water. The lower concentration was achieved by the addition
of distilled water into the stock solution.

Plasma System
The schematic diagramof the experimental setup is given inFigure 1.
APPJ consists of glass and ceramic tubes and a stainless steel electrode
(powered electrode). The powered electrode is a 1mm diameter
stainless steel wire with a sharpened edge placed inside a ceramic
tube, both axially positioned. The outer and inner diameters of the
glass tube are 6 and 4mm, respectively. The inner powered electrode
is connected to the high voltage (HV) source. The sample vessel was
grounded with a copper tape placed at the bottom side via a 1 kΩ
resistor. A commercial high voltage RF power supply (T&C Power
Conversion AG0201HV) provided a sine signal at the frequency of
330 kHz. Argon (5.0 purity) was used as a feed gas with a flow rate of
1 slm (standard liters per minute) and the flow rate was controlled
through a mass flow meter (OMEGA, FMA5800/5500). We have
chosen argon as a feed gas because it reduces the breakdown voltage
of the discharge. The discharge is ignited in themixture of argon with
air. For discharge in air we would need tens of kV of applied voltage
and our power supply was a limiting factor. The distance between the
tip of the powered electrode and the surface of the liquid sample
placed underneath was 10mm. In all experiments, the sample
volume was 5ml.
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The voltage at the powered electrode was determined by a high
voltage probe (Tektronix 6015A). The current at the powered
electrode was measured with a current probe (Agilent N2783B).
The voltage drop across the 1 kΩ resistor used to establish the
current in the grounded part was recorded using a voltage probe
(Agilent 10073C). The time variable voltage and current signals
were monitored by using an oscilloscope (Tektronix MDO3024).
Simultaneously, the data from the oscilloscope was transferred to
a laptop for further analysis. The power delivered from the power
supply to the plasma source and the power in the grounded line,
i.e., the power deposited from the plasma passing through the
sample, were calculated.

An example of the recorded voltage and current waveform
during the direct treatment of AB25 is displayed in Figure 2.

The mean power at the source was determined by averaging
the instantaneous power (product of measured voltage and
current) over a time interval of 6 periods.

Pmean � 1
nT

∫
T2

T1

v(t) × is(t) × dt (1)

Where, Pmean: mean power at the source; v(t): voltage signal at the
source; is(t): current at the source: nT = T2–T1.

The mean power at the ground (in contact with the sample)
was similarly determined.

Pmean � 1
nT

∫
T2

T1

v(t) × ig(t) × dt (2)

With ig(t): current at the ground:

ig(t) � vR(t)/R (3)
Where Pmean: mean power at the sample; vR(t): voltage drop at the
resistor; resistance R = 1 kΩ.

Optical Emission Spectroscopy
OES spectra of excited species in the plasma systemwere captured
by using Maya2000 Pro-UV-NIR (Ocean Insight-High Sensitive
Spectrometer) and an optical fiber (M114L02). The fiber diameter
(core) and length were 600 µm and 2 m, respectively. The
position of the fiber enabled the recording of the emission
from the whole volume of the plasma jet. The emission was
recorded in the range of 200–1,100 nm with the exposure time of
10 ms. The background spectra (without plasma) was subtracted

FIGURE 1 | Schematic diagram of the experiment and a photo of APPJ over the liquid surface.

FIGURE 2 | Typical voltage (source) and current (source and ground)
waveforms measured during the plasma generation.
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from the plasma emission spectra. The spectral intensity was
corrected for the optical system efficiency.

Direct and Indirect Plasma Treatment
During the direct treatment, AB25-containing solution was
directly exposed to APPJ and the solution was characterized
immediately after the treatment. In the indirect treatment, AB25
was treated by mixing with plasma-activated water (PAW). The
PAW was generated by exposing distilled water to APPJ for
10 min. After PAW was added into AB25 solution, we monitored
and analysed the solution for several days to understand the role
of long-lived reactive species in PAW on AB25 degradation.
Schematics of both processes are illustrated in Figure 3.

Solution Analysis
A spectrophotometer (Beckman Coulter DU 720 UV/Visible)
with a 5 ml cuvette was used for the investigation of AB25 dye
degradation. The maximum intensity of the AB25 absorbance
occurs in the visible region at 602 nm and this wavelength was
used to detect the degradation of the dye by direct plasma or
PAW [56]. It is expected that during degradation of the AB25
through the chemical oxidation process the color donating
chemical moiety will be influenced thus eliminating the
molecule’s capacity to absorb light in the visual region.

AB25 removal efficiency was determined by using Eq. 4:

Removal(%) � Co − C × d

Co
× 100 (4)

Whereas Co (mg/L) is the initial dye concentration, C (mg/L) is
the final dye concentration after the treatment and d is the
evaporation coefficient.

The energy yield (Y), defined by the removal of AB25 per unit
power deposition to the sample that was determined by Eq. 5

Y( mg

kWh
) � Co(mg

L ) × Vo(L) × 1
100 × Removal(%)

Pmean at the sample (kW) × t(h) (5)

Where Vo indicates the initial volume of solution (in liters), Pmean

is power deposition at the sample (in kW) and t is the treatment
time (in h).

The energy yield at 50% removal was calculated by the
following Eq. 6

Y50 ( mg

kWh
) � Co(mg

L ) × Vo(L) × 1
100 × Removal(50%)

P(kW) × t50(h) (6)

The determination of long-lived ROS and RNS in the PAW was
performed. After the plasma activation, the PAW was immediately
characterized, and the concentrations of NO3

−, NO2
− and H2O2 are

determined by using a UV/Visible spectrophotometer. In order to
determine the concentration of H2O2, titanium oxysulfate (TiOSO4)
reagent was added to the PAW. H2O2 in the PAW reacted with
TiOSO4 giving a yellow colour and the absorbance was recorded at
407 nm. NO3

−/NO2
− were measured by using Griess assay kits

(Nitrate test—1.09713.0002, Nitrite test—1.14776.0002, Merck).
NO3

− was measured with the use of sulphuric acid (H2SO4) and
nitrate reagent. However, NO2

−was determined by using H2SO4 and
nitrite reagent. The absorbance of the formed complexes were
recorded at 357 and 525 nm for NO3

− and NO2
−, respectively.

In all treatment processes, the solution conductivity and pH
are measured by a conductivity (HANNA-HI76312) and a pH
(HANNA-HI1330) meter, respectively. The pH meter measures
the concentration of hydrogen ions (H+). Hence, the
concentration of H+ ions based on the measured pH of treated
and untreated solutions was determined and discussed in Direct
Plasma Treatment of AB25.

RESULTS AND DISCUSSION

Characterization of Plasma
Electrical Characterization of Plasma
Volt-ampere (V-A) characteristics of the pin-APPJ system were
investigated and power deposition was calculated for different

FIGURE 3 | Schematics of the direct and the indirect treatment.
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input conditions. The characterization was done in the identical
conditions as in treatments, with the AB25 aqueous sample as a
grounded target and Ar flow of 1 slm.

The results of electrical characterization are given in Figures 4,
5. Figure 4A represents the V-A at the jet, while Figure 4B shows
the V-A of the plasma in contact with the sample. In both plots,
RMS (root mean square) values of the voltage and appropriate
current are presented. The linear part of the dependence
represents the conditions when plasma is not ignited. At
around 1.6 kVRMS voltage the plasma was ignited resulting in
a considerable reduction in voltage. One needs to keep in mind
that here we did not measured the breakdown voltage but the
operating voltage. With a further increase of power given by the
RF power supply after plasma ignition, operating voltage did not
change significantly and remained at about 1.1 kVRMS. However,
after ignition, the values of IRMS at ground, i.e., in the plasma,
raise more than 50%. In comparison to the IRMS in the source,
IRMS in the part of the circuit that includes the sample were
observed to be more than two fold lower.

The most important parameter for plasma treatments is power
deposited into the plasma system. The variation in the power
deposition at the source and sample are illustrated in Figures
5A,B, respectively. For the lowest powers applied, when the
plasma was not ignited, it was observed that there was a small
power deposition of 1–2W at the source even though the system
is mainly capacitive. This is due to the small resistive impedance
of the electrical connections and components. When the applied
voltage increased above 1.6 kVRMS the breakdown occurs and
with the inception of plasma the power deposition is increased.
We can see that the increase of the power deposited in the system
occurred while the voltage stayed almost constant or slightly
decreasing indicating that the power increment is significantly
due to the higher current in the source and through the ground
i.e., in contact with the sample. Of particular importance was to
calculate the power at the ground, i.e., deposited in the part of the
electrical circuit in contact with the sample. It can be observed in
Figure 5B that when the plasma was ignited the power delivered
to the sample was in the range of about 5–11W.

FIGURE 4 | V-A characteristics representing RMS voltage as a function of RMS current at source (A) and RMS current at the ground—in contact with the sample
(B) Working gas: Ar 1 slm.

FIGURE 5 | Variation of mean power deposited in the plasma as a function of RMS voltage (A) mean power at the source (B) mean power at the ground.

Frontiers in Physics | www.frontiersin.org February 2022 | Volume 10 | Article 8356355

Kumar et al. Cold Plasma for Wastewater Treatment

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


Optical Characterization of Plasma
OES was used for the detection of excited species in argon plasma
in the air interacting with the liquid. A typical OES spectrum
during AB25 treatment in the range of 200–1,100 nm can be seen
in Figure 6. Excited species such as hydroxyl radical (HO),
atomic hydrogen (H), atomic oxygen (O), atomic argon,
nitrogen second positive system (SPS), nitrogen first positive
system (FPS) and nitrogen first negative system (FNS) were
observed.

A-X band of HO and Hα line were detected with maximum
emission of at 309 and 656.2 nm, respectively. In the discharge HO
emission could have originated due to dissociative excitation of water
molecules in collisions of electron or argon metastables [57–59]. The
main source of water molecules in the gaseous phase or discharge
regionmostly comes from the evaporation of the target sample due to
the effect of purging caused by gas flow or could be via local heating
caused by the impact of heavy ions in APPJ [57, 60]. Since the plasma
was ignited in the mixture of argon with the surrounding air, excited
argon lines, molecular nitrogen bands and atomic oxygen lines were
present. The emission of O lines were at 777.5 and 844.6 nm, excited
molecular nitrogen SPS between 300 and 405.8 nm with intensive
band-head at 337.7 nm. For the molecular ions, the nitrogen
molecular FNS between 391.4 and 428 nm and a weak intensity
of FPS are also present. Excited argon lines were observed in the
spectral region between 696.5 and 965.7 nm and the strongest
emission occurred at 773.5 and 811.5 nm, respectively. The
formation of O and molecular nitrogen can be attributed to the
reactions of energetic electrons or argonmetastables with ambient air
[57]. Many authors have reported that HO and O radicals are
considered as one of the main short-lived ROS in the plasma
discharge, and they can directly react with organic pollutants
which lead to degradation [14, 19, 24, 61].

Emission intensities are determined with various input powers.
Figure 7 illustrates that the emission intensities of HO, H, nitrogen
SPS, excited argon as a function of deposited power to the sample
(ground). It can be observed that the spectral emission intensity of the
species increases almost linearly with the increase in deposited power.
The largest change in the intensity occurred with species such as O
(844.6 nm), nitrogen SPS and excited argon, whereas the intensity of
HO, H, and O (777.5 nm) only slightly increases with input powers.
The observed influence of input power correlates with results
presented by other researchers [57]. Changes in emission
intensities with power are related to higher energy delivered to the
plasma. Higher power probably could lead to an increase in the
electron temperature as well as electron density which influences the
emission intensity of excited species [62]. From the viewpoint of
treatments, higher intensities and concentrations of reactive species
are the essential factors in order to degrade organic pollutants [11,
44]. The OES is a simple and, more important, non-intrusive
diagnostic technique that can give information about the excited
atomic, molecular and ion species. Its simplicity makes it readily
available and the obtained results can be easily interpreted. However,
they do not give the whole picture about the plasma chemistry
(especially in the gas phase). This can be done by using the Fourier
transform infrared (FTIR) spectroscopy, which was not readily
available in our case. In the literature, FTIR analysis was carried
out to analyze long-lived reactive species in the gas phase. For
example, in the study of [11], FTIR analysis was performed to
characterize the plasma-liquid interaction, where a plasma jet was
formed over the liquid surface in ambient air. It was found that FTIR
confirmed the presence of various reactive species (e.g., O3, NO2,
HNO3, HNO2, etc.) during plasma–liquid interaction in ambient air.
[63] have demonstrated the effect of a water surface on the
production of reactive species and FTIR spectroscopy was applied
to identifyO3 andNO2 in the far-field of the cold atmospheric plasma
jet. [64] investigated the synthesis of nanoparticles in liquid with cold
atmospheric plasma and they have used FTIR for surface
characterization of the TiO2. Another diagnostic technique that

FIGURE 6 | The emission spectrum of Ar—APPJ in contact with ambient
air and over a liquid surface. During the diagnostics, AB25 was placed under
APPJ, Vo = 5 ml, Ar 1 slm, Pmean at the sample 11 W. Inset plots show parts of
the spectrum zoomed.

FIGURE 7 | The emission intensity of excited species under various input
powers in contact with the sample at Vo = 5 ml and Ar flow 1 slm.

Frontiers in Physics | www.frontiersin.org February 2022 | Volume 10 | Article 8356356

Kumar et al. Cold Plasma for Wastewater Treatment

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


can give information about plasma chemistry (both radicals, atoms,
molecules, and ions) is mass spectrometry at atmospheric pressure.
We have performed characterization of various plasma sources that
operate at atmospheric pressure by using HIDEN HPR60 and
obtained mass spectra of neutral radicals (atoms/molecules) and
ions (results are presented here) [65–68].

Direct Plasma Treatment of AB25
In the direct treatment process, the effect of various experimental
parameters, including initial concentration of AB25, treatment time
and power deposition on the degradation of dye was investigated.

Effect of Initial AB25 Concentration
In the laboratory-scale experiments, two initial concentrations of
AB25 were used. The degradation of dye in the solutions as a
function of treatment time is given in Figure 8A. With the

increase of treatment time, the concentration of AB25 was
decreased exponentially. In both cases, the degradation was
significantly more pronounced in the first 5 min. The removal
efficiency values were about 87% for 25 mg/L and 73% for 50 mg/
L within 5 min. In case of lower initial concentration, the
destruction of AB25 for the longest treatment time (10 min)
was about 100%, whereas for the two times greater initial
concentration the obtained removal efficiency was around
93%. It can be expected that for a longer time the higher
initial concentration of AB25 would be completely removed.

Visually, the change in the coloring of the sample can be
observed in Figure 9. For lower AB25 concentration and within
10 min of treatment time, dye almost disappeared. On the other
hand, for the higher concentration, the solution was not
completely colorless.

The kinetic study was performed in order to understand the
degradation rate of AB25. It was found that the degradation of
AB25 for both initial concentrations followed the first-order
kinetics during investigated treatment duration (Figure 8B)
with good regression coefficient values (R2 ≥ 0.98).

First-order kinetics is defined by the following Eq. 7, where k is
rate constant and t is treatment time.

C

Co
� e−kt (7)

The half-life (t1/2) AB25 decomposition time was determined
by the given Eq. 8 and shown in Table 1.

FIGURE 8 | Decrease of AB25 concentration (C) as a function of treatment time (A) and logarithmic illustration of AB25 concentration decrease and removal
percentage with treatment time (B) at Vo = 5 ml, Ar flow 1 slm and Pmean at the sample 11 W.

FIGURE 9 | Colour change of AB25 samples during the direct treatment
by APPJ (A) Co = 25 mg/L (B) Co = 50 mg/L at Vo = 5 ml, Ar flow 1 slm, and
Pmean power at the sample 11 W.

TABLE 1 | Degradation rate constants and half-life at two different AB25
concentrations in the sample.

AB25 concentration (mg/L) First-order rate constant
k (min−1)

R2 t1/2 (min)

25 0.512 0.98 1.35
50 0.263 0.99 2.63

*R2: Regression coefficient.
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t1/2 � 0.693
k

(8)

It can be inferred from Table 1 that the lower initial
concentration of AB25 promotes the higher degradation rate
constant. The half-life time for 25 mg/L was almost 2 times lower
than 50 mg/L, which attributed to a faster degradation rate for the
lower AB25 initial concentration. The higher concentration of
AB25 means a higher number of dye molecules in the solution,
whereas the formation of plasma species remains almost the
same. Moreover, at the higher concentration, intermediate
products may become more relevant and not all introduced
plasma species continue reacting with the original AB25
molecules (competition with intermediates). Yet, concerning
that equation for first-order kinetics (7) precisely fits the data,
the effect involving intermediate products is not pronounced.
Almost a similar behavior was reported in the previous research
on the degradation of AB25, where DC glow discharge was
formed in ambient air over the liquid surface [9].

Ghodbane et al. [9] have studied the degradation of AB25 with
direct exposure to glow discharge, whereas plasma-treated
samples were characterized by using HPLC and HPLC-MS.
They have reported that the key reactive species such as high
energy electrons, O3, and HO can attack at various positions of
AB25 molecules and lead to the formation of low molecular
weight residues. For example, initially, the reactive species can
attack various chemical bonds in the AB25 molecule, including
amino, sulfonic and vinylsulfonyl since they are located far from
anthraquinone rings (stable), and then various bonds in
naphthaquinone rings can be eliminated. It was found that
low molecular weight products such as pyrocatechol, 3,6-
diamino-4-methylphthalic acid, benzene, and 2,5-
dimethylphenol appeared due to oxidation of AB25. [69] have
investigated the degradation of AB25 with AOPs (e.g., UV-H2O2

and UV-TiO2), and they reported the possible degradation
pathways for AB25. It was mentioned that degradation can be
initiated by attacking at C-N bond to separate the aromatic ring and
then hydroxylation in the secondary amine position. In further steps,
splitting of quinone ring leading to the formation of 2-amino-4-(2-
carboxybenzoyl)-5-hydroxybenzenesulfonate, after that it further
oxidizes to phthalic acid and then turns into formic and oxalic
acids. Finally, ending up with complete mineralization of the dye. In
the study of [70] corona discharge was used for degradation of AB25.
Authors reported degradation pathways of AB25, whereas O3 and
H2O2 were the major reactive species that are responsible for
degradation. The products such as CO2, H2O, SO4

2−, NO3
− were

found by the end of treatment.
The energy yield was calculated and it depended on the

removal percentage of AB25 for both initial concentrations.
The energy yield was higher at the beginning of the treatment
(shorter treatment times) due to a faster degradation rate.
However, for fixed removal percentage the difference in the
energy yield was not significant for both initial AB25
concentrations. In this case, the energy yield was about
259 mg/kWh for 50 mg/L and 252 mg/kWh for 25 mg/L at
50% removal, respectively.

The pH and the conductivity of the treated solutions were
also measured. The results are presented in Figure 10. For
both initial concentrations, the pH changed in the same way
and it drastically dropped with the treatment time. After
10 min of treatment time, the final pH was about 2.5. The
decrease in the pH can be attributed to the formation of acidic
molecules (e.g., HNO3 and HNO2) and the higher
concentration of hydrogen ions (H+) inside the solution
[11, 71–73]. Based on measured pH, the concentration of
H+ ions was determined by Eq. 9 [74]. The concentration of
H+ ions with treatment time is plotted in Figure 10A, where it
increased linearly with treatment time.

[H+] � 10−pH (9)
It was observed that the conductivity of the treated solutions

increased with the increase in treatment time. The initial
conductivity, which was quite small (21–31 μS/cm), was
enhanced up to about 850–900 μS/cm after 10 min of
treatment. The conductivity was somewhat higher for the
higher initial concentration of AB25, but the difference was
not significant. The electrical conductivity is determined by
the Kohlrausch law taking into account the concentration and
nature of ions inside solution, whereby H+ ions can contribute
strongly because of the Grotthus proton-hopping mechanism
leading to an exceptionally high limiting molar ionic conductivity
(349.8 S cm2/mol). Figure 10B shows that the H+ ions
concentration measured against conductivity has a linear
dependence.

Effect of Input Power on AB25 Degradation
The influence of deposited power on AB25 degradation was also
investigated. The experiment was carried at the initial AB25
concentration of 50 mg/L and treatment time of 5 min. In
Figure 11, the effect of the deposited power into the discharge
on the change in AB25 concentration and removal percentage is
shown. As expected, the higher degradation of AB25 was
accomplished when there was more power transferred to the
sample. At higher input power, more energy can be delivered to
the plasma to support the formation of more reactive species. It
was evident from OES result (Figure 7), where emission
intensities of reactive species increased with input powers.
Therefore, the presence of more reactive species in the gas
phase can lead to the degradation of AB25. The observed
effect was illustrated in various papers, showing that input
power played a beneficial role in the degradation of various
organic dyes [75, 76].

The kinetic curves for the removal of AB25 as a function of
deposited power are shown in Figure 11. In the first-order
reaction (Eq. 7), the time was replaced by input power to
determine what is more cost-efficient: to increase the power or
to use a longer treatment time. The value of the rate constant
revealed that increasing the input power shows slower
degradation compared to increasing the treatment time. A
modified first-order and half-life equation is described by a
given equation.
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C

Co
� e−k′P (10)

It takes about 7W of input power to decompose 50% of AB25
(Table 2), calculated by Eq. 11.

P1/2
′ � 0.693

k′ (11)

Since the treatment was carried out at different input powers, the
energy yield was also determined based on the amount of power
consumed to remove 50% of AB25 at a fixed treatment time of 5min
and AB25 concentration of 50mg/L. The calculated energy yield was
about 203mg/kWh. Comparing to Table 1 for 50% proves that
removal varying the power at fixed treatment time was not cost-
effective. It is more effective to use lower power and longer
treatment times.

Indirect Plasma Treatment of AB25
In the indirect treatment, AB25 was treated with PAW and, as
control experiments, with solutions containing: (a) H2O2 (b)
NO3

−, (c) NO2
− and (d) H2O2 + NO3

− + NO2
−.

The control experiments were commenced taking into
account that PAW is a cocktail of various long-lived stable
species (e.g., H2O2, NO3

−, NO2
−, ONOOH, O3, etc.) [27, 48].

In this study, the PAWhas been generated by exposure of distilled
water for 10 min to APPJ argon plasma, with deposited power
delivered to the sample of about 11W and with Ar flow of 1 slm.
After the generation of PAW, concentrations of several identified
species were measured and the measured values are:
H2O2—255 mg/L, NO3

−—222 mg/L, NO2
−—0.06 mg/L. After

the activation, it was observed that the pH dropped from
about 6.5 to 2.62 and conductivity increased from around 12
to 708.4 μS/cm, respectively. Many authors have worked on the
generation and characterization of PAW, where they quantified
various long-lived ROS and RNS [14, 57, 77, 78].

It was evident from OES spectra, that HO., O., H. and nitrogen
species were formed in the plasma discharge. These species could
contribute to produce varieties of oxygen and nitrogen-based species
in the gaseous phase as well as at the gas-liquid interface. The
generated species could transfer into the liquid phase and be
converted to long-lived species, such as H2O2, NO3

−, and NO2
−.

The comprehensive overview of the origination of ROS and RNS
during plasma and liquid interactions has been investigated by several
authors [19, 24, 41, 79].

H2O2 is the key active ROS formed in the PAW [14, 42], with
an oxidation potential of 1.77 V [24]. The formation of H2O2 can
be attributed mainly due to the recombination reactions of HO
radicals, generated during plasma and liquid interactions [9]. The
most dominant and straightforward reaction pathways in the
gaseous phase which contribute to the production of H2O2 are
described by Eqs 12, 13 [14, 25, 48, 57, 79].

e− +H2O → H · +HO · +e− (12)
HO · +HO ·→ H2O2 (13)

FIGURE 10 | The variation in (A) solution pH and hydrogen ion (H+) concentration with treatment time (B) hydrogen ion (H+) concentration with conductivity.

FIGURE 11 | Normalized decrease of AB25 concentration shown in
logarithmic scale and removal percentage as a function of power deposition to
the sample. The initial concentration of AB25 was Co = 50 mg/L, treatment
time 5 min, Vo = 5 ml, Ar flow 1 slm.
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The formation of NO2
− and NO3

− in the PAW can be
generated due to the dissociation of acids such as HNO2 and
HNO3 [42, 79]. Both acids can be formed from the reaction of N2

and O2 in the gaseous phase as well as at the gas and liquid
interface. NO2

− and NO3
− inside the liquid can be formed

through the following possible reaction pathways [42, 79].

e− + O2 → 2O · +e− (14)
e− +N2 → N · +N · +e− (15)
N · +HO ·→ ·NO +H· (16)

O · +N ·→ ·NO (17)
·NO +HO ·→ HNO2 (18)
HNO2 → H+ +NO−

2 (19)
HO · +H2O2 → HO2 · +H2O (20)

·NO +HO2 ·→ HNO3 (21)
HNO3 → H+ +NO−

3 (22)
The presence of long-lived species, including H2O2, NO2

− and
H+ in the liquid with a lower pH can produce peroxynitrous acid
(ONOOH), which is a powerful oxidizing agent with an oxidation
potential of 2.0 V [46]. ONOOH can also be decomposed and it is
possible to generate HO via the following reaction mechanism
[48, 79].

H+ +NO−
2 +H2O2 → ONOOH +H2O (23)

ONOOH → HO · + ·NO2 (24)
After creation, PAW was immediately mixed with AB25-

containing solution. Based on the quantified concentration of
species that were produced in PAW, four different solutions,
namely (I) H2O2, (II) NO3

−, (III) NO2
− and (IV) H2O2 + NO3

− +
NO2

−, were prepared and mixed with AB25-containing solution
as control experiments. The PAW and AB25 containing solution,
as well as, solutions (I)–(IV) and AB25 containing solution have
then been followed and periodically characterized for 17 days to
check the influence of long-lived reactive species on the
degradation of AB25. The initial pH of each solution were
measured and the measured values are: pH of PAW +
AB25—2.97, H2O2 + AB25—4.22, NO3

− + AB25—6, NO2
− +

AB25—6, and H2O2 + NO3
− + NO2

− + AB25—4.55.
The effect of PAW and chemicals on the degradation of

AB25 is shown in Figure 12. There was no degradation
observed immediately after the PAW or solutions (I)–(IV)
were mixed with AB25 containing solution (at 0 days).
Degradation was noticed after a couple of days of experiment.
The solutions containing individual chemicals (II)—NO3

− or (III)—
NO2

− did not play any significant role up to 17 days (almost
negligible). In case of solution (I)-H2O2 the degradation of the
AB25 became significant after 8 days ending at close to the 50%.

The mixture of all three chemicals solution (IV) gave slightly better
results in the first days after the solution (IV) was added to the AB25
solution, but on day 17 the removal percentage was similar as in case
of only solution (I)—H2O2. The degradation of AB25 was more
pronounced with a combination of all three chemicals in the first
10 days, whereas almost the same influence occurred with both cases
in between 14 and 17 days. Such influence could attribute to the
formation of other reactive species in the solutionwith the presence of
H2O2 + NO3

− + NO2
−, which might be responsible for the faster

degradation in the first 10 days. The best degradation rate was
obtained when AB25 solution was mixed with PAW with the
maximal removal percentage of about 71% within 17 days. The
PAW seems to have a significant influence on the depletion of
AB25 compared to the solution with chemicals. Such difference can
be explained by the probability of the formation of other reactive
species in PAW, which supported and contributed to faster
degradation. In the study by Cadorin et al. [46] and Moussa et al.
[47], it was reported that the presence of ONOOH in the plasma-
activated solution favored the degradation of organic dye (methyl
orange).

To examine the effect of low pH on AB25 removal, an
additional experiment with a control sample was performed,
where hydrochloric acid (HCl) was added into AB25 solution
to maintain a low pH of 3.04. It was observed that the
concentration of AB25 almost remained the same within

FIGURE 12 | Effect of PAW and artificial RONS solutions on the
degradation of AB25. The initial concentration of AB25 was 25 mg/L. The
concentration of AB25 was intermittently measured during 17 days.

TABLE 2 | Degradation rate constant and half-life at different power in plasma.

AB25 concentration (mg/L) Treatment time (min) First-order rate constant
k’ (W−1)

R2 P’1/2 (W)

50 5 0.093 0.97 7.38
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17 days. Hence, only in acidic conditions, there was no significant
acid-catalyzed hydrolysis of AB25.

To allow comparison to the long-term effects of the
indirect treatment, direct treatment experiments were
carried out with two different initial AB25 concentrations
and the plasma-treated solutions were kept and analyzed for
17 days as in the indirect case (e.g., with PAW and reagents).
The objective was to investigate the effect of formed long-lived
ROS and RNS on the degradation of AB25 after direct
exposure to APPJ. After 5 min of treatment, the
concentration of AB25 decreased from 50 mg/L to about
16 mg/L and 25 mg/L to about 3 mg/L, respectively. Here,
AB25 solution was not directly treated for a longer duration
because of evidence from the direct treatment indicating that
higher treatment time favored almost complete degradation.
Therefore, the treatment time was kept short so that the effect
of long-lived reactive species on the degradation of residual
AB25 after the direct treatment could be studied.

As shown in Figure 13, it was observed that there was minor
decay of AB25 concentration after the analysis of the plasma-treated
sample for several days. Since H2O2 was the important long-lived
ROS in the indirect treatment process (Figure 12) we can assume that
insufficient amount of H2O2 remained after the direct exposure of
AB25 solution to APPJ due to its role in degradation processes. This
revealed that dominant HO. was consumed immediately after it was
formed and consequently reacted with dye molecules.

CONCLUSION

The treatment of AB25 with direct APPJ exposure, with PAW,
and with solution of mixed chemicals have been studied. A pin-
type APPJ was studied as a potentially efficient tool to remove
AB25 from water. The plasma characteristics of pin type-APPJ
including electrical characterization with calculations of mean
power deposited to the discharge were presented. OES shows the
emission spectra of the discharge with various reactive species
(e.g., HO, O, H etc.). The plasma was ignited in amixture of argon
with the surrounding air, hence there was a significant presence of
argon lines, the nitrogen molecule and ion bands. In the emission
spectrum, HO as well as O radicals, were the most important
detected short-lived species, since they could attack AB25
molecules and contribute to degradation. It was also noticed
that the emission intensities of these species increase with the
input power. The increase of the emission intensity of reactive
oxygen species such as HO and O (844.6 nm) was more
pronounced with input power, whereas O (777.5 nm) emission
intensity increased only slightly.

In the direct treatment process, the removal rate of AB25 was
increased by decreasing the initial AB25 concentration. The removal
efficiency was about 87% with a lower concentration of 25mg/L and
73% with a higher concentration of 50mg/L within 5min of
treatment and power deposition of 11W. Almost complete
removal was obtained with a treatment time of 10min and at
AB25 concentration of 25mg/L and power deposition of 11W.
For both initial concentrations, the degradation rates followed the
first-order kinetics. An explanation for a continued first-order
degradation could be that the bulk of the AB25 degradation
happens through a species that reacts selectively with AB25 and
that it is present in a pseudo-steady-state concentration. It was
observed that the degradation is enhanced with the increase of the
input power and this was supported with OES results. On the other
hand, the increase in power does not lead to such a significant increase
in the degradation rate as compared with the increase in
treatment time.

The indirect treatments of AB25 with PAW and with solutions
containing main PAW chemicals and their mixture were
performed and compared during 17 days monitoring period. It
was observed that the degradation was higher with PAW and with
the mixture of H2O2 + NO3

− + NO2
−. Within 17 days, the highest

removal efficiency was found to reach about 71% when AB25
solution was mixed with PAW. However, individual reagents
such as NO3

− and NO2
− did not contribute any major role to the

degradation. AB25 solution was also kept at low pH without any
reagents, the results confirm that acidic condition does not
influence degradation.

Apart from indirect treatment experiments, samples after
the direct treatment by APPJ were kept and characterized for
17 days to facilitate comparison. It was noticed that there was
no significant difference in the concentration of AB25, which
indicated that there might be unavailability of enough long-
lived ROS in the solution (e.g., H2O2).

Considering all experimental results, it can be concluded that
removal of AB25 from water can be accomplished in a direct
treatment with APPJ, indirect treatment with PAW, as well as

FIGURE 13 | Follow-up of extended effect of the long-lived species on
the degradation of AB25 after the direct plasma treatment. The initial
concentrations of AB25 samples were Co1 = 25 mg/L and Co2 = 50 mg/L
which were treated directly by APPJ, treatment time 5 min, Ar flow 1 slm,
V0 = 5 ml, Pmean at the sample 11 W. Concentrations of AB25 were measured
immediately after the direct plasma treatment and then intermittently during
next 17 days.
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adding H2O2, and mixture H2O2 + NO3
− + NO2

−. The depletion
of AB25 was faster after the direct treatment with APPJ and
slower for indirect treatment with PAW and with added
chemicals.
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Abstract: The adsorption of the antibiotic ciprofloxacin (CIP) from an aqueous solution by natural
zeolite, the calcium-rich clinoptilolite (CLI), and magnetite-coated CLI (MAG-CLI) was investigated.
Both CLI and MAG-CLI showed a high adsorption affinity towards CIP at 283, 288 and 293 K at a
pH of 5. Adsorption kinetics studied for the initial concentrations of 15–75 mg CIP dm−3 follow
Lagergren’s pseudo-second order equation and the adsorption is best represented by the Langmuir
model. The adsorption mechanism involves strong electrostatic interactions between negatively
charged aluminosilicate lattice and the cationic form of CIP accompanied by an ion-exchange reaction.
Magnetite coverage (approx. 12 wt.%) induces magnetism, which can facilitate the separation process.
The coverage does not influence the adsorption activity of CLI. The leaching test showed that the
MAG coating protects the adsorbent from CIP leaching. This is ascribed to interactions between the
CIP carboxyl groups and magnetite nano-particles. Antibacterial tests showed strong antibacterial
activity of the ciprofloxacin-containing adsorbents towards pathogenic E. coli and S. aureus.

Keywords: natural zeolite; magnetite; ciprofloxacin; adsorption; disinfection

1. Introduction

In the last few decades, the use of antibiotics has constantly increased in both human
and veterinary medicine. Although some countries have established monitoring systems in
order to restrict inappropriate use of antibiotics, water pollution by antibiotics is generally
poorly regulated. Different types of antibiotics can be found in both surface waters and
in drinking water [1]. Due to their structural complexity, antibiotic molecules are usually
very stable, exhibiting a long-lived persistence in the environment and therefore pose a
risk to the environment and to human health [2]. They are toxic towards algae and other
aquatic organisms and their excessive use leads to bacterial resistance [3,4].

Ciprofloxacin (CIP) is one of the most widely applied fluoroquinolone-type antibiotics
for treatment of human and animal bacterial infections because it shows excellent activity
against both Gram-positive and Gram-negative bacteria. Its extensive use leads to the
presence of fluoroquinolone in waters in a wide range of concentrations. Thus, the CIP
concentration in wastewater effluents varies from ng to mg dm−3. An extremely high
concentration of up to 50 mg dm−3 can be found near drug manufacturing plants [5].

The CIP molecule (Figure 1) has two ionizable groups, amine and carboxyl, with
pKa = 5.90 ± 0.15 and 8.89 ± 0.11, respectively. Depending on the pH value, CIP can exist
as a cation, zwitterion or anion [6,7].

The removal of CIP from wastewater by conventional wastewater treatments, in-
cluding oxidation [8], ozonation [9], as well as several photocatalytic [10] and biological
treatments [11,12], is usually complex, energy-inefficient, and incomplete [13].
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Figure 1. The molecular structures of CIP depending on pH: (a) cationic form (in the range 3–6); (b) zwitterionic form (in
the range 6–9); and (c) anionic form (in the range 9–12).

Adsorption is generally regarded as a simple method for the removal of different types
of pollutants due to its relatively simple design, easy operation and cost effectiveness. Since
the operating cost of a treatment based on the adsorption process is greatly dependent on
the cost of the adsorbent material and its recyclability, a variety of low-cost adsorbents have
been explored, showing adsorption to be superior in comparison to other methods [14–18].
Thus, carbon-based materials [19–22], clay minerals [23], nano-sized metal oxides [5,24],
waste biomaterials [25], biochar [26], coal fly ash [27], as well as different zeolites [28–30]
have been studied as adsorbents for the removal of antibiotics from wastewater. Removal
efficiency of CIP on different adsorbents are listed in Table 1.

Table 1. Removal efficiency of ciprofloxacin on different types of adsorbent.

Adsorbent Experimental Conditions CIP Removal
Efficiency, % Recyclability Ref.

Nano-sized magnetite

C0 = 33 mg dm−3

Adsorbent dose = 10 g dm−3

pH = 5.97
t = 24 h

80 * n.r. [5]

Graphene hydrogel
C0 = 50 mg dm−3

T = 25 ◦C
t ≈ 36 h

75 n.r. [19]

Carbon from date
palm leaflets

C0 = 100 mg dm−3

Adsorbent dose = 2 g dm−3

pH = 6
T = 45 ◦C
t = 48 h

56 n.r. [22]

Halloysite nanotubes

C0 = 30 mg dm−3

Adsorbent dose = 1.7 g dm−3

pH = 5–6
T = 20 ◦C
t = 90 min

95 95% after five cycles [23]

γ-Al2O3 nanoparticles

C0 = 20 mg dm−3

Adsorbent dose = 0.775 g dm−3

pH = 7.5
t = 46.25 min

53 n.r. [24]

Biomaterials from banyan
aerial roots

C0 = 60 mg dm−3

Adsorbent dose = 1.2 g dm−3

pH = 8
T = 25 ◦C
t = 48 h

97 n.r. [25]

Biochar-montmorillonite

C0 = 25 mg dm−3

Adsorbent dose = 1 g dm−3

pH = 5–6
t = 400 min

86 n.r. [26]
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Table 1. Cont.

Adsorbent Experimental Conditions CIP Removal
Efficiency, % Recyclability Ref.

Coal fly ash

C0 = 160 mg dm−3

Adsorbent dose = 40 g dm−3

T = 40 ◦C
t = 100 min

39 n.r. [27]

Clinoptilolite

C0 = 5 mg dm−3

Adsorbent dose = 2 g dm−3

pH = 6
T = 25 ◦C

99 n.r. [29]

Synthesized zeolites (A, X,
Y)

C0 = 150 mg dm−3

Adsorbent dose = 0.5 g dm−3

pH = 3
T = 20 ◦C
t = 24 h

27–61.4 n.r. [30]

Commercial zeolites (A, X,
Y)

C0 = 150 mg dm−3

Adsorbent dose = 0.5 g dm−3

pH = 3
T = 20 ◦C
t = 24 h

34–87 n.r. [30]

* n.r.—not reported.

It should be noted that the data shown in Table 1 are difficult to compare because they
are obtained under different experimental conditions. Moreover, for most adsorbents CIP
adsorption is an irreversible process.

Natural zeolites have been extensively studied because of their unique ion-exchange,
molecular sieving, and adsorption properties. Their worldwide abundance recommends
them as available, low-cost materials [31]. Clinoptilolite (CLI) is the most abundant natural
zeolite. Its three-dimensional structure consists of two interconnected micropore channels
occupied by exchangeable cations and water molecules. CLI can efficiently remove dif-
ferent pollutants from wastewaters, including inorganic toxic ions such as heavy metal
cations [32,33], anions [34,35] as well as various organic species such as pesticides, dyes, or
pharmaceuticals [36]. The removal efficacy of CLI can be ascribed to its unique structural
features as well as to its propensity to be modified without structural changes. Impregna-
tion of CLI with oxide nanoparticles or with biopolymers leads to an increase of its specific
surface and adsorption performance [37–43].

Generally, the literature data on the adsorption of organic pollutants by zeolites
are relatively scarce which can be ascribed to the fact that most zeolites are hydrophilic.
Hydrophobicity of zeolites increases by the increase of the Si/Al ratio. However, it should
be noted that CLI has been the most studied natural zeolite adsorbent not only for inorganic
but also for organic pollutants [6]. Its adsorptive effectiveness towards specific pollutants
varies because the Si/Al molar ratio and elemental composition of CLI from different
regions differ. Among synthetic zeolites, the zeolite Y was reported to be an efficient
antibiotic adsorbent [44]. However, the adsorption was found to be irreversible, so the
reuse of the spent adsorbent is questionable.

The aim of this research was to study: (1) the adsorptive efficacy of natural clinoptilo-
lite (CLI) for CIP removal at different temperatures and for different initial CIP concen-
trations, (2) adsorption kinetics and mechanisms, (3) impregnation of CLI with magnetite
nanoparticles (MAG-CLI) to allow a facile adsorbent separation, and (4) antibacterial
activity of the CIP-containing CLI.

CLI was used for the CIP removal because an extensive study conducted in the last
decade showed that clinoptilolite-reach tuffs from Serbia can be perspective adsorbents for
the removal of various toxic species [32,33].
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2. Materials and Methods
2.1. Materials

The clinoptilolite-rich zeolitic tuff obtained from the Serbian deposit in Slanci (near
the capital city of Belgrade) was used as a starting material. Rietveld analysis [45] showed
that CLI was the major mineral phase (>80 wt.%), with quartz (<7.5 wt.%) and feldspar
(<13 wt.%) the major satellite phases. The cation exchange capacity (CEC), measured by
standard procedure [46], was 162.2 mmol M+/100 g.

Prior to the experiments, the sample was sieved, washed with deionized water to
remove impurities, and then dried in an oven at 105 ◦C overnight to a constant mass. The
particle size used in the experiments was in the range of 0.063–0.125 mm since previous
studies showed the best adsorptive performance was in particles in that size range [32,33].

All chemicals used were of analytical grade. All the experiments were carried out
under controlled conditions. The experiments were performed in a thermostated bath
where the temperature was maintained constant to within ±0.1 ◦C; the CLI samples were
weighed to a four-digit accuracy, and the solution concentrations were determined with a
four-digit accuracy. In all experiments, deionized water was used.

2.2. Preparation of Magnetite

The magnetite nanoparticles were synthesized per the literature procedure [5,47].
Briefly, FeCl3·6H2O and FeCl2·4H2O were dissolved in degassed distilled water under
N2 in a molar ratio of 2:1. A solution of ammonia was then added dropwise to the
prepared Fe(II) and Fe(III) solution, increasing the pH to 10. A black solid that precipitated
was magnetically separated and washed with distilled water until a negative reaction to
chloride ions.

2.3. Preparation of Magnetite-Coated Clinoptilolite (MAG-CLI)

Conversion of CLI to MAG-CLI was carried out following a slightly modified method
as described by Mohseni-Bandpi [48]. Briefly, 10 g of CLI were suspended in 120 cm3 of
deionized water and stirred under the N2 atmosphere at 350 rpm for about 10 min. Then, a
solution, which contained FeCl3·6H2O and FeSO4·7H2O in a molar ratio of 2:1, was added
to the CLI suspension under stirring. The pH of the suspension was adjusted to pH ~10 by
the dropwise addition of a water solution of NH4OH (25 wt.%), followed by a vigorous
stirring in a water bath at ~80 ◦C under N2 for 1 h. The resulting black precipitate was
separated from the suspension by centrifugation and washed several times with deionized
water until a negative reaction to chloride ions. Finally, the obtained MAG-CLI was left to
dry at 80 ◦C overnight until constant mass.

2.4. Characterization
2.4.1. Powder X-ray Diffraction Analysis (PXRD)

Analysis of the mineral phases present in the samples was done via the powder X-
ray diffraction method (PXRD). PXRD patterns were obtained using a Rigaku SmartLab
powder diffractometer (Rigaku, Tokyo, Japan), with CuKα (λ = 1.54178 Å) radiation at
40 kV and 30 mA and Bragg-Brentano focusing geometry. The samples were scanned in
the 2θ range from 5◦ to 65◦, with 0.01◦ step and a scan rate of 5◦ min−1.

2.4.2. Energy Dispersive X-ray Spectroscopy (EDS)

Elemental compositions of CLI and MAG-CLI were obtained by a Carl Zeiss SupraTM

3VP (Zeiss, Jena, Germany) field-emission gun scanning electron microscope (FEG-SEM)
equipped with an EDS detector (Oxford Analysis) with the INCA Energy system for
quantification of elements. Before analysis, the samples were coated with gold.

2.4.3. Thermal Analysis

Thermal behavior was examined by simultaneous thermogravimetric (TGA) and
differential thermal analysis (DTA) using a SDT Q-600 instrument (TA Instruments, New
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Castle, DE, USA). The samples were heated in standard alumina sample cups (90 µL) from
room temperature to 800 ◦C at a heating rate of 10 ◦C min−1 under synthetic air with a
flow rate of 100 cm3 min−1.

2.4.4. Textural Properties

The specific surface area and porosity characteristics were determined by the N2 ad-
sorption at −196 ◦C using a Micromeritics ASAP 2020 instrument (Micromeritics, Norcross,
GA, USA). Prior to the measurements, the samples were degassed in a vacuum at 423 K for
10 h. The specific surface area of samples was calculated using the Brunauer-Emmett-Teller
(BET) method from the linear part of the N2 adsorption isotherm. The total pore volume
(Vtot) was determined from the desorption isotherm at p/p0 = 0.998, and the volume of
mesopores was calculated by the Barrett-Joyner-Halenda (BJH) method from the desorption
isotherms. The average maximum pore diameter (Dmax) was determined from the BJH
desorption analysis.

2.4.5. TEM Analysis

TEM analysis was carried out at 200 kV using a transmission electron microscope
(JEM-2100, JEOL Ltd., Tokyo, Japan) equipped with an ultra-high-resolution objective lens
pole piece with a point-to-point resolution of 0.19 nm. The samples were crushed in an
agate mortar, dispersed in absolute ethanol, and a fine fraction of the suspension was
deposited on Cu holey carbon-coated grids. To determine the average size of magnetite
particles, their diameters were measured from the obtained TEM images. Due to the
relatively small size of the magnetite nanoparticles, the selected area electron diffraction
(SAED) was performed over multiple nanocrystals to obtain the characteristic diffraction
rings with the structure-specific d-values.

2.4.6. FTIR Analysis

The Fourier transform infrared spectroscopy (FTIR) analysis was performed using a
Digilab FTS-80 interferometer (Bio-Rad, Cambridge, MA, USA). The spectra were recorded
in the range of 400 to 4000 cm−1, at a resolution of 4 cm−1 and 100 scans.

2.4.7. Zeta Potential Measurement

The zeta potentials were measured using a Zetasizer Nano ZS90 (Malvern Instruments
Ltd., Malvern, UK) according to the method described by Gulicovski [49]. Briefly, the
sample (0.1 g) was suspended in 50 cm3 of deionized water and left at room temperature
overnight. The pH value of the suspension was then adjusted in the range of 2–12 using
0.1 mol dm−3 HCl or NaOH. Before measurement, the suspensions were ultrasonically
treated for 20 s. The pH values were measured using a Mettler Toledo (Columbus, OH,
USA) digital pH meter.

2.4.8. Magnetic Measurements

Magnetic properties were measured using a vibrating sample magnetometer LakeShore
7400 Series VSM (LakeShore, Westerville, OH, USA) at the room temperature and with an
applied magnetic field strength of 1.53 T.

2.5. CIP Adsorption Experiments

CIP adsorption experiments were performed at 283, 288 and 293 K by the batch
method using 0.2 g of CLI or MAG-CLI in 50 cm3 of the chosen CIP concentration
(15, 25, 50 or 75 mg dm−3). The adsorption experiments were carried out at a pH of 5,
which previous studies showed had the best CIP removal efficacy (vide infra). The pH
adjusment was performed using HCl or NaOH solutions (0.1 mol dm−3). The suspensions
were left shaking (100 rpm) in a thermostated water bath (Memmert, WBE 22) at the chosen
temperature for 5 to 60 min. The solid was separated by centrifugation and then filtered
through a 0.22 µm nylon filter. The CIP concentration was measured in the filtrate by
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standard procedure using a UV-Vis spectrometer, Perkin Elmer Lambda 365 (Perkin Elmer
Inc., Waltham, MA, USA) at 278 nm [50]. The amount of the adsorbed CIP per unit of the
adsorbent after time t (qt) was calculated using the following formula:

qe = (C0 − Ce)·V/m (1)

2.6. Leaching Test

Zero point two grams of the spent CLI or MAG-CLI, containing about 21 mg CIP per
gram of the adsorbent (CLI or MAG-CLI), were suspended in 50 cm3 of 0.1 mol dm−3 NaCl
and left for 24 h in a thermostated water bath at 25 ◦C. After filtration, the CIP content in
the filtrate was determined by UV-Vis. The desorbed amount of CIP was calculated as the
ratio of the CIP amount in the solution and on the adsorbent.

The concentration of exchangeable cations (K+, Mg2+ and Ca2+) in filtrates after the
CIP adsorption was measured using an atomic absorption spectrophotometer, Varian
SpectrAA 55B (SpectraLab Inc., Markham, ON, Canada).

2.7. Antibacterial Activity Test

The antibacterial activity of CIP and of the spent adsorbents (CLI-CIP and MAG-
CLI-CIP) was tested towards the Gram-negative bacterium Escherichia coli strain DSM 498
and the Gram-positive bacterium Staphylococcus aureus strain ATCC 25923. Bacteria were
pre-grown on a nutrient agar (NA, Torlak, Serbia) for 16 h at 37 ± 0.1 ◦C to obtain cultures
in the log phase of growth. Prior to the experiments, the samples were sterilized by UV
light for 30 min.

The disk diffusion method was used for a qualitative assessment of antibacterial
activity. The biomass of each bacterial strain was separately suspended in a sterile phys-
iological solution to achieve the bacterial concentration of about 109 CFU cm−3 (colony
forming units) and then inoculated onto NA with a sterile swab. Antibacterial activity was
tested as follows: 0.01 cm3 of suspensions containing 5, 10 or 20 mg of CIP, CLI-CIP, or
MAG-CLI-CIP per cm3 in a sterile phosphate buffer solution (pH = 7.02) was dropped onto
the bacteria inoculated NA and the plates were incubated for 24 h at 37 ◦C. The results
were reported as the presence or absence of the inhibition zone.

3. Results and Discussion
3.1. Powder X-ray Diffraction (PXRD)

The PXRD pattern (Figure 2) showed that CLI was the main mineral phase, displaying
diffractions at 2θ = 9.79◦, 11.16◦, 13.06◦, 16.89◦, 19.00◦, 22.31◦, 25.01◦, 25.98◦, 29.90◦, 31.84◦

and 32.68◦ [51]. Diffractions at 2θ = 26.6◦ and 27.1◦ corresponded to quartz and feldspar,
respectively [38,51]. The PXRD pattern of MAG-CLI showed that the modification of CLI
to MAG-CLI did not significantly affect the CLI crystallinity. New diffraction peaks that
appeared in the pattern of MAG-CLI at 2θ = 35.64◦, 43.23◦ and 62.96◦ suggest the presence
of magnetite Fe3O4 [52,53]. According to the EDS analysis (vide infra), the content of
magnetite is 12.2 wt.%.

3.2. Energy Dispersive X-ray Spectroscopy (EDS)

The average chemical compositions of CLI and MAG-CLI obtained by the EDS analysis
are listed in Table 2. It is evident that the zeolite phase consisted of the calcium-rich
clinoptilolite with a Si/Al molar ratio of 5.03. The Si/Al molar ratio increased to 6.12 during
modification to MAG-CLI, suggesting a partial dealumination. Moreover, the content
of exchangeable cations (Ca and K) decreased in MAG-CLI, whereas the content of Fe
increased. Since the content increase of Fe is significantly higher than the content decrease
of exchangeable cations, it can be concluded that the modification of CLI to MAG-CLI
proceeds not only through an ion exchange but also through precipitation of the Fe species
on the CLI surface.
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Figure 2. PXRD patterns of CLI and MAG-CLI.

Table 2. The average chemical composition of the CLI phase of CLI and MAG–CLI obtained by
EDS analysis.

Sample
Si Al O K Ca Fe Si/Al

at.%

CLI 18.35 3.65 75.97 0.44 1.20 0.40 5.03
MAG-CLI 18.39 3.01 72.15 0.27 0.18 5.63 6.12

3.3. Thermogravimetric Analysis (TGA)

The thermograms of CLI and MAG-CLI (Figure 3) show that the TG curves of both
samples display similar continual weight loss up to 300 ◦C. At higher temperatures, the
weight loss of MAG-CLI differed from that of CLI. CLI lost weight continuously up to
800 ◦C, whereas the weight loss of MAG-CLI took place in two stages (300–500 ◦C and
500–800 ◦C). The total weight losses were similar (wt.%: 14.2—CLI and 13.1—MAG-CLI).
The weight losses are accompanied by the following DTG events: (a) weak DTG maxima at
58, 160 and 600 ◦C on the DTG curve of CLI, suggesting a release of water molecules from
different crystallographic sites in the aluminosilicate lattice, and (b) a strong maximum at
470 ◦C on the DTG curve of MAG-CLI, indicating a conversion of magnetite to maghemite
(γ-Fe2O3) [54].
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Figure 3. TG (dash) and DTG (solid) curves of CLI (a) and MAG-CLI (b).

3.4. TEM Analysis

Figure 4 gives the TEM image of MAG–CLI. For comparison, the image of pure
magnetite (MAG) is given in Figure 4a. The magnetite particles are in the range of 5–30 nm,
with few particles exceeding 100 nm. The selected area electron diffraction (SAED) pattern
displays rings typical for the spinel (magnetite) structure, with the most intense ring of the
{311} reflections in randomly oriented nanocrystals. MAG shows characteristic octahedral
morphology with many crystals connected by the {111} spinel-twin law that forms through
self-assembly [55]. On the TEM image of MAG-CLI (Figure 4b) an abundant coverage
of the CLI plates by rounded magnetite nanocrystals with highly degraded morphology
is evident. The SAED pattern shows interrupted ring patterns that are indicative of
nanocrystal ordering. The intensity peaks with a six-fold symmetry, which can be seen for
the {111} and {311} magnetite reflections [56,57].

Figure 4. TEM image with SAED pattern of pure MAG (a) and MAG-CLI (b) samples.

3.5. FTIR Analysis

Figure 5 shows the FTIR spectra of the synthesized samples. The MAG spectrum
displays characteristic vibration bands of the Fe–O stretching at about 570 cm−1 [47]. The
bands overlap with the vibration of the (Al, Si)O4 tetrahedral units of the aluminosilicate
lattice [58]. On the spectra of CLI and MAG-CLI, the stretching vibrations of the OH groups
of water molecules (1590–1670 and 3400–3700 cm−1) and of the (Al, Si)O4 tetrahedral units
(1050–1250 cm−1) are evident, confirming that the modification of CLI into MAG-CLI did
not influence the zeolite aluminosilicate lattice.
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Figure 5. FTIR spectra of MAG (a), CLI (b) and MAG-CLI (c).

3.6. Zeta Potential Measurements

The graphs of the zeta potential as a function of pH (Figure 6) show that the zeta
potential of CLI changed by the modification to MAG-CLI, although both CLI and MAG-
CLI have a negatively charged surface in a wide pH range from 2 to 12. For MAG-CLI, the
point of zero charge (PZC) was at a pH of ~2, which is in accordance with the literature
data [59]. The effect of pH on the CIP removal efficiency is presented in Figure 7. The
removal efficiency decreased in alkaline media, which is in accord with the fact that both
CIP and the surfaces of CLI and MAG-CLI are negatively charged. In acidic media, the CIP
is positively charged (CIP+) and the attractive forces between CIP+ and CLI/MAG-CLI
favor adsorption. The highest removal efficiency is at pH = 5.

Figure 6. Zeta potential measurements as a function of pH for CLI (square) and MAG-CLI (circle).
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Figure 7. The influence of pH in the CIP adsorption on CLI (squares) and MAG-CLI (circles);
C0 = 50 mg dm−3, adsorption time = 60 min, adsorbent dose = 4 g dm−3 and T = 293 K.

Similar results were found for metal oxides, clays, and a graphene oxide compos-
ite [5,24,60,61].

3.7. Textural Analysis

Table 3 presents the textural parameters of CLI and MAG-CLI, which show that
textural properties changed during conversion. The specific surface area (SBET) of MAG-
CLI is two times larger than that of CLI and so is the total pore volume (Vtot). The pore
size diameter (Dmax) of MAG-CLI is smaller than in CLI, which could be explained by two
phenomena: (1) the formation of a second layer at the CLI surface consisting of magnetite
nanoparticles [39,40], and (2) a partial blockage of the CLI pore system caused by the
formation of MAG particles.

Table 3. Textural properties of CLI and MAG–CLI.

Sample SBET (m2 g−1) V tot (cm3 g−1) Dmax (nm)

CLI 23.57 0.0988 16.26
MAG-CLI 45.17 0.1531 3.50

SBET—specific surface area, m2 g−1; Vtot—total pore volume, cm3 g−1; Dmax—average maximum pore diame-
ter, nm.

3.8. Magnetic Measurements

The magnetic properties of MAG-CLI were also studied and compared with those of
MAG. The magnetization curves are presented in Figure 8a. Both MAG and MAG-CLI
showed similar magnetic behavior with the saturation magnetization values of 49.57 and
8.93 emu g−1 within magnetic field lower than 1.5 T, respectively. The lower saturation
magnetization value of MAG-CLI is the result of MAG precipitation on the CLI surface.
However, this value indicates that MAG-CLI possesses magnetic properties since CLI itself
does not exhibit magnetism (not shown). Furthermore, the magnetization loops showed an
absence of hysteresis, which is a characteristic of the superparamagnetic behavior of some
nanoparticles [53]. It is worth noting that MAG-CLI retains magnetic properties after the
CIP adsorption (Figure 8b), suggesting that the magnetic separation of the spent MAG-CLI
from water media is possible.
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Figure 8. The (a) magnetization curve of MAG (solid) and MAG–CLI (dash), and (b) magnetic
separation of the spent MAG-CLI from suspension.

3.9. Adsorption Isotherm Study

Adsorption of CIP on both CLI and MAG-CLI was studied at 283, 288 and 293 K for
the initial CIP concentrations of 15, 25, 50 and 75 mg dm−3 and at a pH of 5. The solid to
liquid ratio was 1:250, which the experiments had shown to be optimal (Figure 9).

Figure 9. CIP removal as a function of CLI (square) and MAG-CLI (circle) dose (C0 = 50 mg dm−3,
adsorption time = 60 min, T = 298 K and pH = 5).

The adsorption capacity of both CLI and MAG-CLI increased with the initial CIP
concentration at all studied temperatures (Figure 10). At 293 K, the adsorption of CIP onto
CLI increased from 4.39 mg CIP g−1 (for C0 = 15 mg CIP dm−3) to 12.52 mg CIP g−1 (for
C0 = 75 mg CIP dm−3). Similar increases were observed for MAG-CLI: 4.26 mg CIP g−1

(for C0 = 15 mg CIP dm−3) to 12.59 mg CIP g−1 (for C0 = 75 mg CIP dm−3), suggesting that
the MAG cover did not influence the CIP adsorption.
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Figure 10. The adsorption isotherms for CIP on CLI (a) and MAG-CLI (b); qe is the amount of the
adsorbed CIP (mg per 1 g of CLI or MAG-CLI) and Ce is the CIP solution concentration at equilibrium.

The adsorption equilibrium data given in Figure 10 were analyzed by widely applied
empirical adsorption isotherm models [17,62]. Among the two-parameter models, only the
Langmuir and Freundlich isotherm models gave acceptable fits.

The Langmuir model [63] is represented as:

qe = (qmax·bL·Ce)/(1 + bL·Ce) (2)

where Ce is the equilibrium concentration of CIP (mg dm−3), qe is the equilibrium con-
centration of the adsorbed CIP (mg g−1), while qmax (mg g−1) and bL (dm3 mg−1) are
Langmuir constants (qmax corresponding to the maximum achievable uptake by the system,
and bL is related to the affinity between CIP and CLI or MAG-CLI).

The Freundlich isotherm model is described with the following equation:

qe = Kf·Ce
1/n (3)

where Ce is the equilibrium concentration of CIP (mg dm−3), qe is the equilibrium concen-
tration of the adsorbed CIP (mg g−1), Kf is the Freundlich isotherm constant (mg g−1) and
n is a parameter related to the adsorption intensity.

The results are listed in Table 4. As can be seen from the obtained values of the
linear regression correlation coefficients (R2), the Langmuir model gave a slightly better
description for the CIP adsorption on both CLI and MAG-CLI. The maximum calculated
capacities were 17.30 mg CIP g−1 (at 293 K) and 15.86 mg CIP g−1 (at 288 K) for CLI
and MAG-CLI, respectively. Considering the assumptions of the Langmuir model [63], it
could be concluded that one active site at the surface of MAG-CLI is occupied by only one
CIP species and that the CIP removal from the water solution proceeds as a monolayer
adsorption. Furthermore, the Langmuir separation factor RL (results not shown) was in
the range of 0–1, indicating that the adsorption is a favorable process.

Adsorption Mechanism

The obtained results indicate a strong affinity of both CLI and MAG-CLI towards CIP,
which could be explained by electrostatic interactions between the positively charged CIP
and negatively charged CLI and MAG-CLI surface. Moreover, the measurements of con-
centration of exchangeable cations in the filtrate after the CIP adsorption (Table 5) showed
that K+, Mg2+, and Ca2+ are present in the filtrate, suggesting that ion exchange reactions
occur during adsorption. Since dimensions of the CIP molecule (1.35× 0.3× 0.74 nm) [64]
exceed the size of the pore openings in the CIP lattice (0.4 nm), the ion exchange likely
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takes place only at the surface of the adsorbent. Ion exchange was also proposed as the
main adsorption mechanism for the CIP adsorption by montmorillonite [30].

Table 4. The parameters obtained by the adsorption isotherm Equations (2) and (3) for the adsorption of CIP on CLI and
MAG-CLI; R2 is the correlation coefficient.

CLI

T, K Langmuir Isotherm Freudlich Isotherm

qmax, mg g−1 bL, dm3 mg−1 R2 Kf, mg g−1 (dm3 mg−1)1/n n R2

283 14.96 0.1028 0.9944 2.24 2.05 0.9924
288 16.31 0.0697 0.9877 1.73 1.80 0.9804
293 17.30 0.0893 0.9909 2.34 1.97 0.9993

MAG-CLI

T, K Langmuir Isotherm Freundlich Isotherm

qmax, mg g−1 bL, dm3 mg−1 R2 Kf, mg g−1 (dm3 mg−1)1/n n R2

283 13.27 0.2235 0.9834 3.34 2.62 0.9831
288 15.86 0.0914 0.9827 2.16 1.97 0.9809
293 14.25 0.2263 0.9870 3.85 2.81 0.9981

qmax—maximum adsorption capacity, mg g−1; bL—Langmuir constant, dm3 mg−1; Kf—Freundlich constant, mg g−1 (dm3 mg−1)1/n;
n—adsorption intensity.

Table 5. The concentration of exchangeable cations in filtrates after the CIP adsorption on CLI and MAG-CLI.

Sample

Cations

K+ Mg2+ Ca2+

mg dm−3

CLI 0.9325 1.2513 4.2280
MAG-CLI 0.6796 0.3823 2.1890

3.10. Kinetic Analysis

The CIP adsorption dependence on time was investigated at 283, 288 and 293 K for
solutions with C0 = 15, 25, 50 and 75 mg CIP dm−3. Figures 11 and 12 show the CIP uptake
from water solution for CLI and MAG-CLI, respectively.

For both CLI and MAG-CLI, the CIP uptake increases rather sharply in the first 10 min,
as is evident for all studied temperatures and initial concentrations. Later, the adsorption
occurs more slowly. More than 80% of the maximum adsorption capacity was achieved
within the first 10 min, indicating fast adsorption kinetics.

The data from Figures 11 and 12 were analyzed using two reaction-based kinetic
models and a diffusion-based model. The first model is given by the Lagergren’s first-order
rate equation [63]:

dqt/dt = k1 (qe − qt) (4)

where qe (mg g−1) is the adsorption capacity at equilibrium and k1 (min−1) is the first-order
kinetic rate constant. By integrating the Equation (4) using the boundary conditions t = 0
to t = t as well as qt = 0 (t = 0) and qt = qe (t = t), the following expression is obtained:

log(qe−qt) = logqe − (k1/2.303) t (5)

The plot of log(qe−qt) vs. t is a straight line if the experimental data follow this
kinetic model.

The second reaction–based model that was applied is described by the pseudo-second
order rate equation [65]:

dqt/dt = k2 (qe − qt)2 (6)



Minerals 2021, 11, 518 14 of 22

Here k2 (g mg−1 min−1) is the rate constant of the pseudo-second order adsorption.
Integration between the same limits as above gives the following expression:

t/qt = 1/(k2 qe
2) + (1/qe) t (7)

The plot of t/qt vs. t is a straight line if the experimental data conform to this ki-
netic model and the values of qe and k2 are obtained from the slope and intercept of the
plot, respectively.

The influence of diffusion in the CIP adsorption was analyzed by the Weber–Morris
mass transfer model [28,58]. The following equation defined this model:

qt = Kid t1/2 + I (8)

where Kid (mg g−1 min−1/2) is the intra-particle diffusion rate constant and I (mg g−1) is
the parameter related to the thickness of the boundary layer.

Figure 11. Adsorption kinetics for CIP on CLI for different temperatures; qt is the amount of the
adsorbed CIP (mg per 1 g of CLI) after time t.
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Figure 12. Adsorption kinetics for CIP on MAG-CLI for different temperatures; qt is the amount of
the adsorbed antibiotic (mg per 1 g of MAG-CLI) after time t.

Application of the two reaction-based kinetic models on the experimental data showed
that Lagergren’s first-order model gives a poor agreement (the results are not shown since
the R2 was lower than 0.80). The pseudo-second order model gives the best fit as judged by
the R2 values (Table 6). This suggests that chemisorption occurs during the CIP adsorption.
In addition, the maximum calculated capacities obtained for the highest studied concentra-
tion, 13.27 mg CIP g−1 (at 293 K) and 13.00 mg CIP g−1 (at 283 K) for CLI and MAG-CLI,
respectively, correspond to the experimentally obtained values. The Lagergren’s pseudo-
second order rate constant (k2) was in the range of 0.0346–0.4011 g mg−1 min−1 for both
CLI and MAG-CLI. The k2 values changed rather irregularly with temperature for all initial
CIP concentrations. A similar phenomenon was reported for the CIP adsorption on clay
minerals and on γ-Al2O3 [23,24], indicating complexity of the CIP adsorption mechanism.
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Table 6. Rate constant for the two studied kinetic models for the adsorption of CIP on CLI and MAG-CLI (R2 is the correlation coefficient of the linear regression).

CLI

C0, mg CIP dm−3 T, K Weber-Morris Model Parameters Lagergren’s Pseudo-Second-Order Rate Parameters

Kid, mg g−1 min−1/2 I, mg g−1 R2 k2, g mg−1 min−1 qe, mg g−1 R2

15
283 0.0729 3.54 0.9301 0.3393 4.09 0.9999
288 0.0768 3.66 0.9638 0.2490 4.28 0.9998
293 0.0599 4.29 0.9221 0.2275 4.82 0.9996

25
283 0.0592 4.35 0.7707 0.1896 4.90 0.9988
288 0.0820 4.50 0.8933 0.2900 5.13 0.9999
293 0.0377 4.99 0.5450 0.4011 5.24 0.9995

50
283 0.3033 7.15 0.9436 0.0436 9.78 0.9983
288 0.1946 6.93 0.9386 0.0703 8.63 0.9991
293 0.1632 7.44 0.8792 0.0714 8.94 0.9989

75
283 0.1442 10.26 0.7653 0.0868 11.58 0.9997
288 0.1822 9.77 0.7612 0.0886 11.28 0.9991
293 0.3307 10.46 0.9285 0.0443 13.27 0.9982

MAG-CLI

C0, mg CIP dm−3 T, K Weber-Morris Model Parameters Lagergren’s Pseudo-Second-Order Rate Parameters

Kid, mg g−1 min−1/2 I, mg g−1 R2 k2, g mg−1 min−1 qe, mg g−1 R2

15
283 0.0390 3.07 0.7268 0.3133 3.43 0.9997
288 0.0877 2.24 0.9268 0.1361 3.03 0.9964
293 0.0434 3.88 0.7702 0.3242 4.26 0.9995

25
283 0.1337 4.46 0.9771 0.1159 5.59 0.9996
288 0.0399 4.88 0.4335 0.1185 5.08 0.9996
293 0.0885 4.59 0.8507 0.1257 5.41 0.9980

50
283 0.1972 7.29 0.9393 0.1359 8.60 0.9995
288 0.1708 6.38 0.9613 0.0861 7.84 0.9993
293 0.1060 8.21 0.5944 0.0673 8.85 0.9994

75
283 0.3857 9.59 0.7299 0.0346 13.00 0.9930
288 0.2409 10.12 0.8105 0.0859 12.00 0.9994
293 0.3047 9.96 0.9832 0.0558 12.46 0.9997

Kid—intra-particle diffusion rate constant, mg g−1 min−1/2; I—parameter related to the thickness of the boundary layer, mg g−1; k2—pseudo-second-order rate constant, g mg−1 min−1; qe—adsorption
capacity, mg g−1.
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Table 6 shows that the analysis of the adsorption data by the Weber-Morris mass
transfer model gave parameter I values that were higher than one, suggesting that the
intra-particle diffusion is not the rate-limiting step [32,65].

3.11. Leaching Test

Leaching of the adsorbed CIP from the spent adsorbents was studied by treating
the spent adsorbents in NaCl solution over 24 h. It was found that 20.6% of the CIP is
released from CLI (containing 20.2 mg CIP g−1) and 4.40% from MAG-CLI (with 22.1 mg
CIP g−1). This suggests the following: (1) magnetite coverage prevents leaching of CIP
from the adsorbent, and (2) the CIP adsorption is an irreversible process. The protection of
the magnetite coverage could be explained by an interaction of the CIP carboxylic groups
with magnetite particles. Namely, adsorptive ability of nano-magnetite was ascribed to the
formation of an inner-sphere complex between CIP and magnetite, mediated by carboxylic
acid groups [5]. Moreover, the fact that only 20% of the adsorbed CIP can be replaced by
Na+ ions from CLI suggests a strong interaction of CIP and the clinoptilolite surface.

3.12. Regeneration of the Adsorbent

The unsuccessful removal of adsorbed CIP by ion exchange confirms that the adsorp-
tion is irreversible. A similar result was also reported for the CIP adsorption onto zeolite A,
Y and X [44]. Adsorbent reusability is a very important issue for the operational cost of
wastewater treatment based on the adsorption process. With this in mind, we explored
a low-temperature atmospheric pressure plasma treatment for the recovery of the spent
adsorbent. Plasma treatment is an effective method for the surface modification of various
materials including zeolites. Plasma treatments of zeolites were found to increase the
removal efficiency of organic species from water after a short treatment time [66,67]. This
effect is attributed to an interaction between the reactive species produced in plasma and
the zeolite surface [68].

A surface dielectric barrier discharge (SDBD) source with a segmented electrode oper-
ating in air was used for plasma treatment of the spent MAG-CLI. Plasma was generated
using a 50 Hz sine wave high-voltage signal (V(amplitude) = 12.5 kV) within the d = 2 mm
gap between the upper (powered) and lower (grounded) electrode which also served as a
sample holder. The duration of the treatment was t = 20 min. The preliminary results of
four regeneration cycles are shown in Figure 13.

Figure 13. CIP removal efficiency on the MAG-CLI during four adsorption and plasma regeneration
cycles (C0 = 50 mg dm−3, adsorption time = 60 min, T = 298 K and pH = 5).
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The results indicate that almost 80% of the adsorbent capacity can be recovered by the
plasma treatment (Figure 13). This suggests that such a method is suitable for adsorbent
recycling. Further investigation into the optimization of the plasma operational parameters
is in progress and will be published.

3.13. Antibacterial Test

In order to make the management of the spent adsorbents cost-effective, antibacterial
activity of the CIP-containing CLI and MAG-CLI was tested.

Previously published results showed that clinoptilolite itself does not exhibit antibac-
terial activity towards tested bacteria strains [69]. Figure 14 shows that CIP has a strong
antibacterial effect towards both E. coli and S. aureus, which is in accordance with the litera-
ture data [70,71]. Moreover, according to the inhibition zone, it is evident that both CLI-CIP
and MAG-CLI-CIP exhibit a strong antibacterial effect. The effect of the CIP, as well as
that of the spent adsorbents, is stronger towards E. coli than towards S. aureus. This can be
explained by differences in structure and composition of the cell wall of Gram-negative
and Gram-positive bacteria [72,73]. It is important to note that the CIP concentration used
in this assessment was 100 times higher than that on CLI-CIP and MAG-CLI-CIP. This
suggests that the CIP immobilized on CLI could be used in water disinfection.

Figure 14. Antibacterial activity of CIP, CLI-CIP and MAG-CLI-CIP towards E. coli (a) and
S. aureus (b). Initial number of bacteria (t0): E. coli = 1.4 · 109; S. aureus = 1.2 · 109 CFU cm−3.

4. Conclusions

From the obtained results, the following can be concluded:

• Calcium-rich natural clinoptilolite shows a high adsorptive activity towards antibiotic
ciprofloxacin;

• Clinoptilolite strongly adsorbs ciprofloxacin at a pH of 5 via electrostatic interactions and
ion exchange reaction occurring between the ciprofloxacin cations and clinoptilolite;

• The adsorption proceeds quickly following the Lagergren’s pseudo-second order rate
equation. More than 80% of the maximum adsorption capacity was achieved within
the first 10 min for the temperature range of 283 to 293 K;

• Impregnation of clinoptilolite by nano-magnetite particles does not influence the ad-
sorption ability and capacity of clinoptilolite, but brings magnetism to the clinoptilolite-
based adsorbent which allows for the easy removal of the spent adsorbent by mag-
netic separation;

• Magnetite coverage protects the spent adsorbent from the CIP leaching through an
interaction of the carboxylic groups of the adsorbed CIP and magnetite particles;

• Preliminary studies indicate that atmospheric pressure plasma could be an efficient
method for the regeneration of spent adsorbent;
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• Ciprofloxacin-containing clinoptilolite shows strong antibacterial activity towards
pathogens (E. coli and S. aureus), suggesting its possible use in a tertiary stage of
water treatment.
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Abstract
In the last two decades a growing interest has been shown in the investigation of atmospheric
pressure plasma jets (APPJs) that operate in contact with liquid samples. In order to form a
complete picture about such experimental systems, it is necessary to perform detailed diagnostics
of plasma jets, as one step that will enable the adjustment of system properties for applications in
different areas. In this work, we conducted a detailed electrical characterisation of a plasma
system configuration used for water treatment. A helium plasma jet, with a pin electrode
powered by a continuous sine wave at a frequency of 330 kHz, formed a streamer that was in
contact with a distilled water sample. An electrical circuit allowed the monitoring of electrical
signals supplied to the jet and also to the plasma itself. An electrical characterisation together
with power consumption measurements was obtained by using two different methods. The first
method was based on the direct measurements of voltage and current signals, while in the second
method we used ‘Lissajous figures’. We compared these two methods when used for discharge
power estimation and addressed their advantages and limitations. The results showed that both of
these methods could be used to successfully determine power consumed by a discharge in
contact with water, but only when taking into account power dissipation without plasma.

Keywords: APPJ, electrical characterization, discharge power, Lissajous figure

(Some figures may appear in colour only in the online journal)

1. Introduction

Over the past decades, non-equilibrium atmospheric pressure
plasmas have been extensively investigated, because they
represent a powerful tool in various applications. In the treatment
of thermally sensitive and unstable materials, especially in bio-
medicine, the key asset is plasma operating at room temperature
[1–4]. Besides biomedical applications, these plasmas are also
used in agriculture and water treatment technologies [5–10].
Nevertheless, in all cases, the potential of cold plasma has been
used to create specific particles and form a chemically active
medium without additional chemical reagents.

APPJs are sources of non-equilibrium plasmas that can
be made in various geometries and electrode arrangements.

They usually consist of a dielectric tube, a powered electrode,
that can be additionally isolated, and a grounded electrode.
Depending on the geometry of the electrodes, operation fre-
quency, power source and working gas, different types and
modes of discharge can be generated. In all configurations,
the discharge is created when the gas at atmospheric pressure
is exposed to a strong electric field. These plasmas are called
non-equilibrium, owing to the different temperatures, i.e.
energies, of the particles [11].

In the case of APPJs, the realized discharge can be a
classical streamer or a more diffuse discharge. Discharges
generated by dielectric barrier discharge (DBD) devices can
be spatially homogeneous and diffuse [11, 12] while those
discharges generated by plasma jets are usually streamers
or streamer-like discharges. The streamer discharge occurs
after the streamer breakdown. The formed electrical field
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accelerates the charged particles providing energy to the
plasma. The presence of an electric field causes the ionization
in the gas gap and the formation of space charges at the head of
the ionization wave. The field amplification owing to the space
charge in the head leads to self-extending streamer discharge.
Thus, after inception, the streamer propagation and properties
depend on the system configuration, gaseous surrounding and
the target. The energy of the fast-progressing streamer is
mostly dissipated into the excitation of the working gas
[13, 14]. In case of APPJs this is demonstrated through the
propagation of PAPS (Pulsed Atmospheric pressure Plasma
Streamer) or, so called, ’plasma bullets’ [15–17]. Streamers are
also present in other types of plasma sources. When the dis-
charge current is not limited they precede other types of dis-
charge, such as sparks and lightning [18].

In several publications it has been investigated how the
configuration of a plasma jet system influences the properties of
plasma. It has been shown that the efficiency of the power
transfer process from the power supply to the plasma system
determines the mode of the discharge [14, 19, 20]. For example,
a comparison of two discharge regimes produced by different
excitation sources (direct current (DC)-pulsed and sine-wave
alternating current (AC)) in the same single electrode plasma jet
was reported. It was found that the excitation source determines
discharge current, the length of plasma plume and plasma
temperature [21]. The grounded electrode, due to its capacitive
nature, can additionally lead to the energy loss influencing
behavior of the plasma bullet. But at the same time it can
increase the local electric field that will result in lower voltages
needed to sustain plasma [14]. Control of these plasma proper-
ties is essential when comes to plasma treatments.

Many studies have shown that an interaction coupling
between plasma and the target exists in atmospheric pressure
plasma systems. Target properties influence the discharge
morphology and affect the creation of turbulence in the gas
flow [22, 23]. In the presence of the liquid target, plasma
heating leads to evaporation and changes in the composition
of the surrounding atmosphere, modifying the physico-che-
mical properties of both the gas and liquid phases [24]. Stu-
dies of the influence of treatment conditions on water
properties have shown that small changes in the distance and
volume of liquid lead to changes in the concentrations of
deposited reactive species [25, 26]. Therefore, an additional
complexity is introduced in the plasma system with a liquid
target. Exposure of aqueous samples to non-thermal plasma
leads to changes in water properties, creating an acidic
environment under certain treatment conditions, changing
conductivity and redox potential, and creating reactive oxy-
gen and nitrogen species (RONS) [27, 28]. Creating plasma-
activated liquid with specific, predetermined properties and a
certain content of reactive species provides huge potential for
application, but at the same time, is an extremely demanding
task. Depending on the plasma jet configuration, the type of
discharge and the energy released in the plasma, different
reactions will occur in the gas phase (plasma) and the liquid
[29]. One step towards a better understanding of the entangled
relationship between the characteristics of the plasma source,
the discharge properties, and treated sample characteristics, is

to carry out detailed diagnostics of the plasma jet. An
important part of that includes the investigation of the elec-
trical parameters, such as the efficiency of the input power
transfer to the source, power dissipation, and impedance of
the whole system.

In this study, we assessed in detail the electrical char-
acteristics of the He plasma jet operating against a water
target. The jet was supplied by a continuous sine high-voltage
signal at the frequency of 330 kHz. The electrical discharge is
generated in the gas phase above the liquid by applying the
voltage at the pin electrode of the jet with distilled water
serving as grounded electrode. The main idea of the research
was to perform a proper determination of the dissipated
powers and evaluate the typically used methods in plasma
systems applied for water treatments. To estimate the powers
dissipated in the system, we employed two standard methods.
In the first method, the power is calculated directly from the
product of the measured time-varying current and voltage
signals (V-I). The second method is based on measuring the
voltage across a capacitor connected in a series with the
grounded sample (Q-V ).

These two methods, V-I and Q-V, as we named them here,
are some of the most widely used power determination pro-
cedures. They have been extensively implemented in numerous
plane geometry DBD configurations and several plasma jet
systems, including conventional plasma jet configurations
supplied with both AC [30] and DC voltages [9, 31], driven by
either a pulsed high-voltage signal [32] or continuous sinu-
soidal signal [33]. Furthermore, the input power and the dis-
charge power have been estimated for diverse plasma jet
arrangements such as hollow electrode APPJ [14, 34], kINPen
[33], single-electrode jet [35] and DBD jet [36], etc.

In recent years, a number of researchers have investi-
gated cold plasma sources that interact with the targets of
certain characteristics for a particular application. Plasma jet
treatments are most commonly performed in secondary
electrode configurations with a grounded or floating elec-
trode. The two methods investigated in this work were used
for power dissipation measurement in various plasma jet
configurations for the treatment of biological materials and
the inactivation of bacteria [37, 38], biomedical applications
that include in vitro and in vivo treatments [39] and producing
of plasma activated (tap) water [40].

The research to date has tended to compare the differ-
ences between several measurement techniques for power
determination only in the field of DBD plasma reactors
[41–44]. However, as the Q-V method is mostly used with
different DBD source configurations, there are few compre-
hensive analyses and comparisons of the two methods for pin-
to-plate plasma jets [33, 35] operating with pulsed excitation.
Although previous studies have investigated pin-to-plate
configurations of a plasma jet, there has been no study that we
are aware of, which has dealt with plasma jets interacting with
liquid targets and driven by a continuous sine wave. There-
fore, the aim of this work was to assess the power con-
sumption (at the target) of a high-frequency pin type plasma
jet by using both V-I and Q-V methods and to compare the
obtained results.
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2. Experimental setup and methods

2.1. Plasma jet system

Figure 1 presents a schematic diagram of an experimental
setup. The plasma source used in this experiment was a
plasma jet designed to operate as a pin-electrode configura-
tion at atmospheric pressure. It consisted of a cylindrical
metal body (diameter 22 mm) and glass tube, whose inner and
outer diameters are 4 mm and 6 mm, respectively. A powered
electrode was made of stainless steel wire with a diameter of
1 mm. It was covered with a ceramic insulating tube and
placed along the glass tube axis. The sharpened tip of the wire
protruded 3 mm from the ceramic insulation into the glass
tube (see figure 1(b)). The powered electrode was connected
to the high-voltage (HV) signal by a BNC connector posi-
tioned at the top of the metallic jet body. The second electrode
was the target—a distilled water sample placed in a well of
6-well microtiter plate. The initial conductivity of water was
1.5 μS cm−1 (Hanna Instruments, HI76312 electrode, HI5521
controller). The plate was positioned below the tip of the
powered electrode (see figure 1(b)). The volume of water
sample in the well was 4 ml. The distance between the liquid
surface and the wire tip was 10 mm in all measurements. The
copper tape was attached at the outer bottom side of the well
and grounded. The experimental setup, together with the
positioning of the grounding tape, is a typical system which is
used for the plasma treatment of liquid samples. The setup on
one side allows for the measurement of electrical signals
while, on the other side, treated liquid is in contact only with
the clean vessel, so the chemical reactions are governed solely
by the plasma-liquid interaction. Treatment of a liquid in

contact with a copper tape showed that it produced additional
chemical reactions and specific species in the liquid after the
treatment [25]. Comparison between a setup where copper
tape is inside the liquid sample or outside has been investi-
gated for a similar system [29] showing rather small differ-
ences in the signals recorded in the grounded line. Also,
working with the sine wave high voltage signal at high fre-
quencies allows the use of different materials as a vessel for
the samples.

The plasma in the experiments was generated and con-
trolled by using a commercial HV high-frequency power
supply (T&C Power Conversion AG 0201HV-OS 140W–

500 kHz with continuous sinusoidal signal with a frequency
of 330 kHz. The power supply allows control of an output
power (not output voltage or current) and measures the power
forwarded from the device to the plasma system as well as the
reflected power. The reflected power in all experiments was
below 2W. Due to several elements in the electrical circuit,
there is a difference between the power measured at the
source and the power delivered to the plasma. Since the
power delivered to a discharge is a crucial parameter in
the electrical diagnostics of a plasma jet, this indicates a need
to measure current and voltage waveforms at the plasma jet
itself. To monitor the instantaneously applied voltage wave-
forms at the power electrode we have used an HV probe
(P6015A TEKTRONIX). The current waveforms were mea-
sured by using a current probe (Agilent N2783B) connected
to the main line of the plasma jet (see figure 1(a)). To avoid an
offset in the signal, the current probe was regularly
demagnetized.

In the part of the electrical circuit containing the water
sample we used two different approaches to measure the

Figure 1. Schematic representation of the experimental setup (a) and enlarged view of the powered electrode and target placed below the tip
of the electrode (b).
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voltage and current waveforms. When utilizing the V-I method,
the resistor of 1 kΩ resistance was connected in a series to the
ground line of the electrical circuit (see schematic in figure 2).
For the Q-V method (Lissajous figures) a capacitor was con-
nected in series to the ground line of the electrical circuit (see
schematic in figure 2). For these purposes, the capacitors had
capacities of 0.8 nF and 10.3 nF. In both cases, the voltage drop
across the elements placed in the ground line (uG) was mea-
sured by using a voltage probe (Agilent N2863B). The resis-
tivity and capacitance of the voltage probe are appropriate so it
minimally perturbs the electrical circuit and influences the
measurements. We used the Tektronix MDO3024 oscilloscope
to record all waveforms.

In all experiments He was used as a working gas with a
fixed flow rate of 2 slm adjusted by a mass flow controller
(Omega FMA5400/5500). The open-end geometry of the
plasma jet enables the mixing of the He with the sur-
rounding air. When the plasma is ignited, the filamentary
type discharge operates in the gas mixture around the tip of
the powered electrode. With the increase of the input power,
the generated streamer propagates through the gap and,
for most operating parameters, it was touching the liquid
sample.

2.2. The root mean square (RMS) values and V-I method

The electrical circuit (schematic in figure 2) allows the
monitoring of voltage and current instantaneous signals
through the plasma jet main line and in the ground line. The
waveforms of applied voltage v and current i through the
plasma jet main line are plotted in figure 3.

These signals were captured by the oscilloscope in nor-
mal acquisition mode and also by averaging 16 acquired
waveforms. The signals obtained in average mode closely
follow the shape of the signals recorded in normal mode but
without the noise which is visible mostly at the current
waveform.

The acquired time-dependent values of voltage and cur-
rent through the plasma jet main line, v(t) and i(t), and voltage
drop across a resistor in the ground line vG(t) were used for
electrical characterisation and power calculations. The root
mean square values of the voltage and current were calculated
in the following way:

ò n= ( ) ( )V
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0

2

ò= ( ) ( )I
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where T is a period of the given signal and n is the number of
periods, iG(t)=vG(t)/R and R is the electrical resistance of
the resistor in the grounded line.

In the V-I method, first the time-dependent powers
delivered to the plasma jet and consumed by plasma were
calculated as the product of voltage v(t) multiplied by the

Figure 2. The electrical circuit of the plasma jet system: v—applied
alternating voltage at the powered electrode, vG—voltage in the
ground line, i—current in the plasma jet main line, iG—current
through the grounded line, R=1 kΩ, C=0.8 nF and 10.3 nF, ZNP
—impedance of the plasma jet system configuration without plasma,
ZP—impedance of plasma.

Figure 3.Voltage and current waveforms obtained at the electrode in
normal mode and average mode (16 cycles averaged). The
waveforms were measured for applied peak-to-peak voltage of
5.5 kV, f=330 kHz, and He flow of 2 slm. The electrical circuit
configuration was with the resistor R=1 kΩ in the grounded line.
The half period of applied voltage (T/2=π/f ) and phase difference
(Δj) are noted in the plot.
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appropriate current, i(t) or iG(t). The average powers are then
obtained as:

ò= ( ) · ( ) ( )P
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v t i t t a
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1

d . 3
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0
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In all calculations, as input data we used the waveform values
obtained in averaging mode. Comparison between two sets of
data (obtained in normal and averaging mode) showed differ-
ences in calculated values of less than 1%, which is below the
experimental error. The phase differences (Δj) (see figure 3)
between high voltage and other obtained signals were calculated
in the following way: Δj=(Δt/T)×360°, where Δt is the
time period between points where both signals had zero values.

2.3. Q-V method

Another method commonly used for the electrical characteriza-
tion and measurement of power consumed by plasma is based on
a charge-voltage plot or Lissajous figure. For these measure-
ments, the capacitor was inserted in series with the plasma jet
and grounded line, so that the same electrical charges formed in
the discharge flow through the grounded target and the capacitor.
By measuring the capacitor voltage, knowing the capacitance
and assuming purely capacitive properties, the charge flow
through the capacitor can be obtained. In the Lissajous figure, the
area enclosed by the curve is equal to the energy dissipated per
one period of applied voltage:

= = =∮ ∮( ) ( ) ( )E C v t v v t
Q

t
t

P

f
d

d

d
d

_
, 4

T
G

mean G

where C and vG(t) are capacity and voltage across the additional
capacitor (figure 2), v(t) is the applied high-voltage signal, f=1/
T is the corresponding frequency, and Pmean_G is the average
power consumed by the plasma [43, 45, 46]. In this work, the
closed area of a Lissajous figure was obtained by the Polygon
area function in the Origin software (Origin Lab Corporation,
Northampton, MA, USA). A different approach to calculate the
area inside the Lissajous figure can be found in [47].

To ensure that the influence of the capacitor on the whole
system is minimal, the capacitance was chosen to be large
compared to the equivalent capacitance oft the plasma jet, gas
gap, and target. This difference is at least one order of mag-
nitude. The second important property is the type of capacitor
selected. It has been suggested that ceramic capacitors are
preferred, owing to their relatively low parasitic losses and
accuracy in measurement of charge [48]. An additional
advantage is that they are not polarized and may be safely
connected to an AC source.

3. Results and discussion

3.1. Instantaneous voltage and current

Before the onset of the plasma jet electrical measurements,
the power supply has been set to operate at the frequency of

330 kHz with the lowest reflected power. The voltage and
current signals were monitored for three different configura-
tions of the ground line. In figure 4 we show the waveforms
for particular applied voltages. The measurement was per-
formed without feed gas (Plasma OFF) and with the He flow
of 2 slm (Plasma ON).

The waveforms when the plasma was on are plotted by a
full line, while the dashed line shows the case without plasma
(achieved without He flow). All presented signals were
recorded with the applied peak-to-peak voltage of 5.5 kV. The
waveforms in figures 4(a)–(c) are acquired in electrical circuit
configuration with the resistor and represent the averaged
value of 16 acquired waveforms. The signals in figures 4(d)
and (e) were obtained in electrical circuit configurations with
capacitors by averaging 512 waveforms. Identical waveforms
were obtained for the applied voltages v(t) (figure 4(a)) and
currents i(t) (figure 4(b)) in configurations when two capaci-
tors were inserted in the grounded branch of the circuit.
Therefore, for simplicity, only one set of v(t) and i(t) signals
are presented.

The high voltage signal applied to the plasma jet in the
configuration with resistance R in the grounded branch of the
circuit is shown in figure 4(a). It has a regular sinusoidal

Figure 4. Voltage and current waveforms were measured for an
applied peak-to-peak voltage of 5.5 kV and frequency of 330 kHz.
The dashed lines represent cases when the plasma was OFF, while
full lines represent the Plasma ON regime. In plots (a) and (e)
Plasma ON and Plasma OFF signals overlap. (a) v—applied voltage
at the electrode. (b) and (c) electrical circuit configuration with the
resistor R=1 kΩ, i - current in the plasma jet main line, iG—current
through the grounded line. (d) and (e) electrical circuit configura-
tions with capacitors: vG—voltage across the 10.3 nF (blue line) and
0.8 nF (green line) capacitor.
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shape, regardless of whether the plasma is ignited or not.
Figure 4(b) shows the current i(t) obtained by the current
probe and flowing through the main line to the plasma jet.
When there is no helium flow, the obtained current signal is
sinusoidal, since the applied voltage is lower than the
breakdown voltage in air. When the plasma is ignited, the
current waveform is deformed from the sine wave and it has
two peaks, one per each positive and negative half period of
the imposed voltage. The appearance of the peak in the cur-
rent waveform is connected to the streamer type of the dis-
charge. The observed deformation in the current waveform
when discharge occurs has been found previously in other
atmospheric plasma jet systems [15, 49–51]. It was the result
of discrete propagation of the discharge outside the gas tube
in a form of PAPS. In general, changes in the shape of the
current signal occur because the current in the plasma jet main
line is superimposed on the displacement current. The dis-
placement (capacitive) current can be measured directly when
the tube is not filled with feed gas and there is no plasma.

The waveform of the current through the ground line
iG(t) is presented in figure 4(c). This is the discharge current
that passes through the liquid target and a resistor connected
in series to the ground. The difference between the waveform
shape in the absence and presence of the plasma exists, but it
is less noticeable than that in the case of current i(t). Related
to the phase difference, the plasma off current waveforms i(t)
and iG(t) in figures 4(b) and (c) lead to the high voltage
waveform by 85° and 88°, respectively. This points to a
system that is mainly capacitive (for pure capacitance the
phase difference is 90°) with small deviation from 90° due to
the inherent resistivity of the components of the electrical
circuit and the plasma source. Deflection from a 90° phase
difference means that we observe dissipation of the power
even when the plasma is not ignited. After the ignition of the

plasma these phase differences remain almost the same,
indicating that deposited power in plasma is small, in the
order of a few watts. Voltages across two different capacitors
are presented in figure 4(d) for C=10.3 nF and in figure 4(e)
for C=0.8 nF. The voltages across the 0.8 nF capacitor are
in phase with the applied voltage independently of the plasma
being ignited or not, while in the case of 10.3 nF capacitor a
small difference in voltage signals is visible.

3.2. Volt-ampere characteristics of the plasma jet

The volt-ampere V-A characteristics of the plasma jet with
distilled water as the liquid target are presented in figures 5
and 6. By using the recorded waveforms for each selected
operation point, the V-A characteristics were plotted as a
function of the RMS current through the plasma jet main line
(figure 5) and the RMS current through the target and ground
line (figure 6).

Both characteristics were recorded for the applied peak-
to-peak voltages from 1.5 to 6 kV. The points were obtained
by increasing the output power of the power supply. All
measurements were performed in triplicate and observed
differences in the obtained values were not more than 7%. For
all measurements as a target we used distilled water of the
same initial conductivity, because it was noticed that the
conductivity of the liquid sample affects the power con-
sumption [52, 53].

The V-A characteristic obtained at the plasma jet
(figure 5) was recorded when the resistor was inserted in
ground line of the electrical circuit. The characteristics that
were the same within the error margins were obtained in the
other two configurations of the electrical circuit (with capa-
citors C=0.8 nF and C=10.3 nF) and are not shown to
keep the graph in figure 5 clear.

Increasing the power delivered to the plasma jet without
plasma (triangles) results in a linear increase of both voltage
RMS (VRMS) and current RMS (IRMS). With the gas flow, the
discharge becomes visible at a VRMS of 0.5 kV and it first
appears as a small bright point at the tip of the powered
electrode. At a VRMS of 1.3 kV, a plasma filament forms and
extends 2 mm from the electrode tip. The filament elongates
with an increase of the input power. The discharge crosses the
entire gap between the powered electrode and target, and
streamer touches the water surface at a VRMS of 1.75 kV. As
can be seen in figure 5, for currents above 30 mA and voltage
above 1.75 kV the V-A characteristic measured with plasma
on (inverted triangles) changes slope and it differs from the
V-A characteristics obtained without plasma (triangles). A
further increase in the output power of the HV source (applied
voltage VRMS>1.75 kV) leads to a more intense light
emission from the plasma and to a change of colour. The
streamer also begins to move on the liquid surface. For the
highest applied voltages, it is observable that several short
and thin filaments are adjoined in a streamer.

The V-A characteristics of the discharge plotted against
the current in the grounded line IG_RMS, shown in figure 6,
were measured in the configurations with the resistor R=1
kΩ (figure 6(a)) and capacitor C=10.3 nF (figure 6(b)). The

Figure 5. V-A characteristics obtained at the plasma jet in the
presence (Plasma ON) and absence (Plasma OFF) of plasma for the
configuration with R=1 kΩ in the grounded line. The V-A
characteristics obtained when C=0.8 nF and C=10.3 nF were
used in the electrical circuit are the same and not presented here to
retain the clarity of the figure.
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pink and blue triangles show the results for measurement
when the plasma is ignited, while the grey inverted triangles
show results without plasma (without working gas flow).

The V-A characteristics presented in figure 6(a) shows
linear dependence and there is no significant difference
between the characteristics when plasma is ignited or not.
When the capacitor C=0.8 nF was inserted into the elec-
trical circuit, the obtained V-A characteristic is similar to the
characteristics presented in figure 6(a). However, the V-A
characteristic obtained with capacitor C=10.3 nF
(figure 6(b)) has a lower slope and departs from linear
dependence at higher currents. The impedances of the capa-
citors used can explain the observed difference. It can be
assumed that the capacitor impedance is equal to the capa-
citive reactance Xc=

pfC

1

2
, i.e. that resistance losses are

negligible. Thus, the values of 597 Ω and 46 Ω are obtained
for C=0.8 nF and C=10.3 nF, respectively. Comparing
these results with the resistance of 1 kΩ, it is clear that the
impedance of the 0.8 nF capacitor is closer to 1 kΩ while the
impedance of the 10.3 nF capacitor differs by one and a half
orders of magnitude from that value.

3.3. Impedance of the plasma jet

In order to determine the impedance of the system, we have
used a linear fitting of the plotted V-A characteristics obtained
at the plasma jet. The total impedance of the plasma jet
system Ẑ was obtained as the line slope of the calculated
linear fit. It was calculated for both regimes, in the absence
(Plasma OFF) and presence (Plasma ON) of plasma, and for
three different components in the ground line of the electrical
circuit. The equivalent circuit presented in figure 2 is a very
simple one and serves only for the estimation of the impe-
dance of the used geometry (Plasma OFF) and of the dis-
charge. These rough estimations of the jet system and plasma
impedances are important when developing and/or choosing
the appropriate power supply system. They present a load that
will influence the work of the power supply, its output and

optimal operating frequency. The plasma, which is a highly
non-linear system, will in most cases reduce the optimal
operation frequency (‘frequency pulling’) of the power supply
[54]. This means that the output voltage can be reduced due to
the exiting resonant state with the power supply transformer.

During the Plasma OFF regime, the complex impedance
Ẑ can be considered as a series connection of the impedance
ẐNP and the impedance of the measuring element in the
grounded line of the circuit, the resistor or capacitor (see
figure 2):

= +ˆ ˆ ˆ ( )Z Z Z , 5R CNP ,

where all impedances are in the complex form, |ẐR|=R, and
|ẐC|=Xc=

pfC

1

2
, assuming that the contribution of the

equivalent series resistance of the capacitor can be neglected.
ẐNP represents the equivalent impedance of the plasma jet
system configuration without plasma, including the capaci-
tance of the plasma jet configuration, target impedance, stray
capacitance and parasitic resistance of the cables and
connections.

When the plasma is ignited (Plasma ON regime), the
plasma impedance is represented by ẐP in parallel with the
impedance ẐNP (figure 2). Plasma impedance is a complex
system and it is beyond the scope of this work to estimate
each of the components. After the plasma inception, the
impedance Ẑ is given by:

= + +ˆ
ˆ ˆ

ˆ ( )Z
Z Z

Z
1 1

. 6R C
NP P

,

Table 1 shows the total impedances of the plasma jet system
∣ ˆ∣Z obtained in the presence and absence of plasma. The
impedances ∣ ˆ∣Z obtained with three different configurations
are in agreement with each other, with the difference smaller
than 3%. This is expected since the differences in the con-
figurations were in the grounded line part. After the plasma is
ignited, the total impedance is reduced by 10%.

Figure 6. V-A characteristics obtained for the current through the ground line IG_RMS in the presence (Plasma ON) and absence (Plasma OFF)
of plasma for the configuration with (a) R=1 kΩ and (b) C=10.3 nF in the grounded line. The V-A characteristic obtained when C=0.8
nF was used in the electrical circuit is identical to the characteristic in (a). For better clarity in the figure it is not presented here.
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3.4. Mean powers dissipated into the system

In this part, we present and discuss two measured powers: the
mean power delivered to the plasma jet - Pmean and the mean
power consumed by the plasma Pmean_G, i.e., the power
measured in the grounded line originating from the plasma
and through the target. Additionally, a comparison of the
results obtained using two standard methods, by integrating
the current and voltage product (V-I) and by the Lissajous
figure method (Q-V ) is presented.

The mean power delivered to the plasma jet Pmean was
determined in all experiments, regardless of which measurement
element was inserted in the grounded line. The powers Pmean
consumed with ignited plasma (red squares in plots) and without
plasma i.e. feed gas (empty squares) were calculated by using
equation (3) and is presented in figures 7 and 8.

Determination of the power Pmean without plasma has sig-
nificance for determining the mean power delivered only to the
plasma, since parasitic resistance in the system is included in the
power dissipation measured when the plasma is ignited.
Therefore, to obtain the values delivered to the plasma itself
(Pmean(NET)), the input power measured without He flow
(Plasma OFF) was subtracted from the input power when the
plasma was on (Plasma ON) for the same applied voltage value:

= -( ) ( ) ( )
( )

P P PNET Plasma ON Plasma OFF .
7

mean mean mean

The minimal uncertainty of both methods in our experiments
was estimated to be 0.2W for voltages below 1.5 kV given by
power supply. In this range Pmean(NET) is within this margin. It
is found that the power Pmean(Plasma OFF) increases nearly
linearly with the applied voltage. Fitting a linear function to the
obtained data points permits the determination of power losses
for any applied voltage or current in the measured range.
Comparing the dependences of Pmean on applied voltage VRMS

and on the current through the plasma jet IRMS (see figure 8), it is
clear that using either voltage or current as an independent
parameter leads to the same power dependence.

The obtained Pmean(NET) as function of VRMS is pre-
sented in the plot in figures 7 and 8 (star symbol). Figure 7
shows the power Pmean obtained in the configuration with
capacitor C=0.8 nF, while figure 8 shows results measured
in the arrangement with a resistor R. This power was found to
be up to 6W for the VRMS range between 0.5 and 2 kV. In
both figures 7 and 8, there is a jump in values Pmean(NET)
with the applied voltage above 1.5 kV (or IRMS above
25 mA). This is the situation when the streamer reached and

connected to the liquid target surface. By switching to that
regime, the power Pmean jumps to higher values and continues
to increase with increasing applied voltage.

In the case of the measurement of power consumption by
plasma, Pmean_G, we used two different methods (V-I and
Q-V ). With the serial resistor in the ground line (V-I method),
the power Pmean_G was calculated by using equations (3) and
(7). When a capacitor was connected in series with the
grounded target, the Q-V method was employed. Figure 9
shows the dependence of the charge on the measurement
capacitor on the applied peak-to-peak voltage for capacitor
C=0.8 nF. Lissajous curves and the calculated deposited
powers for three different input voltages of 5 kV, 5.5 kV, and
5.9 kV are presented.

The powers were calculated by using equation (4). Since
both the applied voltage and the charge oscillate with the
same frequency, a Q-V plot will form an ellipsoid Lissajous
figure. The elliptical shape of the Q-V diagrams is obtained
when a continuous plasma current flows during a full period
of the high voltage signal [21, 48].

From the data in figure 9, it was apparent that the Lis-
sajous loop retained the same shape and changed the slope
(the line connecting points of minimum and maximum volt-
age) as the voltage changed. The centre of the ellipse coin-
cided with the coordinate system point of origin. Comparing
the results for two different capacitors, it was found that the
power measured using the 10 nF capacitor was slightly higher
than the power estimated with 0.8 nF capacitor for the same
applied voltage. The difference was around 23%, and it can
be due to capacitor properties or plasma adjustment to dif-
ferent circuit elements [33].

Charge-voltage plots for states with and without plasma
at the same applied voltage for 0.8 nF and 10.3 nF monitor
capacitors are presented in figures 10(a) and (b), respectively.
Our measurements show that the obtained Lissajous figure in

Table 1. The total impedance of the plasma jet ∣ ˆ∣Z in Plasma ON and
Plasma OFF states for three different measuring elements in the
ground line.

∣ ˆ ∣Z (kΩ)

Element in the ground line Plasma ON Plasma OFF

R=1.0 kΩ 54.2 59.0
C=0.8 nF 54.3 59.8
C=10.3 nF 55.6 58.4

Figure 7. Mean power delivered to plasma jet Pmean in the presence
(ON) and absence (OFF) of plasma as a function of applied voltage
VRMS for a configuration with C=0.8 nF in the grounded line. The
power delivered only to plasma (Pmean (NET) points) is acquired by
subtracting the values.
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the absence of plasma had a nonzero area, i.e. it was a very
elongated ellipse. Usually, the curves obtained without
plasma ignition in the Q-V diagram are considered to be a
straight line, as it was assumed in the other studies with
different plasma sources employed [42, 44]. The existence of
the elongated ellipse when plasma is not ignited may be the
result of technical issues such as defective wire connections
or uncompensated probes [48]. In our case, these con-
tingencies were checked and excluded. So, this power dis-
sipation in the Plasma OFF regime manifested the resistive
losses present in the system, i.e. that a certain power was
consumed in this part of the circuit even without plasma. This
was observed also with Plasma OFF power values measured

at the plasma jet (figures 7 and 8). Comparing the plots in
figure 10, it can be seen that the power losses measured with
10.3 nF capacitor are one order of magnitude less than those
in the case of 0.8 nF capacitor. In the case of high excitation
signal frequency, the parasitic properties of the capacitor can
have a significant value, thus influencing the total impedance
of the capacitor in the circuit [33, 41, 55]. This, in turn,
influences the determination of power, particularly in the
Plasma OFF case.

The Q-V plot in the absence of plasma has a shape of an
elongated ellipse, with the sharp turning point at maximum
input voltage, meaning that the charge and supplied voltage are
in phase reaching the peak value at the same time. When the
plasma is turned on, a Lissajous curve gains rounded end-
points indicating additional resistive losses in the system.
However, the waveforms of voltage across the capacitor vG(t)
and high voltage v(t) remain in the phase for Plasma ON.
Therefore, it can be assumed that the ignition of plasma does
not lead to an increase in the impedance of an element of the
plasma jet system, which can change the phase between voltage
signals. This analysis suggests that the power obtained with
Plasma ON contains the total power consumed in the system.
Thus, the determination of the mean power consumed only by
plasma, Pmean_G (NET), has to follow a similar procedure used
for the V-I method in equation (7): the power calculated from
the Plasma OFF Lissajous figure should be subtracted from the
power determined from the Plasma ON Lissajous figure for the
same applied peak-to-peak voltage.

In order to evaluate the two methods for the determina-
tion of the dissipated power, the dependence of the mean
power consumed by plasma Pmean_G (NET) on VRMS was
plotted in figure 11 with values obtained with three different
electrical elements in the grounded line.

The power Pmean_G(NET) ranges from 0 to 1.7W for
VRMS between 0.5 and 2 kV. Compared to the results calcu-
lated for the power Pmean, we observed that less than 30% of
Pmean is consumed by the plasma and forwarded through the

Figure 8.Mean power delivered to plasma jet Pmean in the presence (ON) and absence (OFF) of plasma for a configuration with R=1 kΩ in
the grounded line. Pmean(NET) points are acquired by subtracting the values. (a) Pmean dependence on the applied voltage VRMS, (b) Pmean

dependence on the current through plasma jet main line IRMS.

Figure 9. Charge-voltage plot (Lissajous figure) and consumed
power Pmean_G in the presence of plasma for three different applied
peak-to-peak voltages (5 kV, 5.5 kV, 5.9 kV) and a signal frequency
of 330 kHz. A capacitor of 0.8 nF was used for measurement.
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grounded line. It can be seen in figure 11 that the power
dependence on VRMS calculated by the Lissajous figure (tri-
angles) is in excellent agreement with those values obtained by
the V-I method (squares). The error bars were estimated as
standard errors from three different measurements. In the VRMS

range from 0.5 to 1.1 kV, the calculated difference between
powers measured in the presence and absence of plasma is
close to zero. However, the plasma could be observed with the
naked eye as a small bright region at the tip of the electrode,
even in this range of applied voltages. Therefore, these power
values were lower than the sensitivity of the methods.

3.5. Difficulties in measurements of power

The most common problems in the power measurement are
unwanted losses in the circuit that affect repeatability of the
measurements. The losses in the plasma jet system occur due

to the connections of the circuit elements, their quality i.e.
characteristics, cables and also measuring equipment (espe-
cially when approaching the high frequency range). In the
ground line of the electrical circuit, we noticed that any
change in connections, such as the change of cables, con-
nectors or a grounding technique, will affect the measured
values. To minimize the power losses and ensure reproducible
results, the cables of appropriate length, connection and
quality should be selected before measurement.

Several cautions need to be noted regarding the use of the
Q-V method. The most common difficulties to pay attention to
are: the selection of the appropriate type of capacitor, the use
of proper cables for grounding the capacitor and the appear-
ance of nodes or discontinuities in the curve.

First, the selection of an appropriate capacitor is con-
sidered as the most important part of the successful applica-
tion of this method. It was found that different types of
capacitors with the same capacitance yield different results.
The use of film capacitors has been found to lead to non-
physical results. When using a 10 nF metalized polyester
(PET) capacitor, we measured more dissipated power when
the plasma was OFF than when the discharge was ignited. In
some cases when a PET capacitor was used, we observed a
self-intersecting loop in the part of the figure where the charge
and voltage change sign. The appearance of node points in the
curve indicates different oscillation frequencies of the two
signals—the applied voltage and capacitor voltage. These
findings suggest that PET capacitors should not be used in the
Q-V technique for power determination, at least not with high-
frequency signals.

The capacitor size should be chosen with respect to the
plasma jet system capacitance, i.e. a capacitor should be
selected that can store all of the charge that has passed
through the discharge during one half-cycle of the applied
voltage. This can be fulfilled if the capacitor size is at least
one order of magnitude higher than the plasma source capa-
citance. In this work, the capacitance size was selected to be

Figure 10. Charge-voltage plot (Lissajous figure) and consumed power Pmean_G for the applied peak-to-peak voltage of 5.5 kV and a signal
frequency of 330 kHz. Data in (a) green and (b) blue represent state with plasma and data in black (a) and (b) represent state without plasma
(without He flow). Capacitors of (a) 0.8 nF and (b) 10.3 nF were used for measurements.

Figure 11. Mean power consumed by plasma Pmean_G (NET) for
three different measuring elements in the grounded line.
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three orders of magnitude greater than the plasma jet system
capacitance.

As already mentioned, the connections in the grounded
branch of the circuit greatly influence the repeatability of mea-
surements. Small changes in the position of the cable between
the grounded electrode and the monitor capacitor could cause
changes in the inclination and width of the Q-V elliptic loop. A
suitable cable which does not influence the characteristics of the
Lissajous curve should be selected for the measurement.

Finally, despite its type and capacitance, every capacitor
gives open loops. The Q-V plot is discontinuous because the
curve after one period of applied voltage does not return to the
starting point. That is, the charge and voltage values are dif-
ferent in points t=0 and t=T. This feature of the Lissajous
figure has already been observed for DBD plasma reactors
[41, 56]. Despite this, the integration of the figure area is still
possible, although there is a gap in the curve. This issue can be
diminished when using a high-resolution oscilloscope that
provides waveforms with a large number of points.

The main challenge with the use of the V-I method is
resistor selection. It should be large enough to limit the dis-
charge current. This is especially important in the case of low
resistivity targets (conductive targets). An uncontrolled
increase in discharge current can lead to a change in the type
of discharge and then to heating and evaporation of the liquid
target. However, the measurement resistor must be small
enough to measure the voltage across the resistor with a
voltage probe. Moreover, there are certain problems with
using the V-I method when a pulsed power source is used in
the experiment. In that case, when calculating the power, it is
necessary to perform integration over the entire pulse duration
period. Integration over one part of the period of the input
signal which is shorter than the pulse duration, gives an
inaccurate result for the power deposition, as it could include
only the positive or negative part of the waveform oscillation.
This would lead to an underestimation or overestimation of
the measured power.

4. Conclusion

In this paper, we presented the results of electrical diagnostics
of the He plasma jet powered by continuous sine HV signal
and operating in contact with a liquid sample. The main goals
were to use data from systematically performed measure-
ments of the electrical parameters of such a system for the
determination and comparison of the mean power consumed
by plasma Pmean_G obtained by using two different methods -
V-I and Q-V. It must be emphasized that the displacement
current can be significant, especially in the case of atmo-
spheric pressure plasma sources, and it needs to be taken into
account. Since it is mainly a result of the capacitive char-
acteristics of the plasma systems, it does not influence the
mean power deposited to (consumed by) the plasma. This is
evoked by the fact that the plasma jets in the configuration
with the pin electrode are employed in different applications
in contact with the liquid target, but without thorough

investigation of the power measurement techniques, espe-
cially for the case of a continuous wave power supply.

For that purpose, voltage and current waveforms were
monitored and V-A characteristics of the plasma jet and the
discharge were established. The phase difference between the
current and voltage signal showed mainly the capacitive nature
of the system, regardless of the plasma presence in the system.
As the obtained V-A characteristics were linear, the data were
used to determine the impedance of the whole system from the
linear fitting of the plot. The impedance was almost the same
regardless of the ground circuit configurations.

The mean power delivered to the plasma jet was deter-
mined by using the V-I method and found to be up to 6W for
a VRMS range between 0.5 kV and 2 kV. It was shown that
plotting the power values using either voltage or current as an
independent parameter results in the same power dependence.

The mean power consumed by the plasma was deter-
mined by using two different methods. In both case when the
capacitor was inserted in the ground line of the electrical
circuit, an elliptical shape of the Lissajous figure was
obtained. However, the measured power observed with two
different capacitors differs by 23%, suggesting a slightly
different adjustment of the plasma operating point due to the
system conditions. Also, it shows that the properties of the
capacitor should not be neglected when calculating the power
delivered to the plasma, as the capacitor should not be con-
sidered as an ideal element of the circuit. Nevertheless, this
study has found that the discharge power dependence on
VRMS calculated by the V-I method is consistent with those
observed by the Lissajous figure (Q-V method).

Nevertheless, proper utilization of the power measure-
ment method is necessary if one performs an optimization of
the energy efficiency of the plasma system. The mean power
delivered to plasma calculated by both methods ranges from 0
to 1.7W for a VRMS range between 0.5 kV and 2 kV.
Therefore, this means that less than 30% of the power
delivered to the plasma jet is consumed by the plasma.
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Abstract. Atmospheric pressure plasmas are becoming relevant in local microbial deactivation and other
combined effects of plasmas on living organisms. For this reason, our research was focussed on optimi-
sation of atmospheric pressure plasma jet (APPJ) parameters to complete the deactivation of different
bacteria strains in a medium. Different helium APPJ treatments with different discharge parameters were
used, such as input voltages and gas flows. To better understand plasma properties behind complete bac-
teria deactivation at optimised discharge parameters, optical and electrical plasma jet diagnostics were
performed, including electrical characterisation of the plasma source, optical emission spectroscopy of the
plasma plume and intensified charged coupled device imaging of the discharge behaviour for every set of
plasma parameters. Then, the resulting plasma liquid chemistry was assessed to establish the connections
between reactive species generated in the gaseous and liquid phases. The most efficient deactivation was
found for higher discharge powers and gas flow rates, and that was linked to higher densities of reactive
oxygen and nitrogen species, especially hydrogen peroxide and medium solvated charges.

1 Introduction

It is well known that some microorganisms, such as bac-
teria, fungi and viruses, act as pathogens and induce
various diseases. Moreover, microorganisms can cause
food spoilage and damage to materials such as corrosion
of plumbing systems. For these reasons, several conven-
tional sterilisation techniques which lead to complete
microbial deactivation or removal have been developed,
including heating, filtration, chemical liquid agents and
radiation. However, a disadvantage of these sterilisation
techniques is that they can be used only on thermally
resistant and chemically inert substrates, as those tech-
niques can influence substrate properties [1].

In recent years, non-thermal atmospheric pressure
plasmas have been proposed as an alternative to
conventional sterilisation techniques. Most frequently
reported is sterilisation with atmospheric pressure
plasma jets (APPJs) due to their low operating tem-
peratures and cost-effective operation [2–5]. APPJs are
suitable for selective treatment of specific substrates as
they contain more known inactivation agents without

a e-mail: andrea.jurov@ijs.si (corresponding author)

the downsides of conventional sterilisation techniques.
Research suggests that reactive oxygen species play the
biggest role in bacteria inactivation, but UV radiation,
electric field, other reactive species and charged parti-
cles also contribute to the process [5–8]. In this way,
APPJs represent one of the most promising discharge
candidates for different biological applications, includ-
ing complete deactivation of bacteria [9–12].

This research tested the efficiency of a con-
structed APPJ on four different bacteria: Escherichia
coli , Staphylococcus aureus, Bacillus subtilis, and Bacil-
lus stearothermophilus. B. stearothermophilus and B.
subtilis are spore-forming bacteria and the most com-
monly recognised and widely used biological indica-
tors for monitoring the effectiveness of sterilisation pro-
cesses. Spores are dormant bacterial structures, highly
resistant to disinfectants and sterilising agents. Spore-
forming bacteria are commonly found in processed
foods and dairy products [13–15]. These bacteria were
tested in order to see how an APPJ affects spore-
forming bacteria. Additionally, E. coli and S. aureus,
the most common pathogens in humans and widespread
in nature (in hospitals and working and living sur-
roundings), were selected. They are commonly found
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in different environments, contaminating various items,
medical tools and food, and can cause hospital infec-
tions and food poisoning, as well as medically severe
and sometimes fatal infections [16–19]. Moreover, these
bacterial strains are known to possibly be multidrug-
resistant [20, 21]. In addition, these bacteria tend to
form biofilms where bacteria are well protected from
the outside agents. It has been shown that plasmas may
sterilize even the biofilms as well as planktonic samples
[22].

There have been many reports on atmospheric pres-
sure plasma-induced bacteria deactivation and decon-
tamination [23–27]. However, there is a knowledge gap
in optimising plasma parameters so that complete bac-
teria deactivation in a medium can be achieved in
the shortest (optimal) times. Therefore, this research
focuses on finding the most efficient parameters of a
non-thermal helium APPJ as one of the most frequently
used sources for deactivating bacteria. For this pur-
pose, various combinations of input DC power unit volt-
ages and gas flows were tested. Appropriate diagnostics
were done both on plasma source and discharge, and on
medium bacteria were suspended in.

2 Experimental setup

2.1 Preparation of bacteria samples

The deactivation effect of an APPJ, operated with
helium as a working gas, was investigated on four differ-
ent types of bacteria: B. stearothermophilus (ATCC No.
7953, B. subtilis (ATCC No. 6633), S. aureus (ATCC
No. 25923) and E. coli (ATCC No. 25922). Bacterial
cultures were grown overnight on Columbia (COS) agar
plates (bioMérieux SA, Marcy l’Etoile, France) at 55 °C
for B. stearothermophilus and 37 °C for B. subtilis, S.
aureus and E. coli. bacteria were picked up with a loop
and resuspended in sterile saline to obtain 0.5 McF (1.5
× 108 CFU/ml) initial bacterial suspension. The con-
centration was constant in all experiments. 100 μl of
these initial 0.5 McF bacterial suspensions was evenly
transferred to a 96-well plate with a flat bottom. Bacte-
rial suspensions were exposed to the He APPJ at a con-
stant distance for different exposure times. The samples
were treated each time in triplicates.

To determine viable counts and evaluate plasma
treatment effects, the Miles and Misra viable count

technique on COS blood agar plate (bioMérieux SA,
Marcy l’Etoile, France) was used. A 20 μl properly
diluted plasma-treated bacterial suspension, as well as
a positive (untreated bacterial suspension) and nega-
tive control (sterile saline), was placed onto the blood
agar plate. This procedure is depicted in Fig. 1. Mea-
surements of the reactive species and pH were also con-
ducted. Reactive species concentrations of NO2

− and
H2O2 were measured by a spectrophotometer (UV VIS
Lambda 25) via colorimetric assays in sterile saline.
The pH measurements were performed by a pH-meter
(Sentron®) also in saline.

2.2 APPJ system

Bacteria-containing medium was treated by APPJ
source which is designed to be handheld and highly
portable, schematic of which is shown in Fig. 2. The
portability of the device was facilitated by a small-
size custom-made power source which is placed inside
a 20 × 12 × 6 cm plastic box including connectors and
switches. It was connected to a commercial DC power
supply Voltcraft SPS12-12 W-A. The power source out-
put signal amplitude was varied by changing the DC
input signal voltage, at discrete voltages 3, 4.5, 6, 9
and 12 V. Based on the DC input voltage, the output
signal at 16 kHz was supplied to the jet enabling plasma
operation at several high voltages from 1200 to 3500 V
(RMS values). The jet had a copper wire, which serves
as needle-type powered electrode that was placed inside
the glass tube with inner diameter of 2 mm and outer
diameter of 4 mm. The tube itself is held by 125 mm
long and 26 mm wide Teflon housing, from which it
protrudes 8 mm on the one side. On the other side, the
tube was connected to gas inlet and Bronkhorst Mass-
View MV-194 flow controller. For these treatments, we
used He as a working gas at various fixed flows (0.5, 1,
1.5 and 2 slm).

Optical characterisation comprised optical emission
spectrometry and plasma imaging by using an inten-
sified charged coupled device (ICCD) camera. Optical
emission spectroscopy was performed with an Andor
Shamrock 500i spectrometer equipped with iXon Ultra
897 as a detector. An optical fibre was used to receive
the emission from the plasma plume and direct it to
the entrance slit of the spectrometer. The fibre was
positioned at a distance of 5 cm from the jet tube

Fig. 1 Schematic
representation of the
experimental protocol
procedure
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Fig. 2 Schematic representation of an APPJ used in this
research

axis to gather the light coming from the whole chan-
nel volume. Recording of the spectra was performed
for exposure times of 100 ms and with averaging of 10
spectrum acquisitions. Thus, obtained results represent
space- and time-averaged emission from the plasma.
Plasma imaging was performed with an Andor iStar
ICCD camera DH334T-18U-03 equipped with a pho-
tographic objective. Images were taken in single-shot
mode with an exposure time of 20 ms. Furthermore,
electrical characterisation was performed by measuring
the average power given to the jet. Voltage and cur-
rent on the powered electrode were measured before
the APPJ with an oscilloscope (Rigol DS1102E), high
voltage probe (Rigol RP1018H) and current monitor
(Pearson 8590C).

Estimation of saline solution evaporation during
treatments was performed to evaluate changes in the
treatment conditions throughout the experiments. For
the longest treatment times, the highest DC supply
voltages and He flow of 2 slm, the evaporated solu-
tion volume from the 96-well plate was not more than
50 μl. This change in volume caused a maximum liquid
level reduction of 1.2 mm, thus increasing the distance
between the plasma jet and the liquid surface. However,
these changes did not drastically influence plasma prop-
erties, and these maximum values were reached only for
the longest treatment times and plasma powers. For
most treatment conditions, volume changes fell within
the experimental error of transferring the liquid volume
into the plate.

Fig. 3 Effect of gas flow-only (no plasma) treatment of
bacteria a B. subtilis, b B. stearothermophilus, c E. coli and
d S. aureus exposed to 0.5, 1, 1.5 and 2 slm compared to
the positive control (PC) by Miles and Misra plate counting

3 Results and discussion

3.1 Bacteria deactivation

At first, bacterial suspension control samples were
exposed only to helium gas flow with rates of 0.5, 1,
1.5 and 2 slm, without plasma and with no voltage
applied, for the same duration as required for deactiva-
tion using the plasma. The obtained results exhibit no
difference in bacteria viability (Fig. 3) compared to the
untreated samples (positive control; PC), which con-
firms that helium alone is insufficient for bacteria deac-
tivation. The effects of the APPJ were then further
tested for all bacteria and analysed with a quantita-
tive and informative approach, which involved dynam-
ical studies of bacterial growth after treatments. Typi-
cally, survival curves were determined as the numbers of
colony-forming units (CFUs; surviving culturable bac-
teria as a function of plasma treatment time). However,
to limit the presentation, only complete bacteria deac-
tivation, achieving sterility of the medium, is shown in
Fig. 4.

Furthermore, Fig. 4 presents the time needed
for complete deactivation of E. coli , S. aureus, B.
stearothermophilus and B. subtilis within a medium,
exposed to a He APPJ generated with different DC
input powers and gas flows. If there are no data shown
for a specific set of parameters (usually 3 V and 0.5
slm), the bacteria were not completely deactivated
within the maximum treatment time of 240 s used
in experiments. In most cases, it was found that E.
coli was deactivated faster than other bacteria, prov-
ing to be a less plasma-resistant strain. In this case,
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Fig. 4 Points of complete bacteria deactivation (the point at which the initial CFU/ml concentration drops to zero) a E.
coli, b S. aureus, c B. subtilis and d B. stearothermophilus exposed to He APPJ generated with powers of 3, 6, 9 and 12 V,
and flow rates of 0.5, 1, 1.5 and 2 slm

the highest treatment time was 180 s for deactiva-
tion under the lowest gas flow of 0.5 slm, which typi-
cally did not prove very efficient. B. stearothermophilus
strains proved the most resistant to plasma treatments.
Surprisingly, the lowest flow rate deactivation curves
for 0.5 slm are very similar for all types of bacterial
strains, except a small deviation with E. coli . This
indicates that the APPJ generated at these conditions
and its consequent reactive oxygen and nitrogen species
(RONS) chemistry within the medium are similar
(although, moving to higher flow rates, the chemistries
and deactivations changed significantly). The trend fol-
lows the same patterns, where 0.5 slm is the least, and
2 slm is the most efficient, which are plasma properties
connected to its subsequent interaction. The exception
to this general rule is B. stearothermophilus, the most
thermally stable and resistant strain, which seems to
deviate from the rule. In this case, the most efficient
chemistry for deactivation is at 1 slm. Chemical analy-
ses of the medium chemistry elucidate the reasons for
this behaviour in the following paragraphs.

From the perspective of the DC input voltage param-
eter used for jet discharge, the general rule is: the higher
the energy input into discharge, the faster the deacti-
vation of bacterial strains. However, it seems there is
a minimum level at which the jets are efficient. It was
found that an input DC voltage of 3 V was not sufficient
to deactivate most bacteria strains even for the highest
gas flow and treatment times because the plasma plume
was the shortest and was not in direct contact with
the substrate. If deactivation of the bacteria strain was
achieved, then the treatment time was significantly pro-
longed. Therefore, the results indicate that He APPJ
is most efficient at bacteria strain deactivation with
higher applied power and higher gas flows, considering
marked limits in discharge parameters and experimen-
tal constraints. We do not reach conditions where addi-
tional heating would produce thermal necrosis (40 °C)
in the covered range of powers. While increasing effi-
ciency with power is expected as for the flow, one could
expect that beyond some point, further increasing of
the flow may reduce efficiency by affecting the chain of
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plasma chemical events needed to produce the radicals
that cause sterilization.

3.2 Chemical analysis of reactive species of saline
medium treated by APPJ

To explain the obtained results for bacterial deacti-
vation in a medium, the initiated medium chemistry
was investigated, determining RONS species, especially
H2O2 and NO2

− concentrations of the APPJ treated
saline solution. Immediately after treatments, we per-
formed measurements of pH changes. These parameters
are known to influence the viability of bacterial strains
significantly, as marked by numerous reports [28–31].
pH measurements were made under the same condi-

tions as for reactive species measurement. The influence
of different He plasma parameters (different gas flow
rates of 0.5, 1, 1.5 and 2 slm and different input DC
powers of 3, 4.5, 6, 9 and 12 V) on pH value was system-
atically measured. A pH value decrease was observed
during the plasma treatment for most cases (Fig. 5).
These decreasing trends featured an initial drop and
then a steady decrease. An exception was 1 slm, which
had an increasing pH trend for input DC voltage of 3 V.
This could be explained by the fact that the plasma jet
did not touch the surface of the liquid, and in this case,
the chemistry of the medium was different than in other
cases.

Reactive species concentrations of NO2
− and H2O2

were determined after plasma treatment of saline; 50 μl
of sterile saline was placed in the 96-well plate with a
flat bottom. The distance between the bottom of the
well and the APPJ orifice was 15 mm, as for the treat-
ment of bacteria, and was kept constant during the
treatment. The results are presented in Fig. 6, and the
results are obtained with only the parameters yield-
ing the most efficient plasma treatment—input volt-
age of 12 V and a flow rate of 2 slm. An expected,
steady increase of H2O2 concentrations was observed
for increasing treatment time. In contrast, the concen-
tration of NO2

− increased until 30 s, where it reached
its maximum value and then started decreasing. The
concentration dropped to zero after 120 s. This could
be explained through decreasing of the pH value during
the treatment. NO2

− is very sensitive to low pH values,
which is the cause of its decomposition or transforma-
tion into other compounds [32].

3.3 Diagnostics of the plasma source

In order to analyse properties of the plasma used for
treatments, we performed diagnostic experiments at the
same conditions as when treating media with bacterial
strains. Due to safety, a saline medium was used with-
out bacteria for these measurements.
Power measurements were made via electrical char-

acterisation, where the average power (Pavg) input into

the jet was measured. This was calculated over 30 peri-
ods of current and input voltage as:

Pavg =
1

30T
∗

t2

∫
t1
P (t)dt,

where T is oscillation period, and P(t) is instantaneous
power in every moment t calculated as I(t) ∗V (t) from
the beginning t1 and end t2 of 30 periods. The mea-
surements were performed on the electrode before the
plasma jet coming out of the tube and at two gas flow
rates of 1 and 2 slm. The calculated values present an
average power that the power source gives to the plasma
jet (Fig. 7 left axis) and represents the ‘real’ power
input into plasma. In order to link electrode voltage
and power and to facilitate comparison to the other
experimental data, we calculated V RMS values as a
function of input DC voltage (Fig. 7 right axis). The
RMS values were calculated for 30 periods assessing
several V (t) signals at the same DC voltage in order
to estimate differences. The measurements were per-
formed on the electrode at two gas flow rates of 1 and
2 slm. It was observed that the power was not influ-
enced by the gas flow rate but was instead dependent
on the DC input voltage and provided powers in the
range of 0.1–1.5 W. The power that is transferred from
plasma to the treated samples is somewhat lower than
calculated power since part is always lost.
Optical emission spectroscopy was used as a plasma

diagnostic tool. A typical spectrum of He discharge of
an APPJ at gas flow rate of 2 slm where a jet was
positioned above the saline solution target is presented
in Fig. 8. The spectrum was recorded in a wide range
of wavelengths, between 300 and 800 nm. The charac-
teristic spectrum of excited species has already been
assessed for this kind of plasma jet [33–35]. The most
intense lines came from the molecular OH (A–X) band,
atomic lines of He and O, and molecular bands of N2;
the second positive system (SPS) and the first positive
system as well as from the nitrogen ion—the first neg-
ative system (FNS) [36, 37]. Excited He atoms were
produced from the ground state neutrals in the work-
ing gas used in the system. At the same time, OH and
N2 bands and atomic O lines and Hα line were present
since the experiments were conducted in an ambient air
(with some humidity) and in contact with the saline
solution. Neutral species from the surrounding air were
mixed with the helium flow and therefore participated
in gas phase reactions induced by plasma [38, 39]. In
contrast to the case where solid NaCl was treated [40],
the spectrum obtained with saline solution did not show
any additional lines from Na (or Cl). This suggests that
these species were not excited in the gas phase above
the water for the plasma source to excite them.

Additional analysis regarding line intensity was per-
formed on specific atomic and molecular lines for differ-
ent DC input voltages used in the experiment (3, 4.5, 6,
9 and 12 V) at two gas flows (1 and 2 slm). The inten-
sities at different discharge parameters with two emis-
sion lines from N2 SPS (337.1 nm and 315.9 nm), head
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Fig. 5 pH values of He APPJ treated saline for gas flow of a 2 slm, b 1.5 slm and c 1 slm

Fig. 6 Concentration of reactive species: a H2O2 and b NO2
− with respect to treatment time

Fig. 7 Average input power to the plasma jet for He gas flows of a 1 slm and b 2 slm
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Fig. 8 Optical emission
spectroscopy of the He
APPJ with a characteristic
spectrum generated during
the treatments above the
liquid medium

Fig. 9 Optical emission spectroscopy: intensities of certain atomic and molecular lines of nitrogen (a for 1 slm and b for
2 slm), and hydrogen, oxygen and hydroxyl c for 1 slm and d for 2 slm)
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line from FNS N2
+ (391.3 nm), the strongest molec-

ular OH line (309 nm), Hα (656.6 nm) and O atom
line (777.4 nm) are presented in Fig. 8, while He line
(706.5 nm) intensities are depicted in Fig. 9. All line
intensities are normalised to the same recording condi-
tions and corrected for spectral efficiency of the system,
thus allowing direct intensity comparison between dif-
ferent lines. The position of the jet and the distance to
the bottom of the 96-well plate were the same as for
the treatments of bacteria. There was an increase in
intensities for all observed lines when the source power
(DC voltage) was increased. The increase of He flow
had a minor influence on line intensities, resulting in a
somewhat higher line intensity. In all cases, there was a
stronger or weaker ‘jump’ between the emission intensi-
ties recorded for 6 V and 9 V. This change in peak val-
ues occurred due to the change in plasma regime since,
as observed with the naked eye, the plasma channel did
not connect to the surface of the saline until the 9 V
were reached [41]. Therefore, the intensities recorded
for voltages below 9 V can be regarded as free-standing
jet cases, while for the voltages of 9 V and 12 V, plasma
plume was in contact with the liquid surface.

The highest line intensities belong to the mainline of
N2 SPS, and these intensities have pronounced incre-
ments between 6 and 9 V input voltage (Fig. 9a and b).
The second strongest line of the same band has a much
lower increase in intensity. However, excitation of both
of the excited levels in N2 probably happened through
electron collisions with the ground state or excited N2

molecules [35, 42]. The increasing line intensity ten-
dency is in accordance with the dependence observed
with similar jet configurations [34]. The intensity of the
strongest of FNS N2

+ lines at 391.3 nm also increased
with DC voltage, yet much less than the 337.1 nm line
(Fig. 9a and b). This line comes from the excited state
of N2

+ ions that were efficiently produced in the Pen-
ning ionisation process, involving He metastables [43]
and the direct electron impact ionisation process [42].
Consequently, an increase in He flow made the emis-
sion of the 391.3 nm line rise. On the other hand, lines
from the OH band and Hα came from dissociation of
water vapour molecules in plasma [35, 44]. In this jet
configuration, the amount of water vapour present in
the surrounding air was sufficient to produce several
excited species of OH and H visible in the emission
spectrum. An increase in the He flow and discharge
voltage resulted in the increase of OH emission inten-
sity (Fig. 9c and d), which has been observed before
[34, 45]. The atomic O (777.4 nm) line exhibited simi-
lar behaviour. Production of both OH and O species is
important when it comes to the treatment of bacteria.

The intensity trend of the He line at 706.5 nm was
similar to that of other spectral lines and is presented
in Fig. 10. As expected, line intensity was observed to
increase when we increase either working gas flow or DC
input voltage. This He line is the most intense compared
to other lines observed in the spectrum (Fig. 10). The
result is due to amount of He and its mixture with air
present in the plasma plume.

Fig. 10 He 706.5 nm line intensities for different gas flow
and voltages

Observing all line intensities analyzed here, one can
conclude that within the range of voltages varied in the
experiment, there is a steady increase of the line inten-
sity with increase in applied voltage. This reflects a fact
that for all lines, i.e. processes related to specific emis-
sion, concentration of excited species continuously rises
with voltage increment, without any abrupt changes.
Hence, we can say that both voltage and flow changes
applied here do not influence plasma chemistry but only
concentration of species involved in the processes.
Discharge imaging can provide information about

the way plasma plume forms and how it propagates
between electrode and bacteria-containing medium.
Additionally, a relative abundance of active species
can be roughly assessed through emission intensity as
brighter intensity corresponds to more emitting parti-
cles. For this, ICCD imaging was employed with time-
averaged images of the streamer structure obtained for
all He flows and DC input powers. Typical results are
presented in Fig. 11 for 1 slm and 2 slm, at only the
lowest (3 V) and highest (12 V) DC voltages used in the
experiments. Similar to optical emission measurements,
the jet position and its distance to the liquid surface in
the 96-well plate were the same as for bacteria treat-
ments. For all conditions, a ball-shaped bright plasma
was visible on the tip of the pin electrode with a plasma
plume extending towards the target. For the lowest DC
voltage employed, a weak plasma channel existed only
for the 2 slm flow of He. Obviously, for V DC = 3 V and 1
slm of He, the field attained at the electrode with these
power supply conditions was not enough to achieve suf-
ficient ionisation in the whole volume between the jet
and sample surface. At the highest power, i.e. DC volt-
age of 12 V, a streamer-like plasma channel with strong
emission bridged the distance from the electrode tip to
the liquid surface. After processing all images recorded
by subtracting the background intensity level, it was
determined that in all applied conditions, except for 3 V
at 1 slm, the plasma plume reached the liquid surface,
meaning that streamer length in this range of condi-
tions did not depend on either voltage or helium flow.
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Fig. 11 Images of the
discharge structure at
different flows and DC
voltages from the power
supply. A thin vertical line
represents a pin electrode
protruding from the body
of the jet (rectangle shape).
The horizontal line in the
lower part of the images
signifies the upper edge of
the 96-well plate

This indicates that the medium chemistry of bacteria
deactivation depends on streamer forming behaviour,
which almost doubles the procedure’s efficacy.

4 Conclusion

To optimise bacteria deactivation in media and obtain
sterilisation with plasmas, a parameter study involv-
ing a large number of experiments using different
plasma conditions was performed. It included moni-
toring the viability of different bacteria strains with
respect to several plasma diagnostics measurements.
This research clearly shows non-thermal helium APPJs’
ability to deactivate four standard strains of bacteria
used in such experiments. The deactivation effects of
the plasma jet were significant and dependant on the
bacterial strain, exposure time and plasma configura-
tion (gas flow rate and input DC power unit voltage).
The obtained results are expected and indicate that E.
coli is deactivated faster than other strains. Generally,
all bacterial strains—E. coli , S. aureus, B. stearother-
mophilus and B. subtilis—follow the same deactivation
trends. The only discrepancy is in the optimal param-
eters for deactivation of B. stearothermophilus, where
optimal deactivation is reached at lower flow rate levels.
This might be because of the bacterial strain’s proper-
ties and its response to the changing environment by

interacting plasma. The interaction of plasma and bac-
teria suspension (saline) was twofold—it changed the
concentration of reactive species and pH in the solu-
tion with bacteria. This RONS species (He, O, N, H,
photons) generated in the gas phase and high-energy
electrons and ions were interacting with the liquid. As
a result of the combined action of produced reactive
species and chemical reactions, which also influenced
the pH in the liquid phase, increased bacteria deacti-
vation efficacy. Combining all the chemically initiated
processes managed to sterilise given bacterial strains in
a medium in fairly short treatment times, maximum
efficacy was observed at high flow rates and DC input
powers. More power transferred into the plasma short-
ens the deactivation process. Increasing the flow rate
from 0.5 to 2 slm also shortens the inactivation process
as reactive species concentration in the gas phase rises.
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Amit Kumar1,2,a , Nikola Škoro1 , Wolfgang Gernjak3,4, and Nevena Puač1,b
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Abstract. Water bodies are being contaminated daily due to industrial, agricultural and domestic efflu-
ents. In the last decades, harmful organic micropollutants (OMPs) have been detected in surface and
groundwater at low concentrations due to the discharge of untreated effluent in natural water bodies. As
a consequence, aquatic life and public health are endangered. Unfortunately, traditional water treatment
methods are ineffective in the degradation of most OMPs. In recent years, advanced oxidation processes
(AOPs) techniques have received extensive attention for the mineralization of OMPs in water in order to
avoid serious environmental problems. Cold atmospheric plasma discharge-based AOPs have been proven a
promising technology for the degradation of non-biodegradable organic substances like OMPs. This paper
reviews a wide range of cold atmospheric plasma sources with their reactor configurations used for the
degradation of OMPs (such as organic dyes, pharmaceuticals, and pesticides) in wastewater. The role of
plasma and treatment parameters (e.g. input power, voltage, working gas, treatment time, OMPs con-
centrations, etc.) on the oxidation of various OMPs are discussed. Furthermore, the degradation kinetics,
intermediates compounds formed by plasma, and the synergetic effect of plasma in combination with a
catalyst are also reported in this review.

1 Introduction

Clean water is necessary to the ecosystem, to sustain life
as well as social and economic development [1,2]. How-
ever, as the population is growing, the anthropogenic
effect on the surrounding environment is increasing
every day [3,4]. Nowadays, the wastewater generated
from sources such as industry, agriculture, houses,
and so on contains considerable amounts of organic
micropollutants (OMPs) and thus causes many prob-
lems related to the environment and health [3,5–7].
According to several investigations, various OMPs such
as pharmaceuticals, pesticides, organic dyes have been
frequently detected in the wastewater, surface water,
and even in drinking water (see Fig. 1) [5,8–10].

Examples of frequently observed OMPs are listed in
Table 1.

Many wastewater effluents contain a high level of con-
taminants due to a considerable number of OMPs being
non-biodegradable. Thus, the degradation of OMPs in
water became a major challenge [5,10]. Typical char-
acteristics of wastewater from textile, pharmaceuti-
cal, and pesticide industries are presented in Table 2.
According to the data, the higher ratio of COD to BOD
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that appear in all three cases indicates that wastewater
had an extremely high level of refractory organic sub-
stances. This kind of wastewater must be treated before
releasing in nature in order to prevent harm to living
beings and the environment.

The degradation of most OMPs in conventional
wastewater treatment plants (e.g. using biological pro-
cesses) is inefficient because of their complex and stable
molecular structures. As a consequence, OMPs unaf-
fected by the treatment are returned to the natural
waters [7,29,30]. Recently, for the removal of OMPs
from wastewater several advanced oxidation processes
(AOPs) have been developed including H2O2 - Fen-
ton, UV/TiO2, O3/H2O2, UV/H2O2, UV/H2O2/O3,
and Ultrasound [31–34]. These AOPs are based on the
generation of unstable strong oxidants like hydroxyl
free radicals (HO· ). The HO· is extremely reactive
due to unpaired electron and it can destroy a broad
range of non-biodegradable organic compounds that are
unaltered by conventional methods. The possibilities
of chemical pathways for HO· production in different
AOPs are given in Table 3.

Cold plasmas are non-equilibrium non-thermal plas-
mas due to the difference in the temperature between
electrons (Te) and other plasma species and the fact
that in active plasma volume overall gas temperature
(Tg) is close to ambient [35–40]. In these plasmas,
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Fig. 1 Source of OMPs and their flow in the environment

highly energetic electrons play a key role in trigger-
ing chemical reactions and governing plasma chem-
istry via processes of excitation, ionization, dissocia-
tion, etc. [36,38,41–44]. On the other hand, in the ther-
mal plasma system, Te and Tg are similar so these sys-
tems can be considered to be in local thermodynamic
equilibrium. Comparison of both types of plasma-based
on electron temperature, electron density and gas tem-
perature is presented in Table 4. The range of plasma
properties depends on the type of plasma source, dis-
charge, power signal, working gas, and much more. In
terms of energy consumption, the cold plasma system
requires lower energy to generate reactive species than
thermal plasma system [38,45–48].

Table 1 List of some commonly observed OMPs in water
bodies

Class of OMPs Sub-categories Ref.

Dyes Azo [11]
Anthraquinone [12]
Sulfur [13]
Nitro [14]
Triarylmethane [14]

Pharmaceuticals Antibiotics [15]
Hormones [16]
Anticonvulsants [17]
NSAIDs [18]
Antihypertensives [19]
Antidepressants [20]

Pesticides Herbicides [21]
Fungicides [22]
Insecticides [23]
Rodenticides [24]
Bactericides [25]

For decades non-equilibrium plasmas operating at
low pressures have been used in various applications
due to their rich chemistry [35,37,50–53]. Thus, cold
atmospheric plasmas technologies have been considered
a viable alternative to low-pressure plasma mainly due
to the numerous applications that include samples that
cannot undergo a vacuum [36,38,54–65]. However, igni-
tion and sustaining of cold atmospheric pressure plas-
mas are more challenging due to the considerably higher
breakdown voltage and set of parameters usually falling
in the unfavorable region of Paschen’s curve [43,63,66–
68]. These issues have been overcome by using noble
gasses as feeding gas, electrode geometry, operation fre-
quency, type of power supply, etc. The cold atmospheric

Table 2 Characteristics of some examples of industrial wastewaters

Physico-chemical parameters

COD BOD pH TSS References

Textile 3300 – 3500 2100 – 2300 8.2–9.6 350 – 410 [26]
Pharmaceuticals 4000 – 6000 300 – 1500 6.5–8.0 600–700 [27]
Pesticides 6000 – 7000 2000 – 3000 12–14 250–300 [28]

All values are in mg/L except pH,
COD - Chemical oxygen demand,
BOD - Chemical oxygen demand,
TSS - Total suspended solids

Table 3 HO· generation mechanism by various AOPs

Processes Reactions

H2O2 – Fenton H2O2 + Fe2+ → Fe3+ + HO· + OH−

UV/TiO2 TiO2 + hν → e− + h+ h+ + H2O → H+ + HO·
O3/H2O2 2O3 + H2O2 → 2 HO· + 3O2

UV/H2O2 H2O2 + UV → 2 HO ·
UV/H2O2/O3 2O3 + UV + H2O2 → 2HO· + 3O2

Ultrasound/UV/O3 Ultrasound + UV + O3 → HO·
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Table 4 Characteristics of non-thermal plasma and thermal plasma

Non-thermal plasmas Thermal plasmas Reference

Plasma state Te>> Tg Te≈Tg [41,49]
Electron temperature 1–10 eV ∼ 1 eV
Electron density Lower electron density (< 1019 m−3) High electron density (< 1021-1026 m−3)
Gas temperature 300–1000 K 10000 K
Discharge type Corona, Glow, Streamer Arc plasma

Te–electron temperature, Tg - gas temperature
1eV ≈ 10000 K

pressure plasmas are fulfilling the major requirements,
which is the production of highly reactive species at low
gas temperature and this characteristic of cold atmo-
spheric pressure plasmas is the main reason for their
beneficial effect in wastewater treatment sectors [69–
72].

Apart from other approaches for the realization of
AOPs, nowadays, cold plasma-based oxidation tech-
niques have gained a lot of interest. It is shown that
this type of plasma can be used to degrade a variety of
toxic OMPs in water such as pharmaceuticals, organic
dyes, pesticides [30,73–76]. Cold plasma is responsi-
ble for the formation of many reactive oxygen species
(e.g. HO· , O· , HO2· , O3, H2O2, etc.), as well as
ultraviolet light (UV), electric field, and sometimes
shockwaves [10,42,58,77–80]. Plasma generated reac-
tive species have high oxidation potential and they can
react and eliminate many stable OMPs at low temper-
ature, at atmospheric pressure, and without using any
kind of hazardous chemicals. For example, plasma gen-
erated oxidants HO· , O· , O3, and H2O2 have oxidation
potentials of 2.86 V, 2.42 V, 2.07 V and 1.78 V, respec-
tively. These oxidation potentials are all higher than
chlorine (1.36 V) [77,81], which is sometimes used as
a bleaching agent to reduce colour in industrial efflu-
ents [82]. Moreover, the treatment of polluted water by
using chlorine is not an eco-friendly process [83,84]. The
cold plasma grants abundant formation of highly reac-
tive species without adding chemical agents. Plasma
treatments will not add to a secondary pollution and
during the processing creates less toxic transformation
intermediates that are biodegradable [85,86]. We can
consider plasma decontamination processes as an eco-
friendly technology. But one needs to be aware that
some of the species may persist in the treated water
and might be harmful to some aquatic life [87–89].
Moreover, the cold plasma system can be used alone
or in a combination of conventional wastewater treat-
ment techniques [72,90].

In the last decade, many authors have studied the
use of cold plasmas in applications for wastewater
treatment. A few reviews have been carried out where
authors discussed previously obtained results based on
the treatment of various compounds dissolved in water
(e.g. dyes, phenol, pharmaceuticals, surfactants, pesti-
cides, personal care products, etc.) by plasma technol-
ogy. In the review of Magureanu et al. [10], the overview
of published data between 1996 and 2013 on the treat-

ment of various pharmaceuticals by plasma is discussed.
In this publication, they assess various reactor configu-
rations and experimental parameters and related their
influence to the performance of the plasma system. It
was observed that the plasma generation in the gaseous
phase over thin water film by DBD or corona was fre-
quently performed for the removal of pharmaceuticals.
In 2014, Hijosa-Valsero et al. [30] reviewed different
plasma reactors and their operating conditions used for
the degradation of various organic compounds, such as
volatile organic carbon, phenols, dyes, pharmaceuticals,
personal care products, and surfactants. According to
their review, they stated that generation of plasma at
the gas-liquid interface was more efficient for degrada-
tion as well as for the energy yield than the case when
plasma was generated in the liquid phase. In 2010, the
removal of various classes of dyes by utilizing plasma
is reviewed by Malik, [71]. In his review, the various
plasma reactors were discussed and compared includ-
ing the energy efficiency. It was found that the forma-
tion of pulsed corona discharge in fine droplets and over
thin water film was the most effective approach among
those analyzed. In 2006 and 2014, Jiang et al. [69] and
Locke, [91] reviewed the use of cold plasma reactors
with varied of reactor configurations for the degrada-
tion of phenol and phenolic compounds. They showed
that cold plasma can effectively degrade range of pheno-
lic compounds. Another investigation on the combined
effect of heterogeneous catalysts and cold plasmas for
the removal and mineralization of organic pollutants
from water is summarized in the critical review of Russo
et al. [92]. They concluded that catalysts played a sig-
nificant role to enhance the performance of the plasma
systems. A recent review by Barjasteh et al. [93] illus-
trated the overview of cold plasma for water treatment
with a focus on the inactivation of bacteria and degra-
dation of some of the organic compounds.

In recent years, a continuation of work on the treat-
ment of dyes, pharmaceuticals and pesticides by plasma
has been presented in many publications. However, it
was noticed that there were limited review studies per-
formed on papers published in the last 5 to 6 years.
In this article, we tried to make an up-to-date review
of recent investigations that have not obtained atten-
tion, as well as on research papers that were published
in the last almost 10 years. All gathered data in this
review can be used for easier selection of the most suit-
able plasma source for degradation of three different
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types of OMPs (pesticides, pharmaceuticals and dyes).
We have tried to discuss the implementation of plasma
sources with various operational parameters and their
effects on the degradation efficiency of OMPs. Where
possible we have tried to take into account the energy
efficiency of the above mentioned plasma sources.

This article presents a literature review on the
degradation of various OMPs such as pharmaceuti-
cals, organic dyes, and pesticides in wastewater under
the cold atmospheric plasma treatments with a special
focus on plasma sources, reactor configuration as well as
some operating parameters that influence the degrada-
tion of specific OMPs. After general information about
different kinds of plasma sources employed for OMP
treatment, the paper describes specific approaches used
for the degradation of organic dyes, pharmaceuticals
and pesticides. For each pollutant type, we performed
an excessive literature survey to obtain published infor-
mation on various sources in terms of design, working
conditions and plasma properties as well as treatment
parameters and removal efficiency. We put through a
comparison of different sources based on specific plasma
and sample parameters and make conclusions for each
pollutant type regarding plasma application.

2 Removal of organic micropollutants by
using cold atmospheric plasmas

For several years, cold plasma discharges have been
extensively used for the elimination of organic pollu-
tants from water [72,94–97]. Many different plasma
sources, e.g. corona, dielectric barrier discharge (DBD),
atmospheric pressure plasma jet (APPJ), gliding arcs,
and others have been investigated for wastewater treat-
ment. They operate with various power supply signals
(continuous wave at the wide range of frequencies – Hz
to kHz, pulsed voltage signals, etc.), electrode geome-
tries such as a needle to plate, pin to ring, pin to pin
and many other, as well as a variety of working gases
and their mixtures (e.g. air, oxygen, argon, etc.) and
have been extensively tested for the removal of differ-
ent OMPs.

Generally, cold atmospheric plasma setups used for
liquid treatments can be divided into three categories:
discharge above the liquid surface, discharge in bub-
bles, and direct discharge inside the liquid, and have
been investigated by many researchers to study plasma–
liquid interface phenomenon. Schematics of typical
arrangements are shown in Fig. 2 but in all three cat-
egories, there are many electrode geometries used to
produce plasma in particular experiments [42,79].

The setups where plasma is formed above the liquid
surface and in bubbles are commonly used for wastewa-
ter treatment whereas direct discharge inside the liquid
is not frequently employed. In the case of a discharge
above the liquid surface, plasma species are formed in
the gas phase near the liquid surface and then trans-
ferred inside the liquid sample where they trigger degra-

dation of OMPs in water [45,76]. In the case of bubbles
in the liquid, plasma is again formed in the gaseous
phase inside the bubble and reactive species originate
from separate plasma sites and enter the sample. So, in
general, the mechanism behind these two approaches
is very similar. The formation of plasma species above
liquid has been studied and it is strongly dependent
on the plasma source, electrode geometries, working
gas, reduced electric field [38,72,98]. The next phase in
plasma treatment, the interaction of plasma with liq-
uid is an overly complex phenomenon with many pro-
cesses occurring simultaneously: ionization, excitation
and dissociation in the gaseous phase, heterogeneous
mass transfer, chemical reactions in bulk liquid, evapo-
ration, electrolysis, and so on [42,98,99].

When the cold plasma is introduced over a liquid
surface in presence of surrounding air, the interaction
environment can be divided into three parts—plasma in
the gas-phase, plasma-liquid interface, and the bulk liq-
uid phase, as schematically shown in Fig. 3 [98]. Reac-
tive species generated in the gas phase can diffuse into
the liquid or trigger chemical reactions within the liq-
uid in order to produced secondary species. These reac-
tive oxygen and nitrogen species were formed in the
gaseous, interface, and liquid phase either in plasma
with an addition of a noble gas (e.g. argon) or only
in the plasma formed in surrounding air over the liq-
uid surface [63,98]. In the case of discharge above the
liquid surface, the degradation rate of OMPs inside
water depends on the formation of reactive species near
the interface as well diffusion/penetration of reactive
species from gas to the bulk phase [76,100].

Apart from this approach, plasma can be ignited
inside the liquid with or without using an external gas
source. The generation of plasma inside liquid water
with the bubbling of gases for the removal of OMPs
has been investigated by many researchers [73,101,102].
Formation of the discharge in bubbles could improve
the interfacial areas between plasma generated reactive
species and OMPs and consequently increase the elim-
ination rate of pollutants. Additionally, mass transfer
from the gaseous environment to the bulk phase can
also enhance through external gas bubbling. The most
frequently used plasma sources for the generation of
discharge inside bubbles are different corona geometries
and DBD [45,73,103,104], whereas, for initiation of a
discharge directly inside liquid without the introduction
of feed gases, electrode configuration creating corona
discharge has been employed [105].

2.1 Removal of organic dyes

One large group of organic micropollutants are dyes
that are commercially used in textile industries. Sta-
tistically, around 20 % of industrial water pollution is
caused by the discharging of dye effluents [106]. It is
one of the biggest contributors to the water pollution.
Consequently, some dyes are responsible for the catas-
trophic damage to aquatic ecological systems ascribed
to their stability in nature [107,108]. Besides, recent

123



Eur. Phys. J. D          (2021) 75:283 Page 5 of 26   283 

studies have been illustrated that some dyes are car-
cinogenic [107,109]. Some of the dyes are difficult to
decompose by conventional water treatment methods
[110–112]. For almost 20 years wide research has been
carried out on the degradation of organic dyes in solu-
tion by cold plasma [77,94,113]. In plasma-based degra-
dation of organic dyes in solution, there are several
plasma sources such as corona, DBD, gliding arc, APPJ
that have been evaluated with different reactor config-
urations, continuous and pulsed voltage signals, input
powers, working gases, etc. Generally speaking, cold
plasma-based advanced oxidation methods show great
potential in mineralization of organic dyes into CO2 and
H2O or decomposition to the less hazardous intermedi-
ates [86,90].

Results of the different studies on the cold plasma-
based degradation of organic dyes are given in Table 5
as a result of a survey of the literature published in the
last 18 years. For selected target compounds we listed
characteristics of plasma sources and operating param-
eters used for the decontamination as well as param-
eters related to the treatment, as they were stated in
the reference. In cases where one publication contained
several pollutants treated under the same conditions,
we grouped the results.

Corona discharge with various reactor configurations
has been introduced by many researchers for the treat-
ment of organic dyes. In the case of corona discharge,
mostly the plasmas were formed in the gas phase over
the solution and inside bubbles. Magureanu et al. [74]
evaluated the elimination of methylene blue from aque-
ous solution by using a pulsed high voltage corona dis-
charge with multi-hollow needle electrodes (6 array of
needles). The needle electrodes were situated at the bot-
tom of the reactor and a grounded electrode was placed
about 5 cm above the tip of the needles. Both electrodes
were located inside the liquid and discharge takes place
in bubbles inside dye solution. The paper presented
results obtained when different feed gases (air, argon,
and oxygen) were bubbled in the solution through the
needles. The multi-needle electrodes promote a large
volume of plasma which leads to enhance the interac-
tion between reactive species and dye solution. It was
observed that at the same external power input degra-
dation of methylene blue was enhanced in the particular
order of feed gases: air < argon < oxygen. They have
explained that more efficient degradation in oxygen and
argon in comparison to air plasmas was due to fact
that energy delivered to plasma in these gases is used
to generate more reactive species, whereas, in air, some

Fig. 2 Schematics of experimental setups used in studies of liquid treatments with cold plasma

Fig. 3 Schematic representation of plasma-generated short and long-lived species in the gas phase, at the plasma-liquid
interface, and bulk liquid
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part of the energy is consumed for the dissociation of
nitrogen molecules. On the other hand, they reported
that the degradation of methylene blue depended on
initial dye concentration and volume of the solution,
i.e. higher dye concentration degraded more rapidly in
smaller volumes. Li et al. [114] investigated the degrada-
tion of Acid Orange 7 dye in a pulsed discharge reactor
with a needle-to-plate electrode configuration and with
air bubbling into the reaction system in the presence
of TiO2. They observed more decoloration efficiency of
dye by adding TiO2 particles into the reactor, which
attributed to photocatalysis in the presence of the ultra-
violet light produced in the pulsed plasma system. They
also found that the decoloration efficiency of dye was
improved by increasing the input power. Jingyu et al.
[86] studied reactive brilliant blue dye removal with a
point-to-plane DC corona discharge reactor using air as
a working gas while the discharge was ignited over the
liquid surface. In this case, 72 stainless-steel pin elec-
trodes were powered and stainless-steel plate immersed
in dye solution served as a grounded electrode. The
idea behind the multi-pin electrodes is to enable the
large plasma volume on the liquid surface by physically
increasing the number of reaction points. The authors
evaluated the effect of the ratio of the discharge gap
and the adjacent point distance between two electrodes
on decoloration efficiency. The main degradation by-
products that were traced were 2,5-diritrobenzoic acid,
1,2-diacetylenzene, and 3- nitrobenzonic acid.

Malik et al. [94] have designed a pulsed corona dis-
charge reactor with needle-plate type electrodes for the
decolorization of methylene blue and they studied the
influence of oxygen and ozone bubbling on the dye
decomposition. The removal efficiency was much higher
when a combination of oxygen and ozone was bubbled
in compared to plasma in pure oxygen and without bub-
bling of any gases. The presence of additional oxygen
and ozone enhances the production of chemically reac-
tive species in water, which leads to a higher degrada-
tion of the dye. They also suggested that the removal
efficiency of dye was higher in distilled water than in tap
water, probably due to the interaction of plasma gen-
erated species with impurities in tap water. Recently,
Fahmy et al. [90] used a DC corona discharge to elimi-
nate Acid Orange 142 from the water where the plasma
was generated in atmospheric air at the surface of the
sample in a small discharge gap. It was found that the
degradation rate was increased by either increasing the
applied voltage or decreasing the discharge gap. Higher
applied voltage influenced generation of more energetic
electrons and metastables due to the stronger electric
field, which led to the formation of more reactive oxy-
gen species. In the study of Sugiarto et al. [105], pulsed
streamer corona discharge with a ring-to-cylinder elec-
trode geometry system was used to remove dyes includ-
ing rhodamine B, methyl orange, and Chicago sky blue
from water and plasma was ignited inside the solution.
The sample was recirculated inside the plasma reac-
tor. At the given power input, the degradation rate of
dyes depended on the initial pH of the solution and the
best degradation observed in the acidic medium was

caused by faster reactivity of hydroxyl radicals with dye
molecules at lower pH. Degradation of dyes was higher
with the addition of hydrogen peroxide into the solu-
tion, as a consequence of the dissociation of hydrogen
peroxide by ultraviolet light from the plasma. Addition-
ally, they concluded that the pulsed streamer corona
discharge reactor with two rings was more efficient than
one ring because it provided larger contact area between
the plasma streamer and the solution.

DBD has also been used extensively for the degra-
dation of various types of organic dyes. DBD plasma
formed between two electrodes, however, at least one
electrode covered with a dielectric material, such as
glass, quartz and so on. For most of the cases, the post-
discharge and discharge in bubbles type of configura-
tions have been widely reported in the papers for the
removal of organic dyes. Rahimpour et al. [115] per-
formed an investigation on the removal of crystal violet
dye from a liquid via a post-discharge pulsed DBD reac-
tor, using oxygen as a working gas. In the analysis, oxy-
gen was supplied into the DBD reactor and the effluent
gas was bubbled through the solution to enhance the
mass transfer of reactive oxygen species into the solu-
tion which in turn resulted in higher degradation of
the dye. The addition of argon in the working gas at
the fixed input power, lead to a higher degradation of
dye in comparison to pure oxygen case. This effect is
due to the formation of more ozone molecules caused
by higher dissociation of oxygen molecules in the pres-
ence of argon metastables and energetic electrons in the
plasma system. The degradation kinetics of crystal vio-
let was found to follow the first-order reaction. A com-
plete elimination of total organic carbon (TOC) was
obtained after the plasma treatment, which revealed the
full mineralization of treated solution from unwanted
organic carbon. In the study of Muradia [101], a par-
allel plate DBD plasma system was used for the decol-
orization of indigo carmine. The powered (upper) elec-
trode was a metal plate with punched holes and cov-
ered with mica sheets with porous grounded electrode
made of graphite. The system was inside the solution
and the working gas (Ar, N2, He) was bubbled through
the grounded electrode. It has been found that, at the
fixed source voltage, the addition of oxygen in the mix-
ture greatly improved the decolorization rate of dye in
comparison to the pure argon case.

The degradation of methyl red in an aqueous solu-
tion was performed with a pulsed DBD in the coaxial
configuration by Piroi et al. [109] where oxygen was
used as working gas. They proposed such a configu-
ration to enhance the contact between plasma gener-
ated species and the dye, while the solution was recir-
culated from the reservoir to the DBD reactor in the
form of a thin layer of water flowing on the surface
of the inner electrode of the reactor. Additionally, the
effluents from the DBD reactor were bubbled through a
reservoir containing the solution, promoting the inter-
action between ozone and dye molecules and faster
degradation of dye. Since oxygen was used as working
gas, ozone was generated due to oxygen discharge in
the DBD reactor, and it was the main oxidizer in the
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effluent gas. In this paper author also observed that
degradation kinetics followed the first-order and that
faster degradation of the dye occurred with lower ini-
tial dye concentration. Besides, they also found several
by-products after the treatment, some of them are iden-
tified: 2-ethoxy-2 methylpropane, 2-tert-butoxyethanol,
3-metoxy-3methyl-1-buthanol. Recently, an air DBD
reactor with a glass bead packed bed and microp-
orous diffuser plate was developed by Wu et al. [45]
for the treatment of wastewater containing methylene
blue. The plasma was formed in the glass bead packed
bed and the species were transferred into the dye solu-
tion via a microporous diffuser plate. The role of the
microporous diffuser plate inside the DBD reactor was
to enhance the mixing between propagating plasma
species and the solution. Additionally, plasma species
were generated in micropores on the diffuser plate and
they interacted with dye molecules. The authors sug-
gested that the packing beads in the plasma zone played
a significant role to produce more reactive species in the
reactor as they enable the formation of strong electric
fields in the cavities. The degradation was higher for the
lower initial concentration of dye. On the other hand,
it was found that the influence of initial pH and con-
ductivity of the solution on the dye degradation was
small. They proposed a possible degradation mecha-
nism involving energetic electrons, ozone, and hydroxyl
radicals responsible for the formation of intermediate
compounds and their subsequent elimination after the
treatment.

Benetoli et al. [113] evaluated the removal of methy-
lene blue from water by using a point-to-plate type
plasma reactor configuration. Corona discharge was
generated in nitrogen over the liquid surface. Nitro-
gen was bubbled in the solution from the bottom of
the reactor. The initial temperature of the solution was
particularly important for the removal, and it has been
found that the removal efficiency improved when the
temperature was increased. Several long-lived nitrogen-
based species were traced inside the solution and they
found zeroth-order degradation kinetics of methylene
blue for higher initial concentration, whereas first-order
for the lower initial concentration. In the study of Tang
et al. [108], a post-discharge of a DBD reactor was used
for the removal of Acid Red 88 from aqueous solutions,
with air containing 100 % relative humidity and oxy-
gen were supplied as the working gas. The gas effluents
containing reactive species from the DBD plasma were
injected through the bottom of the solution reservoir
through an annular porous diffuser device. The degra-
dation of Acid Red 88 was faster when pure oxygen was
introduced into the DBD reactor than in the case of a
mixture with air with 100 % relative humidity, which
implied that higher ozone generation was obtained with
pure oxygen. The degradation process was fitted with
the pseudo-first-order kinetics model and depended on
the input power, initial dye concentration, gas flow rate,
and initial pH value of the solution.

Apart from corona and DBD systems, a few stud-
ies have also been carried by authors for the treatment
of organic dyes by sources such as APPJ, gliding arc,

glow discharge. With these kinds of sources, generally,
plasma occurred in the gas phase over the liquid surface.
Attri et al. [116] compared two needle-type atmospheric
pressure plasma jets (called indirect and direct APPJ)
for the degradation of congo red, methyl orange, and
methylene blue dyes and argon was used as a plasma
gas for both reactors. The indirect APPJ was made
with a hollow inner needle electrode and the grounded
ring-type electrode (copper tape) that was placed out-
side the glass tube surface, whereas in the case of direct
APPJ, the copper tape as a grounded electrode was
positioned on the outer side of the bottom of the ves-
sel. The degradation of all three dyes was higher when
direct APPJ was introduced to the sample in compar-
ison to the indirect jet. However, the sample volumes
were not reported. According to the optical character-
ization of both sources, they identified higher intensity
of excited argon species in direct APPJ, which con-
tributed to the formation of a higher density of reactive
species due to collisions between excited argon species
and water molecules. The authors suggested that the
hydroxyl radicals were the main oxidative species pro-
duced in plasma that was responsible for the degrada-
tion of dyes.

Decomposition of Orange I, Crystal Violet, and
Eriochrome Black T dyes in the aqueous solutions
under the action of gliding arc discharge was stud-
ied by Abdelmalek et al. [117]. The plasma was cre-
ated between two diverging electrodes when humid air
was supplied. It was found that the degradation of all
three dyes followed first-order kinetics. On the other
hand, they also reported that the mineralization of dyes
decreased with a decrease in the plasma exposure time.
Ghodbane et al. [107] evaluated a DC glow discharge
reactor with a combination of photocatalyst (TiO2)
to remove Acid Blue 25 dye from the liquid medium.
Argon was used as a feed gas and plasma was gener-
ated near the liquid surface in a closed reactor chamber
with the absence of air. At the same treatment time,
the presence of photocatalyst enhanced the destruction
of Acid Blue 25. They reported faster degradation in
strongly acidic conditions. Jiang et al. [118] designed
a pulsed-discharge with the needles-to-plate electrodes
operating in an airtight reactor system with plasma
treated sample circulation They treated methyl orange
as the target compound using oxygen as a working gas
that was introduced from the bottom of the reactor
into the discharge zone through the liquid sample. The
needles, i.e. powered electrodes were located vertically
above the dye solution while the grounded electrode was
placed inside the solution. The plasma was generated
between the needle electrodes and the liquid surface.
The plasma-treated solution was injected into the reser-
voir containing the dye to enhance degradation. They
obtained better degradation for lower initial concentra-
tions and low volume of the compound. In the study of
Sun et al. [119], multi-needle jet (with 24 needle elec-
trodes) produced pulsed plasma that was used to treat
aqueous solution containing methyl orange dye using
different working gases (oxygen, air, argon, and nitro-
gen). A plate disc placed inside dye solution served as
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a grounded electrode and the plasma was formed in the
gaseous phase, between needle electrodes and the dye
solution. Decoloration rate was achieved in the follow-
ing order of working gases, from higher to lower: oxy-
gen > air > argon > nitrogen. Moreover, it was reported
that a smaller discharge gap was more effective in terms
of degradation caused by the enhancement of the elec-
tric field in the gap, which leads to the formation of a
large number of reactive species.

2.2 Removal of pharmaceuticals

The daily intensive consumption of pharmaceuticals has
resulted in the increment of water pollution [97]. Many
pharmaceuticals have been identified in the environ-
ment in both low and high concentrations [120]. It has
been found that several pharmaceuticals released in the
environment cause risk on both aquatic species as well
as human health [97]. The greatest source of pharma-
ceuticals in the environment are effluents from wastewa-
ter treatment and drug manufacturing plants [121,122].
However, traditional wastewater treatment plants are
not designed for the reduction of certain pharmaceuti-
cals [123]. Therefore, cold plasma-based advanced oxi-
dation processes have been investigated extensively to
remove various non-biodegradable pharmaceutical com-
pounds [10,96,124].

Various cold plasma devices have been successfully
applied by many researchers for the degradation of
pharmaceuticals, as summarized in Table 6. We listed
references based on different pharmaceutical contami-
nants or groups of contaminants together with plasma
sources and treatment parameters used for their decom-
position.

In the study of He et al. [73], a combination of corona
discharge with a needle-type electrode and a TiO2 cata-
lyst was demonstrated for decomposition of tetracycline
antibiotic in an aqueous solution with plasma generated
in the liquid when air was bubbled. The powered elec-
trode was situated at the top of the reactor and the tip
was immersed in the solution, whereas grounded elec-
trode was attached within the solution. In this case, the
plasma was driven by a high voltage AC power signal.
It has been found that high input power and low initial
concentration of antibiotics were beneficial for faster
degradation, while TiO2 catalyst also played a signifi-
cant role in the degradation. According to the proposed
degradation mechanism of tetracycline, they observed
that several processes such as hydroxylation, deamina-
tion, oxidation, and opening of the aromatic ring were
responsible for degradation. To increase the contact
surface between plasma reactive species and solution,
a plasma reactor with wetted-wall and pulsed high-
voltage source was investigated by Rong and Sun [125]
for the degradation of sulfadiazine. On the other hand,
the authors explained that at higher pH (strong alka-
line solution) lower degradation was due to the scav-
enging effect since hydroxyl radicals reacted with car-
bonate ions. They also investigated addition of hydro-
gen and hydroxyl radical scavengers and showed that

this played a significant role in degradation. Hydro-
gen radical scavengers improved the degradation rate
and hydroxyl radical scavengers inhibited the degra-
dation. Moreover, several intermediates are identified
before the almost complete mineralization of sulfadi-
azine.

Dobrin et al. [126] assessed a pulsed corona dis-
charge reactor with 15 copper wires as electrodes and
used oxygen to produce plasma at the water surface
to remove drug diclofenac. The formation of long-lived
reactive species such as hydrogen peroxide measured
in the water and ozone was determined in the gas
phase, where the concentration of hydrogen peroxide
in the solution and ozone in the gas phase was depen-
dent on the plasma treatment time. Complete removal
of diclofenac and several carboxylic acids by-products
(e.g. formic, acetic, oxalic, malonic, maleic, and suc-
cinic) was reported. A different type of corona discharge
reactors operating with benchtop batch and benchtop
flow-through systems were evaluated by Krause et al.
[127] for removing carbamazepine, clofibric acid, and
iopromide from an aqueous solution. In the case of
benchtop batch configuration, pulsed corona discharge
occurred in the air on the liquid surface, whereas in
the system with the sample flow corona discharge was
generated also in argon-air mixture over a thin water
film. In both cases, the grounded electrode coated with
catalyst was submerged inside the solution. The con-
centration of all target compounds decreased with an
increase of the plasma treatment time. Several types of
submerged electrodes (e.g. boron-doped diamond, irid-
ium oxide, titanium, and iron) serving as a catalyst have
been tested. Faster degradation of carbamazepine in the
presence of a boron-doped diamond electrode has been
observed in comparison to other submerged electrodes.

In order to enhance contact of an effective plasma
area with the liquid, Banaschik et al. [128] used a
pulsed corona discharge reactor with a coaxial geometry
to eliminate seven pharmaceutical compounds (carba-
mazepine, diatrizoate, diazepam, diclofenac, ibuprofen,
17a-ethinylestradiol, trimethoprim) from water. The
corona discharge was directly generated in the liquid
by a wire-type electrode inserted in the center of the
tube. The sample was continuously recirculated with
about 80 % of the total sample volume processed in the
plasma reactor at the time. The complete degradation
of diclofenac and ethinylestradiol was noticed. They dis-
cussed that the solution pH and concentration of long-
lived nitrogen species inside the bulk liquid were not
varying significantly because the liquid was not in the
contact with any kind of air discharge. They suggested
that the short-time high-voltage pulses with fast-rising
time lead to the efficient transfer of energy to electrons,
whereas longer voltage pulses are prone to thermal
losses. They proposed degradation pathways for phe-
nol and found that the hydroxyl radicals were respon-
sible for the primary degradation of phenol. Singh et
al. [129] employed a pulsed corona discharge with mul-
tiple needles to remove various pharmaceuticals such
as diclofenac, carbamazepine, and ciprofloxacin from
water. Similarly, the plasma was created in ambient air
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over the solution surface. They conducted a series of
studies on the influence of various parameters like volt-
age, frequency, initial pH, etc. on the degradation effi-
ciency. They claimed that the degradation was faster in
acidic conditions and revealed that more reactive oxy-
gen species were formed for lower pH conditions. The
degradation kinetics followed the first-order, and the
oxidation rate decreased with an increase in initial con-
centration.

Recently, Hao et al. [130] used a pulsed coaxial DBD
for the degradation of tetracycline in an aqueous solu-
tion. The screw-type electrode was connected to a high
voltage signal and the aqueous solution was falling over
it. The plasma was formed over water film while the air
was introduced as a working gas. They reported that
the screw-type electrode produced a strong local elec-
tric field at the tip, which resulted in a higher plasma
intensity. They obtained a higher first-order oxidation
rate constants with lower initial concentration of the
pollutant compound and higher voltage of the pulsed
signal, respectively. Additionally, several intermediates
were identified. Baloul et al. [131] studied paraceta-
mol removal by using a DBD plasma with a multi-
ple needle-to-plate reactor configuration and different
working gases (air, argon, and nitrogen) with plasmas
generated between the tip of the electrodes and the liq-
uid surface. The authors found that higher removal of
paracetamol in air plasma. They noticed two types of
discharge regimes, spark and streamer. It was observed
that the formation of hydroxyl radicals in the spark
regime was higher than in the streamer regime because
the spark regime supported more evaporation and dis-
sociation of water.

Nawaz et al. [132] investigated the degradation of
nitrobenzene in water by utilizing a parallel-plate type
DBD reactor with various working gases including oxy-
gen, air, and nitrogen. In this configuration, the reactive
species were formed in the DBD system and propagated
into a reservoir containing nitrobenzene, so plasma
effluent was reacting with the target molecules. They
also tested the addition of hydrogen peroxide, Fe2+
ions and methanol in the solution. Hydrogen perox-
ide and Fe2+ ions played a significant role in enhanc-
ing degradation, whereas methanol greatly decreased
the degradation rate due to its scavenging effect. The
degradation process followed first-order kinetic models.
In terms of application, nitrobenzene is used to make
analgesic acetaminophen or paracetamol. Furthermore,
Magureanu et al. [133] studied the decomposition of
pentoxifylline by using a pulsed coaxial DBD reactor
with oxygen used as the working gas. The sample solu-
tion was introduced over the surface of the inner elec-
trode using several holes from the top of the DBD
reactor whereas the discharge occurred in the gaseous
phase above the thin water film. The solution and gas
effluent containing ozone was transferred into a reser-
voir at the bottom of the plasma reactor, where the
post-discharge reaction occurred. The degradation was
observed at the plasma-liquid interface as well as in
the solution reservoir by bubbling of the gas effluent.
Higher pulse frequency and lower initial concentration

of pentoxifylline were noticed to be advantageous for
higher degradation. Several by-products were identified
before the almost complete degradation was achieved.
The same pulsed coaxial DBD plasma reactor with the
same conditions was used by Magureanu et al. [122] to
remove antibiotics amoxicillin, oxacillin, and ampicillin
from an aqueous solution. The researchers observed
that amoxicillin was decomposed for the shortest treat-
ment time, whereas oxacillin and ampicillin required
longer times. In another study, Magureanu et al. [135]
investigated the degradation mechanism of the enalapril
compound by using the same plasma reactor. They
suggested that processes such as hydrolysis, oxidation,
and intra-molecular dehydration were responsible for
the breakdown of enalapril. Higher mineralization was
obtained at a longer plasma treatment time.

In the study of Smith et al. [134], plasma was gen-
erated in ambient air over the liquid surface by using
a nanosecond pulsed DBD source with a floating elec-
trode for the treatment of high concentrations of antibi-
otic ampicillin. The degradation rate was higher with
increase in plasma treatment time. According to the
results of the characterization of treated solutions, they
claimed the complete degradation of ampicillin was
achieved. Gao et al. [136] assessed pulsed DBD with
a slightly different electrode configuration, where the
plasma was formed in ambient air in between the
ceramic crucible wall (dielectric) and the surface of
the solution, that was used for the treatment of 17b-
Estradiol. A high-voltage wire type electrode was sub-
merged in a ceramic crucible containing water, while
another electrode was placed in the aqueous solution
of pollutant. The experimental results showed degra-
dation was dependent on the initial amount of pol-
lutants, applied peak voltage, pH, and type of water
samples. On the other hand, with different water sam-
ples, the level of degradation was observed in the follow-
ing descending order: ultrapure water, tap water, land-
fill leachate. The authors hypothesized that the low-
est degradation of 17b-Estradiol with landfill leachate
could be due to higher conductivity and existing impu-
rities (e.g. organic and inorganic). They reported that
higher conductivity caused formation of a weaker elec-
tric field and less reactive species in the solution which
consequently had a negative influence on degradation.
Hijosa-Valsero et al. [137] compared two DBD plasma
reactors - conventional batch and coaxial thin falling
water film for the removal of cyanide from aqueous solu-
tion with helium as a working gas in both plasma reac-
tors. In a conventional batch-type reactor, plasma was
formed directly underneath the Petri dish containing
solution, while, in the other reactor, plasma was gener-
ated over the thin falling water film. It was found that a
thin falling water film reactor had better performance in
comparison to a conventional batch type caused by the
large surface of aqueous solution exposed to the plasma.
The degradation of cyanide in both types of DBD reac-
tors followed the first-order kinetics. In medicine, the
compound cyanide can be found in anti-hypertensive,
sodium nitroprusside.
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Recently, Vasu et al. [138] used an APPJ with rod
and ring-type electrode configuration for the decom-
position of telmisartan, where the plasma occurred in
argon gas over the liquid surface. However, a com-
plete comparison with the other results could not be
accomplished since the initial concentration and sam-
ple volume were not reported. Authors observed solu-
tion pH decreased and conductivity enhanced with an
increase in treatment time and applied voltage. The
degradation of telmisartan was observed as pseudo-
first-order kinetics with applied voltage. Krishna et al.
[124] evaluated the removal of Verapamil hydrochlo-
ride from water under the action of gliding arc plasma
in air where the discharge was created between two
divergent electrodes above the solution. The first-order
degradation was obtained and a higher removal rate
constant was noticed when the initial concentration
of the target compound was lower. These researchers
proposed a degradation mechanism with high energy
electrons, ozone, and hydroxyl radicals playing domi-
nant roles in the degradation. In a recent article, El
Shaer et al. [96] compared two plasma reactors with
different configurations - single pin-to-water electrode
with plasma above air-water interface and a configura-
tion with water as an electrode with plasma below the
interface. The degradation of two antibiotics in water:
oxytetracycline hydrochloride and doxycycline hyclate
was examined. In the pin-to-water electrode configura-
tion, a wire-type powered electrode formed plasma in
air over the liquid surface. In the case of water-electrode
configuration, the powered electrode was a hollow nee-
dle inserted in a glass tube that was located at the
bottom of the vessel. The discharge occurred in the liq-
uid phase when the air was bubbled through the nee-
dle. In both cases, grounded electrode was the copper
plate placed along the vessel wall and submerged inside
the liquid. They concluded that faster degradation was
observed when the plasma generated inside the water
sample than over the water surface.

2.3 Removal of pesticides

Pesticides are nowadays commonly used to protect
crops, vegetables and fruits from pathogens [103]. Most
of the pesticides discharged into water bodies come
from the agricultural industries and through runoff
from the agricultural soils [139]. A variety of pes-
ticides (herbicides, insecticides, fungicides, etc.) have
been observed in surface and ground waters. Even a low
concentration (range of ng/L to μ g/L) of pesticides in
water can have negative effects on the environment and
thus on public health [102,140]. Unfortunately, many
pesticides are non-biodegradable while for certain pes-
ticides conventional treatment methods are inefficient
for degradation due to their chemical structure com-
plexity [141]. Therefore, to eliminate the potential risks
related to pesticides, it is necessary to treat wastewa-
ter containing pesticides before releasing them to the
natural water recipient.

The oxidation of organic pesticides in water based on
low-temperature plasma treatments has been employed
by many authors in order to tackle this issue and it was
found that plasma processing can successfully elimi-
nate pesticides from water without formation of the sec-
ondary toxic by-products [142]. A number of research
papers have been published on plasma sources for the
degradation of pesticides in water and a comparison of
selected data is presented in Table 7.

Singh et al. [142] have designed a multiple needle-to-
plane pulsed corona discharge reactor for the treatment
of an aqueous solution containing carbofuran, where
the plasma was formed in ambient air (without any
external feed gas) over the liquid surface. The tung-
sten needle high voltage electrodes were attached to the
circular plate and located above the solution, whereas
the ground electrode was fixed in the solution. The
streamer propagation occurs due to the high intensity
of local electric field over the tip of the needle elec-
trodes. They studied the effect of several experimental
parameters on the degradation of carbofuran, including
applied pulsed voltage, pulsing frequency, initial car-
bofuran concentration, initial pH and dependence of
the process on radical scavengers. It was observed that
higher pulsing frequency and applied pulsed voltage
favored faster degradation, suggesting that more reac-
tive species were produced and transferred to the solu-
tion. On the other side, addition of radical scavengers
(HCO3−, CO2−

3 and humic acid) diminished the degra-
dation by quenching the hydroxyl radicals. The degra-
dation followed the first-order kinetics model, and the
oxidation rate was higher for the lower initial concen-
tration of carbofuran. Moreover, they identified seven
intermediates compounds before complete mineraliza-
tion. Bradu et al. [143] used a slightly different type
of pulsed corona discharge reactor for the degradation
of 2,4-dichlorophenoxyacetic acid herbicide in water,
where oxygen plasma was formed in between a multi-
wire array (consisting of 20 copper electrodes) and the
liquid surface. The solution was circulated from the
reservoir to the plasma reactor while the plasma efflu-
ent that consisted mainly of oxygen and ozone was bub-
bled inside the solution from the bottom of the reser-
voir to induce post-discharge reactions. The concen-
tration of ozone was measured in the plasma effluent
and separately the same amount of ozone was intro-
duced inside the reservoir using a solution for ozonation.
They observed faster degradation when the plasma
was generated at the gas-liquid interface and with the
plasma effluent bubbled inside the solution in compar-
ison to the ozonation alone. Additionally, when 2,4-
dichlorophenoxyacetic was treated directly by plasma
without bubbling of effluent slower degradation was
noticed than for both cases. In the study of Mededovic
and Locke [144], a pulsed corona discharge with a com-
bination of FeSO4•7H2O electrolyte was employed for
the degradation of atrazine in water The plasma was
formed in between point-to-plane electrode inside the
liquid. They claimed the addition of FeSO4•7H2O leads
to complete removal of the target compound caused
by Fenton reaction between ferrous ions and plasma
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generated hydrogen peroxide. The authors compared
processes with a high voltage electrode made of plat-
inum and nickel-chromium and observed that degrada-
tion was amplified with a platinum type electrode.

Vanraes et al. [145] evaluated the DBD plasma-
induced degradation of atrazine in the presence of
adsorption nanofiber polyamide membranes. The plasma
was generated in dry air above a thick water film
which was introduced on the membrane. It was found
that degradation was increased with addition of the
nanofiber polyamide membrane in comparison to the
plasma alone. The main influence of the membrane
was to expose the pollutants absorbed on the mem-
brane to the plasma. They identified deethylatrazine
and ammelide as by-products in the degradation pro-
cess. Sarangapani et al. [139] investigated the degra-
dation of three pesticides dichlorvos, malathion, and
endosulfan in water in a sealed DBD plasma reactor
with two circular plate-type electrodes configuration.
The solution containing pesticides was placed in a petri-
plate in between two electrodes, whereas the plasma
was formed in the ambient air above the solution. At
fixed applied voltage and treatment time, decompo-
sition rates of pesticides were in the following order:
dichlorvos, malathion, endosulfan. The degradation of
pesticides was fitted by the first-order kinetics and the
rate constant increased with applied voltage. Also, they
reported the generation of acidic species in the solution
including nitric acid and nitrous acid. Hijosa-Valsero et
al. [146] compared the degradation of atrazine, chlorfen-
vinphos, 2,4-dibromophenol and lindane in the aqueous
solutions in a batch type DBD system and in a coaxial
thin falling water film reactor with noble gas helium as
a working gas in both types of reactors. In the case of
the DBD batch reactor, a solution containing a petri
dish was placed in two Pyrex glass containers (served
as dielectric barriers). When high voltage was applied
to the electrode the discharge takes place in gas in con-
tact with the sample. In a coaxial thin-film DBD reac-
tor, a copper mesh type of electrode was used as a high
voltage electrode and it was wrapped over the glass
vessel (served as a dielectric barrier). A stainless steel
tube acted as a grounded electrode was situated at the
vessel’s axial center. The solution was introduced from
the top and wetted surface was formed on the tube.
The discharge occurs in helium over the thin falling
film. The degradation followed the first-order kinet-
ics for both reactors and the degradation rate of all
pollutants was faster in the batch type DBD reactor.
Reddy et al. [102] studied the degradation of pesti-
cide endosulfan in an aqueous solution in a combina-
tion of a DBD plasma and a cerium oxide catalyst. The
plasma occurred inside the solution when air as a work-
ing gas was bubbled through the sample. They claimed
that the addition of catalyst showed better degradation
performance than plasma alone and the enhancement
of degradation of endosulfan in the aqueous solution
was attributed to the catalyst-induced decomposition of
ozone into atomic oxygen species. They reported fitting
of the first-order degradation kinetics on both treat-
ment conditions (plasma – catalyst and plasma alone).

Hu et al. [147] demonstrated the degradation of
dichlorvos and dimethoate in wastewater by utilizing
DBD plasma formed in the air over the solution. It was
found that the reduction of the discharge gap had a sig-
nificant positive effect on degradation due to formation
of a stronger electric field and hence higher concentra-
tions of reactive species. On the other hand, the addi-
tion of hydroxyl radical scavenger (tertbutyl alcohol)
had an adverse effect on the degradation of both pes-
ticides, demonstrating that hydroxyl radicals were the
main species responsible for degradation. The degra-
dation kinetics of both compounds were a combina-
tion of the zeroth and first-order. An unusual DBD
plasma reactor has been evaluated by Li et al. [148]
for the treatment of a solution containing nitenpyram,
where the plasma was created in ambient air above
the sample. The reactor consists of a radial-flow sed-
imentation tank, with a high-voltage electrode situated
on top of the tank above the quartz glass while the
ground electrode was a wire inserted in the center of the
tank, inside the liquid. The solution was recirculated
continuously during plasma treatments. They studied
a series of parameters that influence the degradation,
including initial pH, the addition of catalysts (FeSO4,
Fe2(SO4)3 and MnO2), solution conductivity, plasma
power, and so on. The degradation rate was improved
by the addition of the catalysts. Apart from this, higher
pH, lower conductivity and higher power supplied to
plasma favored faster degradation process. Li et al. [149]
used the same DBD plasma reactor configuration for
the decomposition of acetamiprid in wastewater. They
tested the effect of a radical scavenger (Na2B4O7) on
the degradation and showed that it was inhibited by the
addition of Na2B4O7. Recently, Wardenier et al. [103]
used a pulsed DBD plasma reactor coupled with acti-
vated carbon and ozonator for the elimination of pesti-
cide alachlor. The experiments were performed in two
different modes of operation of the sample flow, batch
recirculation and single-pass. The oxygen was used as
a working gas. They concluded that faster removal of
alachlor was achieved during the plasma-ozonation in
the batch recirculation type reactor configuration.

3 Discussion

A broad range of cold plasma systems with different
reactor configurations and operational parameters have
been employed and evaluated for the removal of OMPs.
In general, the majority of analyzed studies use gas-
phase plasma established above liquid samples in air
or air mixtures with other working gases. Volumes of
samples processed in the experiments range from 1 ml
to 1000 ml. Types of plasma sources present in the lit-
erature and used in the decontamination processes of
the pesticides, pharmaceuticals and dyes are corona,
APPJs, DBDs, etc. [73,74,97,116,122,143]. Of course,
this list is much longer, but we tried to limit the types
of plasma sources that will be discussed to the ones
most commonly used. The corona discharges usually
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have pin pin-to-pin, pin-to-plate or multi-pin config-
urations and are powered predominantly with pulsed
signals [94,113,142]. They can operate in the gas phase
where the powered electrode is above the treated solu-
tion or in liquid phase. In liquid phase powered elec-
trode is inside the treated solution and the plasma is
formed inside the bubbles or directly in liquid. The pin
electrode configuration is needed in order to obtain the
high electric field to ignite the discharge [71,72,91]. The
drawback associated with single pin electrode type con-
figuration is the generation of lower plasma volume.
To enlarge the reaction zone multi-pin electrodes were
studied that can lead to the treatment of larger quan-
tity of contaminated water in a shorter period of time.

Similar issues can be found when using the APPJs
for decontamination of water. The APPJs have plasma
confined in the small volumes and only adding more
APPJs will lead to the treatments of larger volumes of
contaminated water. Geometry of the APPJs will also
influence the efficiency of the treatments. With pin-
APPJ (powered electrode is pin type) lower applied
powers will be needed for sustaining the discharge
(larger electric field at the tip) if compared with the
DBD type of APPJ (electrodes wrapped around the
glass tube). Another way how to improve the plasma
treatment, especially in the case of pin type plasma
systems, is to increase the plasma-solution interaction
volume through geometries that involve discharges over
the falling film [125,130,146] or recirculation of the
treated solution [105,128]. With DBDs that have par-
allel electrode system this issue is addressed to some
extent. In this case the plasma-liquid interaction sur-
face is larger, but again, if the volume of the treated
solution is significant this can hinder the final outcome.
In this case the recirculation of the treated solution or
treatment of large area of thin layer of solution will
increase the transfer of the reactive species from the
plasma to the bulk of the solution and increase the effi-
ciency.

Pulsed DC corona and DBD plasma over the thin
water film are considered most efficient in the degra-
dation of OMPs [71,109,125,127,130] with the efficien-
cies going to 100%. Higher mass transfer of reaction
species from gas to bulk phase with molecular diffu-
sion along with the plasma discharge leads to faster
degradation of OMPs [69,150,151]. The thin water film
offers a larger surface to volume ratio than other con-
figurations. The bigger plasma-solution contact surface
means higher residence time, hence, more interaction of
reactive species with the solution for oxidation reaction
[152,153]. Another way to increase the contact surface
is the pulsed corona discharge with a wetted-wall type
reactor and coaxial geometry [125,128]. It was observed
that plasma reactors with continuously mixed solutions
have better performance [109,143,154].

In most cases present in the literature, during the
treatments discharges are in contact with water or oper-
ating in water. Apart from the configurations where
short- and long-lived reactive species created in the
plasma are in direct contact with the contaminated
solution, there are also examples where only long-lived

species created in plasma are responsible for the degra-
dation of pollutants [30,108,115,118]. In these cases
the short-lived radicals, ions and UV emission are not
involved in the processes of degradation. For example,
Rahimpour et al. [115] used DBD reactor for the treat-
ment of crystal violet dye, where oxygen was used as
a feed gas, and the plasma effluents (e.g. ozone) were
bubbled in the solution column. In another study by
Jiang et al. [118], plasma discharge occurred in the
bubble in the liquid solution, where oxygen was used
as a feed gas. In this case, the plasma effluent along
with treated methyl orange solution passed through the
tube and finally bubbled in the reservoir (outside of the
plasma reactor). The post-discharge configuration was
more favorable than other operation methods for dye
treatment. It provides a large interfacial area that leads
to an increase in mass transfer between the gas phase
and the liquid phase.

Cold atmospheric plasmas are generated by using
various feed gases, but mostly by using noble gases
(e.g. argon and helium) with the combination of pure
molecular gases and/or air (e.g. oxygen and nitrogen)
[72,119]. Argon and helium have lower breakdown volt-
age potential characteristics at atmospheric pressure.
Therefore, due to the addition of argon and helium
with other working gases, the lower voltage can effec-
tively ignite and produce stable plasma discharge and
to improve the formation of reactive species. Since they
are usually sustained in air the nitrogen-based species
are formed and transferred to the solution that can lead
to lower pH value of the solution and increased electrical
conductivity [113]. From several experimental studies,
it has been found that the presence of pure oxygen in
the feed promotes faster OMPs degradation due to the
production of the greater amounts of short and long-
living reactive oxygen species [71,74,155]. The negative
side of using the noble gases (especially helium) is their
price and need for a more complex system for decontam-
ination. One of the solution is to use the cheaper work-
ing gas (for example Ar) and to recirculate it within
the system [30,156].

We can see that direct comparison of the differ-
ent types of plasma devices is not straightforward.
Too many parameters are influencing the efficiency of
the decontamination and it does not depend only on
the type of the plasma device used. Of course, with
increase of the power deposited to the discharge one
can achieve higher decontamination efficiency regard-
less of the device type [101,108] Corona discharges have
the advantage of not using the additional working gas
(APPJs and DBD plasma systems mostly use them).
But the corona pin type discharges are usually low vol-
ume discharges. As we mentioned above that is a set-
back that can be overcome. Similarly with the APPJs if
one uses recirculation of the working gas (for example
Ar) the efficiency is obtained and the overall price is still
manageable. All of these issues need to be addressed
in order to be able to upscale the plasma systems in
order to use them in large installations. Unfortunately,
there is no definite conclusion which type of plasma
device is the most efficient one especially when we take
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into account the type of the pollutant that needs to be
decontaminated.

The same experimental conditions different com-
pounds show different treatment results, which revealed
that each target compound behaves differently when
they come in contact with the plasma [10,30,117,157].
The authors reported that the same plasma device can-
not degrade various OMPs to the same extent, there-
fore different compounds demand different plasma con-
ditions for degradation. Attri et al. [116] have noticed
different degradation results at the same experimental
condition during the treatment with three organic dyes
(methylene blue, methyl orange and congo red dyes) by
using argon APPJ. A study conducted by Banaschik
et al. [128], where 7 different pharmaceuticals (carba-
mazepine, diatrizoate, diazepam, diclofenac, ibuprofen,
17a-ethinylestradiol, trimethoprim) were treated by
pulsed corona discharge, while plasma occurs directly
in aqueous solution. It was found that diclofenac
and ethinylestradiol were almost completely degraded,
whereas other compounds were not destroyed com-
pletely at the same plasma conditions. It was claimed
that reactivity between compound and ozone was signif-
icantly slow. In the case of pesticides, almost the same
dissimilarity is obtained between different pollutants
while treatment with the same plasma conditions [139].
Degradation depends on the nature of compounds (e.g.
functional group, molecular structure, etc.). Some per-
sistent organic compounds are not very responsive to
all plasma-generated reactive species (H2O2, O3, etc)
due to their chemical stability [30,69,128]. Some pol-
lutants are hydrophobic and they accumulate at the
surface which leads to an increase in their concentra-
tion compared to average bulk concentration [91,157].
In this case proper mixing is required in order to trans-
fer the reactive species into the bulk liquid and to avoid
the consumption of reactive species by pollutants at the
surface. In such cases, plasma reactor with a configu-
ration where reactive species generated over large sur-
faces (e.g. thin falling film with continuous recircula-
tion) could be more efficient for degradation [125,127].

The presence of impurities in the water sample can
diminish the interaction of plasma-produced reactive
species and target molecules in the liquid. For exam-
ple, higher degradation of OMPs were observed in pure
water than tap water and other water samples with
impurities [94,136]. This effect is due to the interaction
between plasma generated chemically active species
with minerals and some organic substances present in
tap water. Lower solution pH (acidic conditions) and
lower electrical conductivity of the sample seem to
enhance the decomposition of most pollutants due to
the faster reactivity of reactive oxygen species in such
a liquid environment [105,148]. However, a decreased
pH is often not desirable in environmental applications.
The effect of increased solution temperature was shown
to have a positive influence on the degradation [113]
due to the faster reactivity of plasma-generated reac-
tive species.

When it comes to chemical kinetics and decompo-
sition rates, general degradation of OMPs in most of

the experiments followed the first-order kinetic model
with different applied voltage, plasma power, initial
pollutant concentration [90,108,129,147]. Additionally,
a few zero-order degradation kinetics have also been
present in the case of the treatment of dichlorvos and
dimethoate by DBD plasma where the air plasma was
formed over the solution [147]. The first-order rate
kinetics indicates that the degradation of OMPs is
directly proportional to the initial concentration of
OMPs. On the other hand, the zero-order kinetics
means that the degradation of OMPs is independent
of the initial concentration of OMPs. Generally, zero-
order kinetics occurs where all reactive species react
with OMPs, especially at a higher initial concentration.

Degradation pathways were analyzed by many
authors using various tools such as liquid or gas
chromatography coupled to mass spectrometry (LC-
MS, GC-MS) and nuclear magnetic resonance spec-
troscopy (NMR) enabling identification of typically
several transformations products [45,134,142]. Gener-
ally, such studies show similar degradation patterns
obtained with plasma treatment in comparison to the
other oxidative water treatment processes. Unlike other
oxidation processes, the study of transformation by-
products provided also evidence for reductive pathway
occurrence in plasma treatments, which is an uncom-
mon and potentially useful feature of plasma-driven
degradation processes [142]. For example, reductive
processes can contribute to the degradation of perflu-
orinated compounds, a group of compounds of major
environmental and human health concern [158].

A synergetic combination of heterogeneous catalysts
and plasma reactors has been proposed as another inno-
vative approach and recommended for efficient OMPs
degradation [114,148]. In all synergetic experimental
setups, adding the catalyst had a beneficial effect on the
efficiency of the decomposition process. The most com-
monly used catalyst with a combination of plasma reac-
tors are TiO2 nanoparticles, and these systems showed
better performances than systems with plasma only.
The increased decomposition with the addition of TiO2

catalyst in the solution is ascribed to the formation of
hydroxyl radicals due to photocatalytic reactions on
the surface of TiO2 in the presence of plasma gener-
ated ultraviolet radiation. Therefore, the degradation
of OMPs can be significantly improved by the addition
of TiO2. On the other hand, there a few drawbacks
associated with catalyst implementation. For example,
if the catalysts are added in the form of a slurry then
the separation step must be needed to remove them
from the treated water for safety concerns.

The energy yield is an important, but complex fac-
tor in cold plasma-based wastewater treatment and it
depends on several factors (applied power, geometry of
the plasma device, plasma volume/surface, working gas
that is used etc.). The energy yield is mostly expressed
in milligrams or grams/kilowatt-hour (mg or g/kWh)
and represents the energy (kWh) needed to effectively
eliminate the amount of (mg or g) of OMPs from water
[118]. Unfortunately, not all the papers published on
the plasma decontamination have reported the energy
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yields or data necessary to calculate this value. Gen-
erally, various authors suggest that a higher energy
yields were obtained with pulsed corona and pulsed
DBD plasma when discharge takes place in oxygen at
the gas-liquid interface [30,71,115,118,122,143]. Based
on the covered literature and available data, the energy
yields for cold plasma-based wastewater treatment sys-
tems are in the range of 1 mg/kWh – 12.24 g/kWh for
organic dyes, 0.13 mg/ kWh – 105 g/kWh for pharma-
ceuticals and 1.22 mg/kWh – 5.1 g/kWh for pesticides.

4 Conclusions

Cold plasma technology-based AOPs is a fast emerg-
ing field of research aiming to eliminate a wide variety
of non-biodegradable OMPs from water. In this article,
we reviewed various types of cold atmospheric plasma
devices with different operating parameters employed
for the degradation of different OMPs (organic dyes,
pharmaceuticals, and pesticides) in wastewater. It was
found that many parameters can influence degradation,
including plasma source, reactor configuration, plasma
gas, type of discharge, target compound, and so on.
Since many different experimental setups are exploiting
a variety of plasma sources, for proper comparison one
needs to involve plasma, sample and treatment charac-
teristics.

Overall, it is evident from previous investigations
that the cold atmospheric plasma systems showed the
potential and innovative route for an effective degrada-
tion and complete mineralization of OMPs which can-
not successfully be removed by conventional treatment
methods. A specifically distinctive feature of plasma
chemistry is that simultaneously oxidative and reduc-
tive contaminant transformation processes can occur.
Therefore, treatment with cold plasma could be an
attractive, valuable, and versatile tool for future appli-
cations of OMPs removal from wastewater.

However, the authors would like to highlight that
there was a lack of information in the majority of
papers related to experimental parameters, such as
the exact amount of power consumption in order to
generate the plasma, sample volume, initial solution
pH, solution conductivity, solution temperature, etc.
These parameters can have a significant effect on the
degradation of OMPs. Specifically, they are needed
to assess thoroughly decontamination process perfor-
mance beyond simple criteria such as the degree of
removal achieved. Widely accepted parameter suitable
for comparing between different wastewater treatment
methods, the energy efficiency, in the case of plasma
treatment is not only the function of plasma sources
and reactor configurations but it is also dependent on
the electrical property of the sample. This entanglement
hinders the straight-forward calculation of the parame-
ter and therefore energy efficiency of the plasma sources
could not be discussed in this paper. Apart from this,
there are several other factors influencing the efficiency
of the plasma process, including types of pollutants,

chemical structure, concentration, initial pH, the abil-
ity of the water matrix to scavenge reactive species,
mode of discharge, working gases, applied voltage char-
acteristics, etc. We hence would like to conclude that
for the field of wastewater treatment with plasma to
further evolve and allow for objective comparisons, a
more methodological approach to the characterization
of experimental systems should be developed.
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J.M. Bayona, Environ. Technol. Rev. 3, 71 (2014)

31. P.R. Gogate, A.B. Pandit, Adv. Environ. Res. 8, 553
(2004)

32. P.R. Gogate, A.B. Pandit, Adv. Environ. Res. 8, 501
(2004)

33. O. Legrini, E. Oliveros, A.M. Braun, Chem. Rev. 93,
671 (1993)

34. A.S. Stasinakis, Glob. NEST J. 10, 376 (2008)
35. Z. L. Makabe, T., & Petrovic, Plasma electronics:

applications in microelectronic device fabrication (Vol.
26), (CRC Press, 2014)

36. F.F. Chen, Introduction to plasma physics and con-
trolled fusion, 3rd edn. (Springer, Cham, 2016)

37. M.A. Lieberman, A.J. Lichtenberg, Principles of
plasma discharges and materials processing, 2nd edn.
(Wiley, Hoboken, NJ, USA, 2005)

38. A. Fridman, Plasma chemistry, 1st edn. (Cambridge
University Press, Cambridge, 2008)

39. P. Bruggeman, R. Brandenburg, J. Phys. D. Appl.
Phys. 46, 464001 (2013)

40. A. Schutze, J.Y. Jeong, S.E. Babayan, J. Park, G.S.
Selwyn, R.F. Hicks, IEEE Trans. Plasma Sci. 26, 1685
(1998)

41. C. Tendero, C. Tixier, P. Tristant, J. Desmaison, P.
Leprince, Spectrochim. Acta Part B. At. Spectrosc. 61,
2 (2006)

42. J.E. Foster, Phys. Plasmas 24, 055501 (2017)
43. P.J. Bruggeman, F. Iza, R. Brandenburg, Plasma Sour.

Sci. Technol. 26, 123002 (2017)
44. J. Ananthanarasimhan, R. Lakshminarayana, M.S.

Anand, S. Dasappa, Plasma Sources Sci. Technol. 28,
085012 (2019)

45. L. Wu, Q. Xie, Y. Lv, Z. Wu, X. Liang, M. Lu, Y. Nie,
Water 11, 1815 (2019)

46. S. Gopi, A. Sarma, A. Patel, G. Ravi, Instrum. Sci.
Technol. 41, 651 (2013)

47. F. Rezaei, P. Vanraes, A. Nikiforov, R. Morent, N. De
Geyter, Mater. (Basel). 12, 2751 (2019)

48. A.K. Jaiswal, J. Ananthanarasimhan, A.M. Shivapuji,
S. Dasappa, L. Rao, J. Phys. D. Appl. Phys. 53, 465205
(2020)

49. A.M. Ali, M.A.A. Hassan, B.I. Abdulkarim, IOSR. J.
Environ. Sci. 10, 63 (2016)

50. P. Favia, G. Cicala, A. Milella, F. Palumbo, P. Rossini,
R. D-Agostino, Surf. Coatings Technol. 169–170, 609
(2003)

51. E.E. Kunhardt, IEEE Trans. Plasma Sci. 28, 189
(2000)

52. J.R. Roth, Industrial plasma engineering, 1st edn.
(CRC Press, Florida, 1995)
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1 Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
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3 Jožef Stefan Institute, Jamova cesta 39, Ljubljana 1000, Slovenia
4 Serbian Academy of Sciences and Arts, Knez Mihailova 35, 11000 Belgrade, Serbia

Received 10 May 2017 / Received in final form 31 October 2017
Published online 16 January 2018 – c© EDP Sciences, Società Italiana di Fisica, Springer-Verlag 2018

Abstract. Today’s reality is connected with mitigation of threats from the new chemical and biological
warfare agents. A novel investigation of cold plasmas in contact with liquids presented in this paper demon-
strated that the chemically reactive environment produced by atmospheric pressure plasma jet (APPJ) is
potentially capable of rapid destruction of chemical warfare agents in a broad spectrum. The decontam-
ination of three different chemical warfare agent surrogates dissolved in liquid is investigated by using
an easily transportable APPJ. The jet is powered by a kHz signal source connected to a low-voltage DC
source and with He as working gas. The detailed investigation of electrical properties is performed for
various plasmas at different distances from the sample. The measurements of plasma properties in situ
are supported by the optical spectrometry measurements, whereas the high performance liquid chromatog-
raphy measurements before and after the treatment of aqueous solutions of Malathion, Fenitrothion and
Dimethyl Methylphosphonate. These solutions are used to evaluate destruction and its efficiency for spe-
cific neural agent simulants. The particular removal rates are found to be from 56% up to 96% during
10 min treatment. The data obtained provide basis to evaluate APPJ’s efficiency at different operating
conditions. The presented results are promising and could be improved with different operating conditions
and optimization of the decontamination process.

1 Introduction

The omnipresent threat from the chemical and biological
warfare agents have been emphasized in calamitous events
of the last decade. In comparison to other weapons of mass
destruction, the Chemical Warfare (CW) agents are prob-
ably one of the most vicious weapons created by mankind
given that they are inexpensive and relatively easy to pro-
duce, but may result in mass casualties even by using a
small agent quantities. Within the efforts to counter this
threats, several physical and chemical methods have been
developed [1] and successfully employed in CW incidents.

The chemical neutralization methods, depending on the
type of the agent, are principally based on hydrolysis and
oxidative processes, whereas in a few cases nucleophilic
substitution reactions are also employed [1]. However, CW
agents present in dilute solutions can undergo an effi-
cient hydrolysis only in the alkaline surroundings, thus an
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Gases (SPIG 2016)”, edited by Goran Poparic, Bratislav
Obradovic, Dragana Maric and Aleksandar Milosavljevic.
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efficient source of OH radicals is necessary for successful
decontamination process. In case of oxidative processes,
the crucial limitation for detoxification is presence of suf-
ficient oxidant species with this condition depending on
type of the agent and solvent used in particular situation.
Nevertheless, several types of chemical decontaminants
proved to be efficient source of both species needed for
efficient destruction of CW agents [1].

However, chemical methods involve the use of large
amounts of chemically hazardous solutions that are dan-
gerous to the environment and require proper storage
as well as disposal [1,2]. Moreover, these solutions are
not adequate for treatment of sensitive surfaces and
demand safety installations in facilities for their appli-
cation. Recently, the raise of novel emerging technolo-
gies such as photocatalytic methods and non-equilibrium
plasmas is seen as a new promising route to safe decon-
tamination of CW agents [2–4]. One of these technologies
is atmospheric pressure plasma based processing, which
has proved its usage versatility in many large-scale and
industrial applications [5,6]. Atmospheric pressure plasma
jets (APPJ) demonstrated to be technically simple, but
efficient sources of cold atmospheric pressure plasmas
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suitable for various kinds of biological and medical appli-
cations. There are numerous reports confirming the effi-
ciency of plasma jets in sterilization and cleaning, i.e. their
effect on organic materials and microorganisms [7–11].
Latest direction of research, featuring plasma-liquid sys-
tems with APPJ, has revealed that chemically reactive
environment produced by this type of plasma source
is capable of rapid destruction of a broad spectrum of
microorganisms, poisonous chemicals and medical drugs
[12–16]. Along with these applications, we aim to investi-
gate a possibility of destruction of CW agent surrogates
dissolved in liquids by using an APPJ.

So far, several studies investigated decontamination of
CW agents (or its surrogates) by using different types of
plasma sources [2,17–19]. However, in these studies treat-
ment target is a coupon spiked with a toxic substance,
i.e. treatment is performed over very thin film of the
substance. In a lifelike situation of a CW incident, the
contaminated environment surfaces are covered with the
film of an agent but the main contaminating activity is
through an aerosol. Thus, an efficient decontamination of
CW agents dissolved in a liquid phase would mean that
agents in a form of aerosol will be destroyed with an even
higher efficiency.

The simple decontamination setup for investigation of
our proof-of-concept is based on frequently used APPJ
with He as working gas and its interaction with the
liquid sample surface. The jet operating in the air gener-
ates high-energy electrons, reactive oxygen and nitrogen
species, OH radicals, H2O2 and ultraviolet radiation which
is then transferred to the liquid through an interface layer
[20,21]. The idea is that the reactive oxygen or nitrogen
species produced inside the plasma jet and in the interfa-
cial layer then subsequently react with organic molecules
and oxidize them [22], which might lead to neutraliza-
tion of CW agents. This hypothesis is then tested in this
paper on 3 models of CW surrogates and the efficiency of
decontamination source is evaluated.

2 Experimental setup and measurement
methods

Plasma source used in this investigation was atmospheric
pressure plasma jet (APPJ) with needle-type electrode.
The experimental setup used for treatments of CW sur-
rogates is presented in Figure 1. The plasma jet Teflon
housing (width 26 mm, length 125 mm) contains a glass
tube of 2 mm inner diameter and 4 mm outer diameter
connected to the gas inlet through a flow regulator. The
tube end protrudes shorter side of the housing by 8 mm.
For all experiments, the helium (5.0 purity) was used as
the feed gas and kept at the constant flow rate of 2 slm.
The copper wire was placed axially inside the tube acted
as a needle-type powered electrode. The electrode was
connected through a BNC connector on top of the hous-
ing to the kHz signal provided by a custom made power
source. The source itself was packed inside a plastic box
20 cm× 12 cm× 6 cm with connection plugs and a switch.
It was powered by a low-voltage DC supply providing at
the output several kilovolts signal. Output voltage range

Fig. 1. Experimental setup for treatment of liquid samples by
APPJ.

of the source was dependent on the DC voltage. In exper-
iments an 8 V DC power supply with maximum current
of 400 mA was used.

Described APPJ can be used as a hand-held device
due to the small size. This feature, along with a compact
power supply and ability to be powered by low-voltage DC
source makes this system highly portable and in perspec-
tive enables the opportunity to be employed as a personal
protection device.

Samples for treatments were placed in a 24-well
microtiter plate underneath the jet. The distance between
the end of the jet tube and the liquid surface was fixed
at 15 mm for all sample treatments. In all cases volume of
the sample placed into the plate well was 1 mL, occupying
approximately one half of the well volume.

In order to allow the complete electrical characteri-
zation, the copper tape was fixed to the outer side of
the well bottom and connected to the ground in a series
with a 100 kΩ resistor. In this way, by measuring voltage
drop at this resistor, the discharge current was monitored
on the oscilloscope. At the same time, the high-voltage
probe connected to the needle electrode connector was
displaying driving voltage from the power supply.

In addition to electrical measurements, the optical
emission spectrometry during sample treatments was per-
formed. The axis of lens, 5 mm in diameter and 3 mm focal
length, was placed at the liquid-gas interface level. It was
positioned side on, at the distance of 3 cm from the central
axes of the jet tube. The lens was collecting and forward-
ing discharge emission through an optical fiber connected
to the entrance of Andor Shamrock 750, 750 mm focal
length Czerny-Turner spectrograph, equipped with an
ICCD camera (Andor iStar 734i) as a detector.

Aqueous solutions of three chemical compounds, the
surrogates of CW agents, were used in experiments. As
simulant for nerve agent VX we used the organophosphate
Malathion (92% purity, Sigma–Aldrich), as simulant for
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Table 1. Details of HPLC measurement methods used for CW agent simulants.

Mobile phase A Water with 1% phosphoric acid
Mobile phase B Acetonitrile
Column temperature 25 ◦C
Sample injection volume 10µL

A% B% Flow rate Peak detection
Malathion 40 60 1 mL/min 210 nm
DMMP 50 50 0.5 mL/min 210 nm
Fenitrothion 30 70 0.4 mL/min 210 nm

Fig. 2. Intensity normalized optical emission from the plasma
region directly above the liquid surface for DMMP – CW sur-
rogate at 2 slm of He flow and 15 mm distance between the
jet and liquid surface. Second positive system (SPS) and first
negative system (FNS) bands of N2 and N2

+ are observed.

GD – Fenitrothion (97% purity, Sigma–Aldrich) [23], while
Dimethyl Methylphosphonate (DMMP) was applied as a
GB agent – Sarine surrogate [23]. The solutions in water
were prepared just before treatments, whereas the liq-
uid chromatography measurements were conducted after
the end of plasma treatment. No excessive heating of
the whole sample during treatments was noticed although
evaporation of the sample was observed. Additionally, dur-
ing experiments in a microtiter plate well, the control
sample was placed in another well in the vicinity of the
experiment, and was exposed to the same room environ-
ment (without gas flow above). This way we accounted
also for evaporation of the sample placed in the open
air. After the treatment, the volume of both samples
was carefully determined before proceeding to the liquid
chromatography measurements.

Chromatographic analysis of samples was performed on
a Agilent HPLC system, model 1100 with DAD, using
Hypersil BDS-C18 (5µm), 125 mm× 2 mm I.D. column
(Phenomenex, USA). The samples were filtered through a
0.2µm cellulose filters (Agilent technologies, Santa Clara,
CA, USA) prior to analysis. Acetonitrile (ACN) and 1%
(v/v) solution of ortho-phosphoric acid in water were used
as mobile phases. Isocratic elution was performed with
details given in Table 1.

Solvents for analysis (ACN and ortho-phosphoric acid)
were HPLC grade, obtained from Fisher Scientific (Lough-
borough, UK). Ultrapure water was generated by deion-
ization (Millipore, Billerica, USA). UV detection of the
signal was set at 210 nm for all three chemicals [24]. HP

ChemStation Chromatographic Software (Palo Alto, CA,
USA) was employed for data collection.

3 Results and discussion

Plasma treatments of CW agent surrogates by APPJ
were conducted for different duration times for all three
organophosphate compounds. In order to characterize
treatment conditions for every treatment, the optical
emissions from the discharges were recorded. In addition,
the measurements of voltage and current waveforms for
different distances between sample and the jet were also
performed.

3.1 Optical emission spectra and electrical
characterization of the plasma jet

Optical emission measurements were performed by
collecting the light coming from the interface region
between the liquid sample and plasma during treatments
for all three CW agent simulants. Since the level of this
interface was within the well, approximately at half of the
well depth, the plastic well wall prevented transmission
of any light below 350 nm. Moreover, at shorter distances
most of the plasma was not accessible for optical emission
recording due to the microtiter plate covering most of the
volume of the plasma while for distances beyond 21 mm
plasma does not reach the liquid. Thus, discharge emis-
sion was measured in the wavelength range from 350 nm
to 750 nm only at 15 mm distance between the jet and liq-
uid surface – the position used for treatment of CW agent
surrogates.

The spectra obtained during treatments of all three
chemicals were identical, indicating that the emitting par-
ticles were only those from the mixture of surrounding
air and He excited in plasma. However, in the recorded
spectra above 440 nm the only line visible was He line at
706.5 nm. In Figure 2 the limited part of the spectrum of
DMMP in the range from 350 nm to 440 nm with identified
nitrogen molecule lines is presented. The largest number
and the strongest lines in this spectral range come from
the second positive system (SPS) of N2. Apart from this
emission, the two lines of N2

+ ionic first negative system
(FNS) were also visible.

The observation of both molecular and ionic lines of
N2 is known for similar types of APPJs operating in
He/air mixture [25–28]. Usually, the N2

+ FNS (0, 0) line
intensity (at 391 nm) is similar or even of stronger than

https://epjd.epj.org/
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Fig. 3. Values of driving voltage (a) and discharge current (b) for different distances between the jet and liquid sample surface.

the strongest N2 SPS (0, 0) line at 337 nm (not shown in
Fig. 1). Nevertheless, in presented case the 391 nm N2

+

line is considerably weaker than the one of the usually
lower intensity N2 SPS lines (358 nm) that correspond to
(0, 1) transition. Changes in radiative intensities of lines
of the plasma jet operating in air or in He/air mixture
were observed before, and it was exposed that they depend
on the distance of the light collection region from the jet
tube end [29–31]. On the other hand, it has also been
confirmed that properties of the dielectric target affect
intensities of atomic and molecular emission lines and the
structure of plasma effluent [32–34]. Since in our case the
emission is recorded just above the liquid, away from the
jet tube, almost certainly both the decrease of excited
species concentration along the effluent and the proximity
of the liquid target affect the reduction of intensities of
the N2

+ lines.
Electrical measurements showed that with the jet posi-

tion the voltage and current RMS values change. This is
observed in Figure 3, where the distance between the jet
tube end and the liquid sample surface correlation is plot-
ted. The RMS values are calculated from the waveforms
of the driving voltage and the voltage drop measured over
the resistor in grounded line. At the shortest distance of
10 mm end of the jet tube is positioned at the brim level of
the well. For distance above 26 mm it appears from visual
observation that plasma plume is not touching surface of
the liquid (indicated with dashed line in Fig. 3).

Voltage RMS values have a steady rise from 1300 V up
to around 1550 V with the distance increase, as observed
in Figure 3a. At the largest distance, when visually plasma
plume is not connected to the liquid surface, the voltage
decreases. Current RMS values in Figure 3b are signifi-
cantly reduced with the distance from 10 mm to 15 mm
and then they stay almost constant at longer distances.
Again, similar to VRMS, there is a small drop in the current
when plasma is visually detached from the liquid surface.
As it has been shown before, the behavior of the plasma
in plasma jet systems is influenced by the gas flow, geo-
metrical features of the jet tube, geometry of the electrode
system and dielectric properties of the target [35–38]. As
distance between the tip of the plasma jet tube and the
substrate increases two critical changes will occur. Radial
losses will increase with the distance thereby making the
measured current smaller and also the abundance of air

in the plasma will increase thereby increasing the losses
of electrons and reduction of conductivity. Other possi-
ble mechanisms could affect the actual selfsustaining field
at the tip of the developing streamer and overall distri-
bution of the field but those are much more difficult to
predict. Nevertheless in all scenarios an increase of the
gap would lead to reduction of the current (provided that
the available voltage is limited).

3.2 Decontamination of CW surrogates

In order to investigate effectiveness of plasma treatments
on degradation of CW surrogates dissolved in water, the
high performance liquid chromatography (HPLC) analy-
sis were performed in the samples before and after the
treatments. Quantification in HPLC analysis is based on
calibration and calculation procedure that uses area or
height of a peak of measured compound to determine
its concentration. However, the peaks of CW surrogate
degradation products were not identified nor quanti-
fied in this study, thus only comparison between the
peak areas of the non-treated and treated samples was
performed. Nevertheless, using this data we could cal-
culate the decontamination efficiency and subsequently
the removal rate as decontamination efficiency in 10 min
treatment. The decontamination efficiency is defined as
(C0 − C)/C0, where C0 is quantity of an agent surrogate
in untreated sample and C is the residue quantity of the
substance. Measurements of control and treated samples
obtained in repeated treatments returned almost identical
results suggesting stability and repeatability of the plasma
treatment.

The HPLC results for 0.1% solution of Malathion
(C10H19O6PS2) in water treated for 10 min and 20 min are
presented in Figure 4. In Figure 4a, the chromatograms
of the control sample (black line) and treated samples
(red and green) with two significant peaks are labeled in
the plot. All chromatograms are normalized to the final
sample volume because of evaporation of the solvent. The
initial volume of the samples are reduced for 25% and 30%
after 10 min and 20 min of treatment, respectively. The
peak labeled as Peak 1 corresponds to Malathion while the
one labeled as Peak 2 corresponds to its main degradation
product Malaoxon [17,39]. According to manufacturer’s
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Fig. 4. (a) Chromatogram of control and treated samples of
Malathion. (b) Comparison of designated peak areas calculated
for control and treated samples. Boxes below bars indicate
processing time in minutes.

specification, other peaks that are visible in the control
sample chromatogram belong to impurities.

The calculated areas of the identified peaks from dif-
ferent samples are compared in Figure 4b. The treated
samples exhibit significant decrease in the concentration
of the parent molecule. The area of Peak 1 is reduced
for both treatment durations with reduction of around
5 times for treatment of 10 min. Simultaneously, Peak 2
area of the decomposition product is increased for about 2
and 4 times after treatments of 10 min and 20 min, respec-
tively. Taking into account the reduction of Peak 1 area,
removal rate of Malathion after 10 min is 76%.

Peak 1 area of the sample treated for 20 min does not
show any further decrease as compared to the area after
10 min (Fig. 4b). The lack of further reduction at later
times can be attributed to the quenching of the rad-
icals responsible for the destruction due to the higher
concentrations of product molecules present in the solu-
tion. It has been reported in the literature that the
destruction rate of the parent molecule can be decreased
with an increase of the treatment time which can be
attributed to the quenching of the radicals responsible for
the destruction [40,41].

The Peak 2 (Fig. 4b) that represents the decompo-
sition product exists also in the non-treated, control
sample. This suggests that Malathion is decomposing in
the aqueous solution also unrelated to the plasma treat-
ment. Measurements of the control sample left at room
temperature conducted right after making the solution,

Fig. 5. (a) Chromatogram of control and treated samples of
Fenitrothion. (b) Comparison of designated peak areas cal-
culated from control and treated samples. Boxes below bars
indicate processing time in minutes.

and after 15 and 30 days of preparation showed that
in latter measurements Peak 1 area, corresponding to
Malathion, is the same as in the initial measurement.
Therefore, the decomposition process which is not induced
by plasma occurs immediately after dissolving Malathion
in water and then stabilizes, leaving the rest of the parent
substance unchanged.

The HPLC measured data for 0.25% solution of Feni-
trothion (C9H12NO5PS) in water is presented in Figure 5.
After the treatment of 10 min and 20 min the samples have
reduced its volumes for 30% and 50%, respectively, in
comparison to the control sample. The volume-normalized
chromatograms of the control (black line) sample and
samples treated for 10 min and 20 min (red and green)
with three significant peaks labeled in the plot is shown
in Figure 5a. Similar to the Malathion sample, the Peak
1 corresponds to the parent molecule, i.e. Fenitrothion,
while Peak 2 and Peak 3 belong to its main degradation
products [42]. Unlike for the Malathion, where peaks in all
chromatograms are separate, in treated Fenitrothion sam-
ples peaks of degradation products overlap. However, by
changing the measurement method parameters with the
existing HPLC setup it was not possible to improve sepa-
ration of the peaks. Therefore, in order to compare peak
areas, two Gauss-shaped peaks were deconvoluted from
the envelope signal of overlapping peaks which appeared
in the retention time (RT) range between 0.4 min and
0.9 min for all chromatograms. This example deconvolu-
tion is presented in Figure 5a for 20 min treated sample
(dashed lines).
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Fig. 6. (a) Chromatogram of control and treated samples
of Dimethyl Methylphosphonate (DMMP). (b) Comparison
of designated peak areas calculated from control and treated
samples. Boxes below bars indicate processing time in minutes.

Comparison of identified peak areas from different chro-
matograms is exposed in Figure 5b. After treatment of
10 min, the Peak 1 (parent molecule) almost vanishes
with the area from almost 6000 mAUs trimmed down to
around 200 mAUs (30 times reduction). Additional 10 min
of treatment causes only minor continuation of agent sim-
ulant destruction. Taking into account the reduction of
area of Peak 1, the removal rate of Fenitrothion after
treatment of 10 min is 96%. However, both peaks of the
decomposition products (Peak 2 and Peak 3) exhibit
increase with longer treatment time, displaying that par-
ent molecule and maybe some of the decomposition
products continuously degrade during treatment.

The measurements of non-treated and treated sam-
ples of 5% aqueous solution of DMMP (C3H9O3P) by
HPLC device are revealed in Figure 6. Counter to the
previous CW agent surrogates, volumes of the treated
samples are only slightly changed – reduction up to 10% of
the initial volume. The chromatograms normalized to the
post-treatment sample volume of the control (black line)
sample and samples treated for 10 min and 20 min (red and
green) are plotted in Figure 6a with major peaks labeled.
Since the chromatogram of DMMP control sample extends
until 4 min of RT, the inset zooms in the range from the
starting point up to RT = 1.3 min, i.e. immediately after
detection of the parent molecule peak (Peak 1). All decom-
position products (Peak 2–Peak 4) appear in the time
before the parent molecule peak. In this case as well, the
peaks of decomposition products overlap, so deconvolution

Fig. 7. Relative abundance of the target compound (con-
taminant) as a function of the treatment time. The distance
between the plasma jet and liquid target was 15 mm and helium
flow was 2 slm for all three contaminants.

of the measured signal by using Gauss-type functions is
performed. Following our assumption of 3 major decom-
position products [43–45], 4 peaks (including the one of
parent molecule) are fitted in the RT range from 0.64 min
to 1.13 min. The fitted functions to the chromatogram of
20 min treatment (dashed lines) with decomposition prod-
uct peaks designated by Peak 2–Peak 4 are presented in
the inset of Figure 6a.

Areas of all identified peaks obtained from chro-
matograms are exposed in Figure 6b. Practically, the only
peak detected in the control sample is the parent molecule
Peak 1 with the reduction of the peak area of 2.3 times
after 10 min of treatment which results in removal rate
of 56%. After 20 min of treatment, the area is reduced
2.4 times compared to the control sample. Nevertheless,
peak areas of the decomposition products, which appear
after 10 min treatment, are significantly higher at the
end of the 20 min treatment time, for Peak 2 and Peak
4 – 2.4 times higher while Peak 3 is 2 times higher.
Therefore, the destruction process obviously persists in
the extended time treatments, but further quantitative
analysis of decomposition products is necessary for better
understanding of destruction mechanisms.

In Figure 7 we show the reduction of the abundance
for all three contaminants. We can see that plasma
treatment has the highest efficiency in the case of Feni-
trothion (reduction almost by 100%) while reduction for
Malathion and DMMP are of the order of 60%. Concern-
ing the treatment times, there is no significant difference
in contaminant abundance between the 10 min and 20 min
treatments.

4 Conclusions

In this paper, a possibility of application of APPJ for
decontamination of CW agent surrogates dissolved in
water is examined. This approach takes into account the
fact that most of the CW agents are spread in form of
aerosols or liquids, therefore the destruction of the liquid
phase CW is the most important for a successful imple-
mentation of decontamination. Recently, the presented
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models demonstrated that the efficiency of the plasma liq-
uid interactions is higher, when the liquid is in the form
of droplets [46,47]. That being said, carrying out plasma
decontamination in liquid is the most difficult case to per-
form. Nevertheless, these results also show promise for
treatment of droplets and aerosol decontamination that
is more difficult to quantify and thus we focused on liq-
uid samples. Before investigation of the decontamination
efficiency in liquid samples, the systematic investigation of
the electric characteristics of APPJ while treating a liquid
sample at different conditions, i.e. distances between the
jet and liquid surface was performed. The measurements
of voltage RMS values displayed only minor increase with
the increasing distance, while the current RMS values
drop sharply as the distance increase to 15 mm and then
stay almost constant at longer gaps. Changes in voltage
and current are correlated with changes in air/He mixture
due to different position between the jet and the microtiter
plate. As the first step in the study of the efficiency of
decontamination, we examined here the destruction of
agents at fixed position of 15 mm above the liquid surface.

Optical emission spectroscopy of the plasma-liquid
interaction volume was also performed. However, the
comparison of measured optical emission spectra during
treatments of all three agent simulants in the wavelength
range from 350 nm to 750 nm showed no differences, mean-
ing that observable emission comes only from particles in
air/He mixture excited in plasma. Accordingly, the most
abundant lines belong to nitrogen molecule species which
emit below 440 nm and one He line at 706.5 nm.

HPLC analysis of liquid samples before and after the
treatment confirmed that significant and efficient degra-
dation of all CW surrogates could be achieved. The
destruction of the parent substance is detected on the
basis of its peak area reduction and the appearance of new
peaks in chromatograms of treated samples. The removal
rates of toxic chemicals after 10 min of treatment ranged
from 56% in case of DMMP (GB agent surrogate), to 76%
for Malathion (VX agent) and even 96% for Fenitrothion
(GD agent). Efficient destruction of simulant chemicals
exhibits a promise that this kind of cold plasma treat-
ments could be successful for removal of the real CW
agents from surfaces and aerosols by personalized tools.

However, for now the open questions are whether the
remaining decomposition products are still harmful and
whether these byproducts could be fragmented further
by plasma treatment. For instance, in case of Malathion,
the main product of destruction is Malaoxon that is also
highly toxic. Nevertheless, the precise determination of
mass spectra of treated samples would enable identifica-
tion and characterizations of the decomposition products
of CW agent surrogates as well as their toxicity level. All
this data would be valuable for evaluation of APPJ’s effi-
ciency at different operating conditions and further opti-
mization of the decontamination process. Recent advances
in understanding of the physics and chemistry of the
breakdown in liquids [20,21] open new possibilities to opti-
mize removal of contaminants even as dangerous as CW
agents. In general these techniques may be employed for
removal of a broad spectrum of contaminants from water
supplies.
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Z.Lj. Petrović, Open Chem. 13, 332 (2015)

8. J.L. Zimmermann, T. Shimizu, H.U. Schmidt, Y.F. Li,
G.E. Morfill, G. Isbary, New J. Phys. 14, 073037 (2012)

9. G. Fridman, G. Friedman, A. Gutsol, A.B. Shekhter, V.N.
Vasilets, A. Fridman, Plasma Proc. Polym. 5, 503 (2008)

10. U. Cvelbar, M. Mozetic, N. Hauptman, M.
Klanjsek-Gunde, J. Appl. Phys. 106, 103303 (2009)

11. M. Moisan, J. Barbeau, S. Moreau, J. Pelletier, M.
Tabrizian, L.H. Yahia, Int. J. Pharm. 226, 1 (2001)

12. T. Vukusic, M. Shi, Z. Herceg, S. Rogers, P. Estifaee, S.M.
Thagard, Innov. Food Sci. Emerg. Technol. 38, 407 (2016)

13. M. Magureanu, N.B. Mandache, V.I. Parvulescu, Water
Res. 81, 124 (2015)

14. E.J. Klimova, F. Krcma, L. Jonisova, Eur. Phys. J. Appl.
Phys. 75, 24709 (2016)

15. S. Krishna, E. Ceriani, E. Marotta, A. Giardina, P.
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P
lasma medicine is an innovative and interdis-
ciplinary field of science which has experi-
enced an immense international upswing in 
the last years. It has emerged two decades ago 

as a commingling of plasma technology with physics, 
chemistry, engineering and life science. The final aim 
of plasma medicine research is to introduce CAPs into 
clinical medicine and bioengineering fields for human 
and veterinary therapeutic applications [1].

What is plasma and how it works? 
Gas discharge plasma is an ionized gas, composed of free 
electrons, ions, radicals, excited atoms and molecules, 
neutral molecules, electromagnetic fields and UV-Vis 
radiation with no net electrical charge [1] (Figure 1). 
The features of CAP, according to their non-equilibrium 

The research has demonstrated 
the antimicrobial properties of 
plasma urging the incorporation of 
cold atmospheric plasma (CAP) 
decontamination in current clinical 
therapies with the aim to improve the 
benefits on the patients and on society.
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character, include the extremely high concentration of 
chemically reactive species and a bulk temperature close 
to the room temperature, which makes it an ideal tool 
for applications in many fields including agriculture, en-
vironment, manufacturing and most of all, medicine. 
The reactive species, derived from oxygen and nitrogen 
(RONS - i.e. O, 1O2, O3, ·OH, ·O2H, ·O2-, ·O3-, ·NO, ·NO2) 
are particularly relevant for the medical field as they can 
diffuse from the gas phase to a solution/biological me-
dium, generating less reactive and longer-lived second-
ary species, which offer a myriad of potential biological 
applications [1]. 

Hence, this has led to the development of two ap-
proaches with regards to the putative application meth-
ods of plasmas (Figure 2): 
i) a direct CAP treatment of the biological target 

https://doi.org/10.1051/epn/2021502


of CAP for inactivation of biofilms and overcoming their 
acquired resistance to antibiotics [6]. From another point 
of view, a fundamental finding in this area has been the 
discovery that under specific conditions, CAP can kill or 
inactivate harmful microorganisms infecting skin, with-
out causing damage to patient’ tissue, thereby facilitat-
ing the acceleration of wound healing and treatment of 
pathogen-based skin diseases [7]. Moreover, CAP has 
proved to be very effective against bio non-cellular in-
fection-transmitting agents that are resistant to more 
conventional techniques, like the prions, which are held 
responsible for neurodegenerative diseases such as trans-
missible spongiform encephalopathy or Alzheimer's dis-
ease, respectively [8]. The research has demonstrated the 
antimicrobial properties of plasma medicine urging the 
incorporation of CAP decontamination in current clin-
ical therapies with the aim to improve the welfare on 
patients and on society. 

Plasma medicine:  
CAPs effects on eukaryotic cells 
The recent advances in plasma medicine have shown that 
CAPs can exhibit the effects on eukaryotic cells and liv-
ing tissues in the human and animal body evidencing the 
versatility of plasma treatment. Specifically, it has been 
demonstrated that the controlled exposure of mamma-
lian cells to different conditions of CAP can lead either 
to stimulation or inhibition of cellular functions, such as 
cell proliferation, tissue regeneration, cell detachment, 
apoptosis, and necrosis [9]. This has opened the door 
to new therapeutical applications such as tissue 
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(e.g. microbes, eukaryotic cells healthy or diseased and 
pathological tissue), which exhibits the synergetic effects 
derived of all the above-mentioned plasma components 
on cells.
ii) an indirect CAP treatment consisting on the treat-
ment of biocompatible and biologically relevant liquids 
(plasma treated liquids - PTLs), which allows for mini-
mally invasive therapy in the target site. The PTLs-based 
therapy mainly delivers the RONS, which have been re-
ported to be one of the major players controlling biolog-
ical processes [2,3].

Plasma-generated RONS  
and their biological relevance
Part of the action of CAP can be explained thanks to 
advances in redox biology, which can be used as the 
scientific basis to explain the biological effects related 
to CAP-generated RONS [3]. Briefly, the two general 
molecular mechanisms of the RONS to highlight are 
(i) alterations of the intracellular redox state and (ii) 
oxidative modification of proteins involved in multiple 
signalling pathways. According to this, CAP treatment 
can affect all physiological processes in the human or 
animal body, where RONS play an important role, such 
as regulation of blood coagulation, vascular contraction, 
nerve impulse transmission, angiogenesis, inflamma-
tion, and immune system response. In addition, at the 
cellular level, CAP-derived RONS can alter molecular 
signalling pathways in both prokaryotic (e.g. bacteria) 
and eukaryotic cells (e.g. cancer cells) related to cell-to-
cell adhesion, synthesis of growth factors, cell differ-
entiation, division, migration, and apoptosis [3]. The 
important biological role of RONS in prokaryotic and 
eucaryotic cells has led to two main capabilities of CAPs 
targeting both type of organisms with corresponding 
therapeutical applications.

Plasma medicine:  
CAPs effects on prokaryotic cells 
The antimicrobial properties of CAPs have been investi-
gated for over the last two decades, anchoring the concept 
of plasma decontamination in this field of science. The 
main medical application of plasma has been focused on 
the sterilization of surfaces, materials and devices such as 
prostheses or implants [4]. Nevertheless, the increasingly 
growing development of atmospheric pressure plasma 
has promoted the exploration of novel potential appli-
cations, especially on living tissues targeting different 
pathogens such as bacteria, viruses, yeasts and fungi [5].

The ever-growing incidence of bacteria with resistance 
to most antibiotics and the emergence of new unknown 
pathogens whose transmission is most probably airborne 
(i.e. SARS-CoV-2) has necessitated novel solutions to 
overcome the handicaps of the available treatments. In 
this regard, recent research has proved the effectiveness 

. FIG. 1: Plasma 
components include 
free electrons, ions, 
radicals, excited 
atoms and molecules, 
neutral molecules, 
electromagnetic 
fields and UV-Vis 
radiation with no 
overall electrical 
charge.
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be accelerated due to the simultaneous stimulation of tis-
sue regeneration and angiogenesis. The results observed 
in such studies enable this vision of CAP technology on 
its way to becoming a clinical routine for wound healing 
and skin treatment. This regenerative potential of CAP 
on skin is currently being explored in the anti-aging and 
skin-wellness industry. This capacity of plasmas to stim-
ulate tissue regeneration and repair can also be exploited 
for other tissues [11], opening new avenues that deserve 
further exploration.

 Recent advances in plasma medicine have been ex-
ploiting the potential use of CAP in cancer therapies. 
Cancer is a leading cause of death worldwide and despite 
the enormous amount of research and rapid develop-
ments seen during the past decade, cancer treatment is 
still challenging. In this sense, one key aspect which is 
attracting increased attention is the ability of CAPs to 
selectively kill cancer cells without damaging the sur-
rounding tissues, thus offering a less aggressive solu-
tion compared to common anticancer therapies (i.e. 
chemotherapy and radiotherapy). The anticancer ef-
fects of CAP have been, at least in part, related to the 
RONS generated by plasmas, which are important me-
diators in stem cell biology. In fact, high levels of RONS 
have long been suggested to be detrimental to cellular 
health, and adding high amounts of exogenous RONS 
can induce cell cycle arrest, while higher doses lead to 
the induction of apoptotic and/or necrotic cell death 
(Figure 3). In this context, cancer cells are metaboli-
cally more active than healthy cells, thereby generat-
ing higher amount of intrinsic RONS. For this reason, 
delivering plasma with low exogenous RONS, triggers 
cancer cells to surpass the toxicity threshold and ac-
tivate apoptosis without affecting normal cells of the 
surrounding healthy tissue. Interestingly, many studies 
demonstrated that indirect treatment using PTLs exert 
very similar effects compared to direct CAP treatment 
what could be particularly favorable in the treatments 
of areas harder to reach and an injection of PTLs may 
be a suitable alternative [12].

Quo Vadis, plasma medicine? 
Merging physics, chemistry, and engineering with med-
ical science gave rise to plasma medicine, which aims to 
develop novel and innovative technologies to improve the 
quality of life of patients and their families. The recent 
advancements in the field have demonstrated the great 
versatility of CAP systems and their ability to induce, 
mainly through RONS delivery, specific biological re-
sponses in pathogens (bacteria, viruses, yeasts and fungi), 
cells (healthy and cancellous), and living tissues. This has 
opened the door to a myriad of applications on the edge 
of tissue engineering and regenerative medicine such as 
eradication of biofilms, wound-healing, treatment of neu-
rodegenerative diseases or cancer therapy. Nevertheless, 

regeneration and wound healing (e.g. diabetic leg 
healing, ulcers, burns, etc.), with potential implications in 
the cosmetics field (e.g. skin regeneration, scar treatment, 
etc.), as well as cancer therapy (e.g. melanoma, glioblas-
toma, colon cancer, etc.).

For instance, different atmospheric pressure plasma 
jets, which have been recently commercialized, have 
demonstrated their effectiveness at supporting the heal-
ing of non-infected acute wounds (kINPen, PlasmDERM, 
SteriPlas, Plason, PlasmaCare) [10]. To date, these 
plasma sources have also been applied in the treatment 
of long-lasting chronic and infected wounds, particu-
larly in cases where conventional treatment have failed, 
with evidence in vitro and in vivo with studies in animals, 
that have led to the initiation of the first clinical trials. 
In diabetic patients with chronic leg and venous ulcers, 
plasma-treated patients experienced accelerated wound 
healing [5]. These results suggest that wound healing may 

m FIG. 2:  
Models of action, 

targets and 
applications of 

cold atmospheric 
plasmas (CAPs). 

. FIG. 3:  
Treatment with CAP 
delivers exogenous 

ROS bringing the 
metabolically more 

active cancer cells 
over the survival/
death threshold. 
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there is still much to be done including the rigorous in vivo 
evaluation of plasma treatments or unravelling the specific 
molecular mechanisms that are involved on the intra- or 
inter-cellular level of on living cells and tissues treated with 
plasmas. Thus, the research community must keep explor-
ing the CAP-tivating versatility, feasibility and therapeutic 
potential of plasma medicine. 

The recently initiated COST Action CA20114 PlasTHER 
“Therapeutical Applications of Cold Plasmas” (www.plas-
ther.eu) is dealing with all the aforementioned challenges, 
with the help of a big network of experts in different areas 
and hopes to bring significant advances to the field forward 
in the coming years. n
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Correlation between properties of plasma treated liquids with 
characteristics of atmospheric pressure plasma devices 

 
N. Škoro, O. Jovanović, A. Kumar, A. Petrović, N. Puač 

Institute of Physics, University of Belgrade, Belgrade, Serbia 
e-mail: nskoro@ipb.ac.rs 

 
Non-equilibrium plasma at atmospheric pressure that operate in contact with liquids has 

proven to induce various chemical reactions in liquids. The most important chemically reactive 
species formed in the gas discharge above the liquid target are reactive oxygen and nitrogen species 
(RONS), electrons, UV radiation etc [1]. In complex interactions these species penetrate and/or 
react with liquid-phase molecules producing short and long-lived species in the target. Thus, 
adjusting of the plasma chemistry in the gas phase results in different outcomes of the liquid 
treatment which supports employment of the plasma treatments for different applications [2,3]. 
With respect to the purpose of the plasma treatment, it can be used for creation of new species, i.e. 
for liquid activation and creation of plasma activated water (PAW) and plasma activated medium 
(PAM), or for destruction of dissolved pollutant molecules – for decontamination processes. In this 
work we will present both kind of plasma treatments featuring comparison of properties of the 
treated liquids depending on different plasma setups, operating parameters etc. Treatments of pure 
and contaminated water (with organic dye AB25) were performed by using pin-type of plasma 
sources operating with He and Ar. These jets were operated with continuous sine signal at the 
frequency around 350 kHz. The setups were designed to enable precise determination of power 
delivered to the plasma and the sample. We investigated the influence of the working gas as well as 
sample volume to the RONS concentration in the activated water. For PAW treatments, we 
observed much higher production of H2O2 in case of Ar plasma than in He. We tested variation in 
the efficiency of the plasma decontamination by adding multi-pin source and for conditions of 
recirculation of the contaminated sample. The effective treatment surface parameter proved to be 
significant for regulation of the decontamination efficiency. With respect to the treatments of the 
cell media, we used a dielectric barrier discharge (DBD) jet configuration that operated with 
continuous signal at around 80 kHz. We studied the influence of the input power on production of 
RONS in the PAW and PAM. It was shown also that important operating parameter for this kind of 
plasma jet was gas feed gas humidity. Understanding and optimizing the production of RONS in the 
plasma system is important due to their roles in major biological processes, thus fine tuning of the 
produced species is of great importance. 
 
This work was supported by NOWELTIES project - EU H2020 MSCA ITN No. 812880 and by Ministry of 
Education, Science and Technological Development of Republic of Serbia grant number 451-03-68/2022-
14/200024. 
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Versatility of effects induced in liquids after plasma treatments has facilitated development of various applications in the fields of medicine, biology, water
treatment etc. Plasma treated liquids (PTL) may contain different long-lived chemical species, but their occurrence and concentrations depend on the plasma
system used. Some of the fundamental and significant reactions have been specified, but due to complexity of the chemistry in both plasma and liquid and
their interaction, obtaining a wider prospect is still remote. To investigate interaction between atmospheric pressure plasma and a liquid target, in this study
we associated results of spectrally resolved imaging and optical emission spectroscopy with quantification of reactive oxygen and nitrogen species (RONS)
formed in the treated sample. For creation of the plasma above the sample we used a plasma jet operating in kHz regime with He/Ar as working gases.
Relation between plasma and liquid properties has been established for wide range of different plasma parameters and several liquid targets. Obtained
results provided relation between creation of RONS in the gas phase and in PTL.

*This research was supported by the Science Fund of the Republic of Serbia, grant No. 3114/2021 - Project APPerTAin-BIOM and the MESTD of the
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DEVELOPMENTS OF PLASMA ACTIVATED LIQUIDS FOR 
AGRICULTURAL AND WATER TREATMENT 

APPLICATIONS 

Nikola Škoro1, Olivera Jovanović1, Amit Kumar1, Andjelija Petrović1 and 
Nevena Puač1 

1Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia 
E-mail: nskoro@ipb.ac.rs 

In recent years many applications of cold atmospheric plasmas (CAP) are focused on treatment of 
liquid samples. CAP induces rich chemistry in active plasma volume creating short and long lived 
reactive species that penetrate and/or react with molecules in the liquid-phase producing short and long-
lived species [1]. From the application point of view, the plasma treatment could be used for liquid 
activation and creation of plasma activated water (PAW) and plasma activated medium (PAM), or for 
destruction of dissolved pollutant molecules – for decontamination processes. For the latter case, plasma 
can be used as a chemically free advanced oxidation process (AOP) that can efficiently remove various 
organic micropollutants (OMP) from water. The major area of interest for PAW and plasma 
decontamination lie within the field of plasma agriculture [2]. Apart this field, liquid activation has a 
high potential in plasma medicine. For all these applications, clear knowledge of the entangled 
connection between plasma properties, plasma chemistry and interaction with the liquid target is 
necessary in order to tune the plasma for different outcomes of the liquid treatment [3,4]. In this work 
we will present several kinds of plasma treatments featuring investigation of both plasma and treated 
liquid properties and their dependence on the plasma jet type, operating parameters etc. Results of 
treatments of pure and contaminated water (with organic contaminant) were performed by using high-
frequency pin-type atmospheric pressure plasma jet operating with He and Ar. For PAW creation, we 
demonstrated how the plasma operating in different regimes with He as working gas yield different 
concentrations of reactive nitrogen and oxygen species. Moreover, we investigated the influence of the 
working gas as well as sample volume to the RONS concentration in the activated water. We observed 
much higher production of H2O2 in case of Ar plasma than in He. For treatments of the cell media used 
in plasma medicine applications, we used a dielectric barrier discharge (DBD) jet configuration that 
operated at 80 kHz. We showed that the power deposited to the plasma in contact with target was the 
key parameter for monitoring the production of RONS in the PAW and PAM. Thus precise power 
determination is crucial for fine tuning of the produced species. 
 
Acknowledgement: This work was supported by MSTDI Republic of Serbia grant number 451-03-
68/2022-14/200024, NOWELTIES project - EU H2020 MSCA ITN No. 812880 and the Science Fund 
of the Republic of Serbia, grant No. 3114/2021 - Project APPerTAin-BIOM. 
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Optimization of a DBD plasma jet in contact with liquids for 
application in biomedicine 

Anđelija Petrović1, Nikola Škoro1, Nevena Puač1and Zoran Lj. Petrović2, 3
1Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia 

2Serbian Academy for Sciences and Arts, Belgrade, Serbia 
3School of Engineering, Ulster University, Jordanstown, Co. Antrim, United Kingdom 

E-mail: andjelija@ipb.ac.rs

The interaction of atmospheric pressure plasmas (APPs) with liquids has gained increasing 
attention due to the importance of biological effects induced by plasmas as well as plasma activated 
liquids (PAL) [1]. PAL may be prepared by treating water or different aqueous solutions, including 
cell culture media. The interaction of gas-phase reactive oxygen and nitrogen species (RONS) with 
aqueous organics produces other long-lived RONS, such as hydrogen peroxide (H2O2), nitrates, 
nitrites [2]. For example, due to existence of long-lived RONS, PAL has been shown to be effective
in death induction of cancer cells while the normal cells were found to be less sensitive [3-4]. The 
“treatment dose” depends on the type of plasma source, the time of exposure of the liquid to the 
plasma, as well as the period for which the cells or tissue is allowed to remain in contact with PAL.

The interaction between plasma and liquids, particularly RONS production, has been the subject 
of intense research since it is of a great relevance for plasma biomedical applications to establish 
precise control over these reactive species in order to achieve the desired biological response. The 
relation between plasma and target has been demonstrated to be mutual, potentially affecting both the 
target and the plasma characteristics. 

In this study, we performed detailed diagnostics and optimization of the dielectric barrier discharge 
(DBD) type of the APP jet system in order to improve the understanding of the plasma chemistry and 
the means for its tailoring in medium treatment applications. This is made by electrical 
characterization since the power deposited to the discharge is a crucial parameter, then plasma 
imaging (to reveal spatial plasma structure), and optical emission spectroscopy (OES) to detect 
excited and metastable species. We tried to identify plasma parameters that can be used as reliable 
markers for plasma efficiency and are relevant for the consistent description of effects on treated 
liquids - RPMI 1640 cell culture medium and distilled water. We also investigated physicochemical 
properties of PAL - measurement of temperature, dissolved O2, conductivity, pH, and concentrations 
of long lived reactive species H2O2, NO2

- and NO3
-. All measurements were related to effectiveness 

of plasma activated water in the healing of diabetic wounds and the application of plasma activated 
medium for cell treatment in order to produce tumor lysates for tumor vaccine.  

This research is funded by Ministry of Education, Science and Technological Development, grant 
number 451-03-9/2021-14/200024.
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Does cold plasma pretreatment of beta-tricalcium phosphate together with 
periodontal ligament stem cells enhance bone regeneration in vivo?
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Prokić3, Vesna Danilović1, Sanja Milutinović-Smiljanić1, Olivera Mitrović-Ajtić4, Slavko 
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Bone regeneration is a complex physiological process of bone formation that is involved in 
continuous remodeling throughout life and in reparation after trauma. However, there are specific 
conditions, especially in oral and maxillofacial surgery, as well as in the case of large bone defects 
caused by various pathological changes, which require a large amount of bone regeneration that 
exceeds the normal potential for self-healing. A new strategy in the field of regenerative bone tissue 
medicine involves the combination of artificial bone substitutes (hydroxyapatite, calcium phosphate) 
and progenitor cells (mesenchymal stem cells (MSCs), mature bone cells) [1]. MSCs can be isolated 
from a variety of tissues including bone marrow, adipose, and dental tissues. These cells can 
differentiate into different specialized cell types and have other desirable features that make them 
ideal candidates for use in regenerative medicine and tissue engineering. It was shown that MSCs in 
combination with calcium phosphate-based biomaterials induce bone regeneration [2]. 
Physicochemical properties of biomaterials such as chemical composition, hydrophilicity, surface 
energy, and topography are key factors that control the behavior of cells on the surface of the materials. 
Previously it was shown that all these properties can be very easily modified by treatment with cold 
atmospheric plasma (CAP)[3]. 
In this study, we examined if CAP-pretreated beta-tricalcium phosphate (β-TCP) scaffolds alone, or 
in combination with periodontal ligament stem cells (PDLSCs), increases the regeneration of critical 
size bone defects in vivo. The PDLSC were isolated from the human periodontal ligament of normal 
impacted third molars, characterized and cultivated until the experiment. β-TCP was treated with 
CAP by using atmospheric pressure dielectric barrier discharge prior to the implantation. With rabbits 
under general anesthesia, four bone defects were made and filled with treated/non-treated β-TCP with 
or without PDLSCs. After two and four weeks of healing, animals were sacrificed and samples were 
taken for histological, histomorphometric, and immunohistochemical analysis. 

This work was supported by MESTD of Republic of Serbia, Grants no. 451-03-9/2021-14/200129, 
451-03-9/2021-14/200024, 451-03-9/2021-14/200015.
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Plasma treatment of seeds and plant cells: role of reactive oxygen and 
nitrogen species in formation of plantlets and embryos in non-permissive 

conditions

Nevena Puač1, Suzana Živković2, Milica Milutinović2, Olivera Jovanović1, Anđelija Petrović1,
Gordana Malović1 and Nikola Škoro1
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The population growth together with constant climate changes represent a serious challenge for 
humankind. Additionally, the usage of the pesticides have created adverse effect on environment, 
which in return impact even more agricultural production. In order to comply with the demands and 
to adapt to the new conditions the farmers need to change or upgrade existing practices by employing 
new technologies. As being a promising tools in application in medicine, non-thermal (cold) plasmas 
(NTPs) are seen as a green alternative to conventional fertilizers in agriculture to improve yields, 
increase size and robustness of plants and to reduce (or eliminate) the need for pesticides [1, 2].

NTPs have rich chemistry of Reactive Oxygen and Nitrogen Species (RONS) that are formed in gas 
phase and, in case of water treatment, in gas/liquid interface in liquid [2, 3]. We can use NTPs in 
direct treatments of seeds or plant cells where samples are in contact with plasma gas phase chemistry 
or indirectly when treated water is applied to the biological samples. In both cases RONS (short or 
long-living) are responsible for triggering various mechanisms and effects in plant cells. To better 
understand the reasons for triggered mechanisms and outcomes (better germination percentage and 
speed, breakout of dormancy, creation of embryos etc.) it is important to characterize the plasma 
chemistry both in gas and liquid phase. We have used several atmospheric pressure plasma systems 
in treatments of seeds and plant cells in order to investigate the mechanisms responsible for better 
germination in seeds, enzyme response and formation of somatic embryos in non-permissive 
conditions. The mechanisms investigated were linked with the chemistry of RONS created in gas 
phase and/or deposited in liquid phase. Thus, we were able to acquire the data that can be used in 
optimization of plasma treatment processes. 

This work was supported by Ministry of Education, Science and Technological Development of 
Republic of Serbia, grant numbers 451-03-9/2021-14/200007 and 451-03-9/2021-14/200024. 
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Cold Atmospheric Plasma treatment of dentin substrate for adhesive dental 
procedures

T. Lainović1, N. Škoro2, A. Krmpot2, M. Rabasović2, N. Selaković2, E. Novta1, L. Blažić1,3

and N. Puač2
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Advances in materials science were primarily responsible for enabling the development of adhesive 
dentistry, which today is the state-of-art of minimally invasive dental approaches. In recent years, in 
addition to the development of materials, there is a research trend for a better understanding of the 
biological substrate, dentin, and its modifications [1], in order to improve the quality and durability 
of adhesively bonded restorations.
This study aimed to microscopically analyze the morphology of dentin-adhesive interface, after 
previous treatment of dentin substrate by the Cold Atmospheric Plasma (CAP). First-class dental 
cavities were prepared in human teeth, extracted according to medical indications. The underlying 
hard-dental tissue, dentin, was exposed for the adhesive-bonding procedures. Two standard adhesive 
protocols were applied to the samples: 1. etch-and-rinse (ER) and 2. self-etch (SE) technique. Samples 
in both of these experimental groups were modified by using the CAP treatment of dentin before 
adhesive placement. The plasma used for treatments was produced by a RF plasma needle, with 1 slm
of He as a feeding gas and tip-to-surface distance of 2 mm. The power deposited to plasma was 
determined by using derivative probes for each treatment and it was between 1 W and 2 W.
Following listed preparation, the samples were examined using Nonlinear Laser Scanning 
Microscopy (NLSM) [2]. The surface free energy was calculated by measuring the contact angles on 
the dentinal substrate in experimental and control groups.
The CAP treatment prepared the dentinal substrate in a way that significantly changed the interaction 
with adhesives, by increasing its surface energy and wetting properties. As NLSM measurements 
showed, the hybrid layer created between collagen fibers and adhesive was denser, wider and resin-
tags were significantly longer entering much deeper into the dentinal substrate. It seems that the flow 
of adhesive placed at the treated samples was greatly facilitated by the CAP dentinal modification. 
It remains to be examined how plasma activation of dentin subsequently interact with the adhesive 
and enables such a deep penetration. Moreover, as an important step towards application, it is 
important to determine the exact clinical situations in which the CAP treatment would be useful and 
in which it should be limited or restrictively controlled. Thus, further research will be focused on 
process optimization. 
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Plasma pin-jet for treatment of water: production of reactive species in 
distilled and tap water

Olivera Jovanović1, Nevena Puač 1, Nikola Škoro1
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In two increasingly important fields of plasma application – biomedicine and plasma agriculture, 
Plasma Activated Liquids (PALs) play a key role [1,2]. These applications caused the development 
of various designs of atmospheric pressure plasma jets (APPJs) that operate in contact with liquid 
samples. Despite a significant number of successful investigations involving the use of PALs [3], 
there are still lot of unknowns that need to be clarified. The first is to completely understand the 
interaction mechanisms between plasma and liquid, and the creation of a huge number of chemical 
species. The second, equally challenging problem, is how to standardize a device's performance to 
produce PAL of required phisico-chemical characteristics for different applications. 

In this work, we will present the results of the treatment of pure distilled and tap water in order to 
create Plasma Activated Water (PAW). We have used an atmospheric pressure plasma jet (APPJ) in 
pin electrode configuration operating at a frequency of 340kHz in contact with aqueous sample. The 
plasma jet was used with pure argon and an admixture with synthetic air as working gas. Total gas 
flow was kept constant at 1 slm in all experiments. The distilled water and tap water samples were 
exposed to the streamer discharge under several treatment conditions in order to investigate the 
influence of plasma parameters and the target properties on characteristics of the produced PAW. In 
order to determine the excited species produced in plasma above the liquid, optical emission 
spectroscopy was employed. Diagnostics of liquid samples were performed to assess the effectiveness 
of plasma treatment. The analysis of physicochemical parameters was conducted by measuring 
conductivity, pH, temperature and the amount of deposited RONS (H2O2, , ).

The results of optical emission spectroscopy showed the existence of oxygen and nitrogen reactive 
species in the spectrum of argon discharge. Besides the dominant OH radical band, NOγ emission 
was also detected. Measurements of RONS created in plasma and deposited in aqueous samples 
showed that the sample properties, treatment time, and working gas were parameters that influenced 
both the type and the amount of produced reactive species. 
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PROPERTIES OF LOW-PRESSURE RF DISCHARGES 
SUITABLE FOR TREATMENT OF ABSORBANTS 
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and N. Škoro2 
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Particle-in-Cell/Monte Carlo Collisions simulations are performed to provide a detailed 
characterization of low-pressure capacitively coupled radiofrequency gas discharge plasmas suitable 
for treatment of absorbants. Based on the simulations, discharge characteristics such as particle 
densities, and particle flux and energy distributions at the surfaces relevant for treatment of Zeolite 
are determined.   

 
Zeolite has long been recognized as a mineral with excellent absorptive properties. This material, made 
up of arrays of aluminum, silica, and oxygen, has been recently introduced as a novel microporous 
material suitable for application in water decontamination. Since it is a porous material, the absorption 
process results in not only capturing particles between grains, but also insertion of the particles into its 
pores. Due to its high effective surface area, desorption is typically performed using suitable solutions. 
However, this way of Zeolite regeneration proved to be ineffective for some adsorbed pharmaceuticals. 
Experimental investigations performed so far showed that in this case regeneration can be efficiently 
performed by plasma treatment which also represents an efficient and ecologically responsible 
procedure. These procedures are based on the interaction of adsorbed particles and chemically active 
species created in the plasma. However, the desirable effects can be achieved only for a narrow range 
of treatment conditions. For the reliable, knowledge-based optimization of the applications, a detailed 
characterization of the plasma reactor used for surface treatment is required, including information on 
the plasma properties and surface processes. In this work, one-dimensional in space and three 
dimensional in velocity space (1d3v) Particle-in-Cell/Monte Carlo Collisions (PIC/MCC) simulations 
are performed in low-pressure capacitively coupled plasmas in Argon, under conditions corresponding 
to the experiments for treatment of Zeolite (4.5 cm electrode gap, driving frequency of 13.56 MHz, 
pressures < 600 mTorr, voltage amplitudes < 450 V). For these conditions, the voltage-current 
characteristics, as well as the power and emission spectrum for the discharge are available from the 
experiments. In the simulations, electrons, Ar+ ions, and fast Ar atoms are traced. As surface processes, 
secondary electron emission due to heavy particles and elastic reflection of electrons are considered. 
The PIC/MCC simulations provide information on many plasma parameters and distributions of interest, 
such as densities of the traced particles and their flux and energy distribution at the surfaces, the 
spatiotemporal distribution of the electric field, the power absorption and energy of particles, as well as 
the ionization and excitation dynamics in the discharge. 

Acknowledgement: This work was supported by the grant 2019-2.1.11-TÉT-2020-00162 
“Characterization of radiofrequency gas discharges applied for surface treatment” of the Hungarian 
National Research, Development and Innovation Office and bilateral project Hungary-Serbia (2021-
2023). 
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Molecular response to PAW in model plant species 
 

M. Milutinović1, O. Jovanović2, N. Devrnja1, M. Todorović1, S. Živković1, J. Savić1,  
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e-mail: milica.milutinovic@ibiss.bg.ac.rs 

 
Non-thermal temperature plasmas (NTPs) have rich chemistry of Reactive Oxygen and 

Nitrogen Species (RONS) that are formed in gas phase and, in case of water treatment, in gas/liquid 
interface in liquid [1]. NTPs can be applied in direct treatments of plant samples or indirectly when 
treated water, called Plasma Activated Water (PAW), is used in treatments. In both cases RONS 
(short or long-living) are responsible for triggering various mechanisms and effects in plant cells. 
RONS have a dual role and a dose-dependent effect, they can regulate the normal physiological 
activities of plants as signaling molecules at the range of physiological concentration, and can 
trigger damage to lipids, proteins and DNA at too high or too low concentration. Plants integrate 
RONS with genetic, epigenetic and external signals to regulate developmental processes. RONS 
signaling is highly integrated with hormonal signaling networks, thereby allowing plants to adjust 
to environmental cues.  

All organisms have adaptive responses to oxidative stress, with antioxidant enzymes (i.e. 
catalase, peroxidase, superoxide dismutase) being induced by changes in the levels of H2O2 or O2

•-, 
leading to the activation or silencing of genes encoding defensive enzymes and transcription factors 
[2]. Although various observations have led to the suggestion that cells have the means to sense 
RONS and to induce specific responses, the underlying mechanisms are still not fully understood. 
In addition, plants also have non-enzymatic systems known to remove RONS, which are important 
players in plant processes that use RONS-dependent signaling mechanisms [3]. In this work, we 
have shown, by using molecular approaches, how PAW treatment affect expression of genes coding 
for specialized metabolites and hormones, thus regulating development and stress responses in the 
model plant system Arabidopsis thaliana. 
 
This work was supported by Ministry of Education, Science and Technological Developments of the Republic 
of Serbia, contact number grants 451-03-68/2022-14/200007 and 451-03-68/2022-14/200024. This 
publication is based upon work from COST Action CA19110 - PlAgri, supported by COST (European 
Cooperation in Science and Technology-www.cost.eu). 
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Characterization of 1- and 3-pin atmospheric pressure plasma jet used 
for decontamination of water samples 
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With growing population more and more issues arise from human influence on the 
environment and, therefore, on the food chain and the ability to produce enough food. The amounts 
of organic micropollutants (OMPs) that are released into the water bodies are huge and, in order to 
deal with this issue, we need more alternative green technologies that can replace (or aid) standard 
oxidative processes (AOPs). One of such technologies that can be used for non-biodegradable 
OMPs is non-thermal plasma (NTP) that operates at atmospheric pressure [1]. The NTPs created in 
gas phase in contact with liquid or in liquid phase are rich source of oxidative species responsible 
for OMP destruction [2, 3].  

Here we will present pin-type atmospheric pressure plasma jet (APPJ) that uses argon as a 
working gas. We have investigated two different configurations: 1-pin APPJ and 3-pin APPJ. We 
have performed electrical characterization, temperature measurements, optical emission 
spectroscopy and ICCD imaging for both experimental setups. The flow of argon was kept constant 
in all experiments at 1 slm (1-pin APPJ) and 2 slm (3-pin APPJ). As a power supply we have used 
commercial sine wave resonant type power supply. In our case the resonant frequency for 1-pin 
APPJ was 330 kHz and for 3-pin it was 350 kHz. The discharge was created in a gas phase and was 
in contact with water samples in all experiments. The water samples were contaminated either with 
Acid Blue 25 (AB25) dye, diclofenac (DCF) or 4-chlorobenzoic acid (pCBA). In case of 3-pin 
APPJ we have performed treatments without mixing (water sample was in crystallizing dish) and 
with mixing (water sample was circulated by a pump during the plasma treatment). As expected, the 
removal efficacy increased with decrease in the initial concentration of the contaminants in all cases. 
When comparing the destruction of the DCF and pCBA in flow mode we saw that plasma removed 
DCF better. This can be related to the chemical structure of both compounds, whereby pCBA can 
only be converted by strong oxidants such as the hydroxyl radical, whereas DCF is susceptible to 
reaction with weaker oxidants, too. 

 
This work was carried out under NOWELTIES project funded by the European Union’s Horizon 2020 
research and innovation programme under the Marie Skłodowska-Curie grant agreement No. 812880. N.S. 
and N.P. are funded by Ministry of Education, Science and Technological Development, grant number 451-
03-68/2022-14/200024. 
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Investigation of an atmospheric pressure pin-type plasma jet for water 
treatment - optical diagnostics and temperature measurements  
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In the increasingly important field of plasma agriculture, atmospheric pressure plasmas have 
proved their excellent potential for the elimination or reduction of organic contaminants and 
sterilization of microorganisms [1,2]. The exposure of aqueous solutions to plasma induces many 
reactions occurred in the gaseous phase and introduces reactive species in aqueous phases. One of 
the most commonly detected chemical species in gas plasma is OH radical because it plays a key 
role in the reactions of degradation of organic pollutants from water [3]. Another important factor 
that should be controlled during the plasma wastewater treatment to avoid the evaporation of 
harmful substances is the gas temperature. From the point of view of plasma physics, it is essential 
for future applications that the plasma processes and the effects of treatment are correlated, which 
can only be done by accurate and thorough diagnostics of the plasma sources. 

Atmospheric pressure plasma jet (APPJ) in pin-electrode configuration operating in contact 
with liquid sample has been investigated by two different measurement techniques for gas 
temperature measurement. Firstly, the gas temperature above the liquid was determined by using 
the optical emission spectroscopy (OES) method for measurement based on partially rotationally 
resolved emission from hydroxyl (OH) radical. Another goal was to employ an active method - 
Rayleigh scattering laser spectroscopy which allows spatially resolved gas temperature 
measurements and to compare obtained results with OES measurements. Since the plasma jet 
generates intense streamer discharge, such a detailed analysis of the emission spectrum of plasma 
radiation and precise measurement of gas temperature was necessary for the potential application in 
biotechnology and wastewater treatment. Finally, as earlier studies have shown that OH radicals 
formed in the plasma play an important role in the degradation of pollutants dissolved in water, the 
absolute values of OH radicals were recorded by laser-induced fluorescence (LIF) technique.  

The recorded spectra showed intense emission of OH radicals at wavelengths around 306 nm 
for discharge generated in pure Ar and an admixture of Ar and synthetic air. Preliminary results 
showed that the temperature in the plasma core reached values of up to 300°C. Also, it was obtained 
that the intensity of the LIF signal increases with the increase in the power deposited in the plasma, 
whether the discharge was in contact with distilled water or tap water. 
 
This work was supported by a STSM Grant from the COST Action CA19110 PlAgri, supported by the COST 
Association (European Cooperation in Science and Technology) and the Ministry of Education, Science and 
Technological Development, grant number 451-03-68/2022- 14/200024. 
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Long term effects in dwarf bearded iris (Iris reichenbachii Heuff.) calli 
metabolism induced by plasma treatment 
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The Plasma Agriculture is a new field of plasma applications where non-thermal (cold) 
plasmas (NTPs) operating at atmospheric pressure are used as a tool in biotechnology for genetic 
manipulation of plants, for micropropagation, for studies of plant metabolism and cellular 
development or a commercial production of natural products that cannot be chemically synthesized. 
NTPs have rich chemistry of Reactive Oxygen and Nitrogen Species (RONS) that are responsible 
for triggering various mechanisms and effects in plant cells, such as the induction of somatic 
embryogenesis, higher and faster seed germination, better water uptake or have an anti-bacterial and 
anti-viral effects, etc. [1-3]. In the current study plant undifferentiated compact tissue (calli) of 
Balkan endemic dwarf bearded iris (Iris reichenbachii Heuff.) was treated using a RF plasma 
needle device operating with He as a working gas. The flow of He was kept constant at 1 slm and 
the power deposited to the plasma was below 2 W. The plasma needle was positioned 3 mm above 
the callus surface enabling direct contact between the active plasma volume and the surface of the 
sample. We induced significant morphological alterations in structure of non-embryonic calli that 
could be attributed to the enhanced cell division of the plant cells at the surface of the calli that was 
in contact with plasma. The differentiation of the calli cells was stimulated by reactive species 
created in gas phase of NTP. The morphological changes were then followed by the significant long 
term alteration in specialized metabolite content in derived calli types. Our results implicate that 
direct plasma treatment could serve as a significant elicitor of the production of specific metabolites 
in dwarf bearded iris calli. 
 
Supported by Ministry of Education, Science and Technological Developments of the Republic of Serbia, 
contact number grants 451-03-68/2022-14/200007 and 451-03-68/2022-14/200024. This publication is 
based upon work from COST Action CA19110 - PlAgri, supported by COST (European Cooperation in 
Science and Technology-www.cost.eu). 
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MASS SPECTROMETRY OF LARGE ASYMETRICAL CCP 
OXYGEN DISCHARGE 

Nevena Puač1, Kosta Spasić1, Nikola Škoro1, Gordana Malović1  
and Zoran Lj. Petrović2 

1Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia 
2Serbian Academy of Sciences and Arts, Knez Mihailova 35, 11000 Belgrade, Serbia 

E-mail: nevena@ipb.ac.rs 

We present the results of mass spectrometry of large asymmetrical CCP discharge. The discharge 
operated at 13.56 MHz with oxygen as working gas at the pressures of 300 mTorr, 450 mTorr and 
600 mTorr. Threshold Ionization Mass Spectrometry (TIMS) was used to detect excited and 
metastable oxygen molecules and oxygen atoms.  

 

1. Introduction 
Motivation for research of non-thermal low pressure plasmas stems from wide range of possible 
applications. Due to the possibility of fine tuning of the discharge conditions and ability of the reactive 
species from the discharge to modify and activate surfaces, low pressure plasmas are being exploited 
for a long time for applications in fabrication of microelectronic devices, in textile industry, sterilization 
of medical equipment, cleaning of archaeological samples, nitriding of metals etc. Lately this lists has 
expanded in the field of plasma agriculture for treatment of seed to increase germination, plant yield or 
to remove pathogens. In order to satisfy various demands in many different applications in which plasma 
is used various types of plasma reactors had to be developed.  
It is already known that reactive oxygen species (ROS) play important role in metabolism of plants with 
most of them being also the signalling molecules. [1, 2]. Since ROS are easily created in oxygen 
containing discharges the effects of these plasmas on plants metabolism is increasingly being studied 
for discharges in both atmospheric and low pressures [2, 3]. In order to make the first steps towards 
identifying the mechanisms responsible for triggering of signalling pathways in the treated seeds it is 
important to determine chemistry produced in the plasma. Here we will present results of mass 
spectrometry of the oxygen low pressure discharge in the large asymmetric CCP chamber.  
 

2. Experimental setup and results 
A cylindrically shaped reactor chamber was made of stainless steel. The length of the chamber was 
2.5 m with the diameter of 1.17 m. Axially placed aluminium rod served as a powered electrode while 
the chamber wall was used as a grounded electrode. The power supply unit operated at 13.56 MHz and 
it was equipped with Variomatch matching network for reducing reflected power. In all measurements 
the reflected power was kept below 1 % of the forwarded power. Vacuum was achieved by mechanical 
Pfeiffer Vacuum rotary vane pump. We have used mixture of 99% of O2 with 1% of Argon added. Flow 
meters were used to control flow of each gas, in appropriate proportion, so that pressure could be set to 
selected values of 300, 450 and 600 mTorr. Mass energy HIDEN Analytical EQP analyser was used for 
mass and energy measurements of plasma species. It was introduced into the chamber side-on, 
perpendicular to the powered electrode, with its orifice positioned at fixed distance of 31.5 cm from 
powered electrode. For the detection of neutral species we have used RGA (residual gas analysis) mode. 
The mass spectra of neutral species was recorded for the range 1 amu to up to 50 amu. In order to 
determine the amount of oxygen excited and metastable species created in the discharge we have also 
performed Threshold Ionization Mass Spectrometry (TIMS). We have done this type of measurements 
for oxygen molecules and atoms with electron energy varied from 4 to 25 eV with resolution of 0.1 eV. 
In Figure 1(a). Distribution of O2

+ as a function of the electron energy emitted from the ionising source 
of the mass spectrometer is shown. We can see that for lower powers there are no excited and metastable 
species detected by the mass spectrometer.  
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Figure 1. (a) Distribution of O2

+ molecule detected by mass spectrometer as a function of energies of 
electrons emitted by analyser’s ionising source. (b) Number of excited and metastable O2 species 
detected by mass spectrometry as a function of power given by RF power supply. 
 
In Figure 1(b) we present integrated counts obtained by ionizing excited and metastable oxygen 
molecule coming for the discharge. The integration of the mass spectrometer signals (shown in 
Figure 1(a)) was performed from 4 eV to 12.5 eV. We have used this range of energies in order to be 
below the ionization threshold for the neutral oxygen molecule. The maximum of detected excited and 
metastable oxygen molecules moves towards higher powers given by the RF power supply with the 
increase of the working pressure. This can be explained by the decrease in the mean free path of the 
species and the position of the mass spectrometer orifice. Also, with the increase of the power plasma 
expands towards the wall of the chamber. 
 

3. Conclusion 
We have presented the mass spectrometry results obtained in a large asymmetric CCP low pressure 
oxygen discharge. The mass spectrometry was used to detect reactive oxygen species with the emphasis 
on the excited and metastable species. We have used TIMS to determine the behaviour and abundance 
of metastable and excited oxygen molecule and oxygen atoms.  
 
Acknowledgement: This work was supported by MSTDI Republic of Serbia grant number 451-03-
68/2022-14/200024 and NOWELTIES project - EU H2020 MSCA ITN No. 812880. 
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The atmospheric pressure plasmas (APPs) are known to be rich in Reactive Oxygen and Nitrogen Species (RONS) and this rich chemistry is responsible for
triggering of cell mechanisms in case of plant or human/animal cells. We can divide this influence in two groups: (1) RONS in gas phase; (2) RONS in liquid
phase. Therefore, in order to better understand the reasons for triggered mechanisms and outcomes (better germination percentage and speed, breakout of
dormancy, creation of embryos etc.) we need to know and be able to tailor the plasma chemistry both in gas and liquid phase. We have used several APPs
for gas phase treatments of plant cells and also for production of Plasma Activated Water (PAW) in order to investigate the influence of liquid RONS
chemistry on plant cells. Here we will present different APP sources that are used for production of PAW used for seed imbibition in germination process and
direct treatment of meristematic plant cells. Dielectric Barrier Discharge type of APPJ was used for production of PAW, while the plasma needle type was
used for direct treatment of meristematic plant cells. The main idea was to check if plasma treatments can be used as for breaking of dormancy and trigger
mechanisms in cells even in a normally non-permissive conditions.

*This work was supported by MESTD RS, grant numbers 451-03-9/2021-14/200007 and 451-03-68/2022-14/200024.
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Nonthermal Plasma at atmospheric pressure with aerosols: applications 

in agriculture 

Neda Babucić1, Nikola Škoro1, Nevena Puač1 
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Applications of low temperature plasma (LTP) are investigated due to its versatile use in water 

decontamination, wound treatment by using plasma activated water (PAW) and in agriculture. One 

of the key challenges in plasma-water interaction is to increase flux of reactive species from the 

plasma. The addition of micrometer-scale droplets of aerosols immersed in plasma provides a high 

surface-to-volume ratio, increases the contact area for a given amount of water and potentially 

enhancing the rates for chemical interaction between plasma in gas phase and liquid. Apart from 

development of plasma–liquid applications, the plasma–aerosol configuration is also enabling greater 

scientific insights into a complex problem with potentially thousands of transient and non- 

equilibrium chemical reactions1. In this regard, we made the first step in assembling an experiment 

where microwave (MW) plasma source is used for aerosol treatment. The setup will enable 

characterization of the plasma, interaction between the plasma and droplets and characterization of 

treated water in order to better understand gas-liquid reactions of high chemical reactivity. At the 

moment, MW plasma is operated using Ar flow from 1-7 slm without addition of aerosols. Optical 

emission spectroscopy together with images of plasma provided information about the distance 

from the source where role of reactive species is important. After introducing aerosol into the 

reactive volume, in this setup we will be able to assess the influence of droplets to the plasma. The 

main idea is to better understand the interaction of plasmas with aerosols as there is potential of 

plasma-aerosol interaction at atmospheric pressure in treatment of biology samples. This research 

will be linked to the topics of WG 3 (tretament of plants with PAW made through aerosol) and WG4 

(determination of PAW properties) of PlAgri COST action.2 ,3. 

Keywords: Nonthermal plasma, aerosols, MW source, activated water 
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The development of new plasma sources operating at atmospheric pressure in contact with liquid 

samples over the past 20 years has mostly been driven by new biomedical applications such as 

wound healing, cancer treatment, as well as the deactivation of bacteria and viruses and sterilization1-

2. Recent research is focused on several aspects of plant biology and wastewater treatment3-4 because 

low-temperature plasmas are environmentally acceptable and the active gaseous environment is at 

room temperature. 

Plasma Activated Liquids (PALs) are essential in this application. PALs have been used in a 

substantial number of successful experiments, but there are still many questions regarding the 

mechanisms governing the interaction between the plasma and liquid including the production of a 

broad number of chemical species. 

In this work, we utilized atmospheric pressure non-equilibrium plasma jets for the treatment of 

liquids, and the production of PALs. PALs were employed for the treatment of plant tissue culture, 

then also for application on wound healing in diabetic mice and finally in a study that tested their 

toxicity after oral intake by rats. Diagnostics of liquid samples were performed to assess the 

effectiveness of plasma treatment. The analysis of physicochemical parameters was conducted by 

measuring conductivity, pH, temperature, and the amount of deposited RONS (H2O2, 𝑁𝑂3
−, 𝑁𝑂2

−). 

The mechanisms of interaction between plasma and liquid samples were determined depending on 

the conditions in the system. Through this research, we wanted to show that the used plasma systems 

provide the possibility to adjust the properties of treated liquids for a particular application in 

biomedicine by changing the treatment conditions. 

Acknowledgements: This work was supported by MSTDI Republic of Serbia grant number 451-03-68/2022-14/200024, 

and The Science Fund of the Republic of Serbia, grant No. 3114/2021 - Project APPerTAin-BIOM. 
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The present research aimed to investigate the influence of Cold Atmospheric Plasma (CAP) 

pretreatment on dentinal endogenous enzymatic activity and dentin-adhesive bond strength, by means 

of in situ zymography and microtensile bond strength (µTBS) test, respectively.Materials and 

methods: Sound human extracted molars (N=30) were cut to expose middle/deep dentin. Teeth were 

randomly assigned to the treatment groups: a) no pretreatment (control – CTR); 15s plasma 

pretreatment (15s); c) 30s plasma pretreatment (30s). Further, a universal adhesive was applied on 

dentin surfaces either in the self-etch (SE) or the etch-and-rinse (ER) mode, with or without dentin 

surface rewetting (RW) after plasma treatment. Hence, 10 different treatment groups were formed: 1) 

self-etch control – SE-CTR; 2) SE 15s DRY; 3) SE 15s RW; 4) SE 30s DRY; 5) SE 30s RW; 6) etch-

and-rinse control – ER-CTR; 7) ER 15s DRY; 8) ER 15s RW; 9) ER 30s DRY; 10) ER 30s RW. 

Composite resin build-ups (4 mm) were made on all teeth. Bonded specimens were further cut into 1-

mm2-thick sticks and subjected to µTBS. Dentin slices were obtained from additional 3 teeth (8 slices 

per tooth) and were treated in the same way as for µTBS to investigate the dentinal endogenous 

enzymatic activity. Bonded slices were ground down and covered overnight with fluorescein-

conjugated gelatin and observed using a confocal microscope. Data were statistically analyzed 

(p<0.05). Results: Direct dentin treatment with CAP influenced µTBS significantly (p<0.05). The 

influence was more notable in the ER groups, where 15s RW increased the bond strength results 

significantly, while 30s DRY led to the complete debonding of all the specimens. The differences in 

the SE groups did not reach statistical significance. Enzymatic activity was higher in the ER groups 

compared to SE. Plasma treatment influenced more the ER groups, demonstrating the lowest 

enzymatic activity in the 15s RW group, which is in accordance with µTBS results. Conclusions: 

Direct plasma pretreatment could influence bond strength, particularly of ER adhesive systems, 

possibly also due to the reduction in endogenous enzymatic activity. Adequate CAP treatment 

duration and dentin moisture level should be further analyzed in detail and applied. 

Acknowledgements: The work is supported by the PlasTHER COST Action and is in accordance with the topics related 

to WG1 and WG3. The authors would like to thank the DIBIDEM department from the University of Bologna, for their 

great hospitality. 

Keywords: Cold Atmospheric Plasma (CAP), microtensile bond strength, MMPs, dentin 
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Staphylococcus aureus 

Nikola Milojević a , Boško Toljić b, Nikola Škoro c, Nevena Puač c, Dragana Vuković d, Maja Miletić a 

a Department of Pathophysiology, School of Dental Medicine, University of Belgrade, Serbia 
b 

Department of Physiology, School of Dental Medicine, University of Belgrade, Serbia 

c Institute of Physics Belgrade, University of Belgrade, Serbia 
d Institute of Microbiology, Faculty of Medicine, University of Belgrade, Serbia 

The growing prevalence of infections caused by multiresistant bacteria represents a global medical 

problem, given that there is no adequate therapeutic solution for these infections. Infections caused by 

resistant, multi-resistant, and even pan-resistant bacteria occur primarily in the hospital environment, 

but their frequency is also increasing in the general population. The emergence and spread of 

resistance to antibiotics and chemotherapeutics is observed in most medically important bacteria. 

However, the problem of resistance is particularly significant with Gram-positive bacteria of the 

genera Staphylococcus and Enteroccocus. Methicillin-resistant Staphylococcus aureus (MRSA) is 

one of the leading nosocomial pathogens, but it is increasingly occurring as a cause of infections in 

the general population. These strains are resistant to all beta-lactam antibiotics and represent a very 

big problem today. Abscess is a common form of odontogenic infections and is a reflection of a 

favorable defensive reaction of the organism that tries to localize the infectious focus. The 

microbiological flora of odontogenic infections consists of an association of anaerobic and aerobic 

species with a dominant role of anaerobic species. One of the facultative anaerobes in odontogenic 

abscesses is MRSA, whose prevalence, according to some studies, ranges from 3.3% and even up to 

12%1. Previous research shows that low-temperature atmospheric plasma exhibits a strong 

antimicrobial effect without toxic effects on human stem cells, which is why it could be applied in the 

field of biomedicine for in vivo decontamination of surfaces colonized by bacteria and antimicrobial 

therapy2,3,4. The aim of this research is to examine the antimicrobial effect of different sources of 

NTAP on the reference strain and clinical isolate of MRSA from an abscess of odontogenic origin and 

to determine whether resistance to plasma treatment develops, as well as whether plasma treatment 

increases the sensitivity of MRSA to different antibiotics.Keywords: MRSA, low temperature atmospheric 

plasma, antimicrobial effects 
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