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ABSTRACT

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-APPJ while 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.™! and pgL. ™) 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 with HO-, pCBA was 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).

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 H,O and CO5 (An et al., 2010; Wang and Xu, 2012). The goal of
generating HO- radicals, different AOPs based on chemical admixture (O3/
H,0,, 03/UV, 03/UV/H50,), photocatalysis (UV/TiO5, UV/TiO5/H505),
Fenton (Fes /H,0,, Fe5 /UV/H,0,) 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; Macias-
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; Tomi¢ et al., 2021).

Plasma-liquid interactions have grown in popularity in recent years due
to crucial characteristics such as the simultaneous production of many 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+, HO5, H,0,, O3, NO3, NO, , 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
etal, 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-APPJ with 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. The multi-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 in water. The continuous recirculation approach improves the mixing
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. The measurements were made 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
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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

Axial view of plasma source

Glass tube

Pin electrode
Ceramic tube

1mm

-
6 mm

Axial view of plasma source

Glass tube
Syringe needle
electrode

Computer

Sampling zone
Pump

(b)

-

Orbitrap-LC-MS

HPLC-DAD

Fig. 1. The schematic diagram of experimental, (a) setup-pin-APPJ (left) with an image of plasma solution treatment (upper right), (b) multi-needle electrodes-APPJ with

continuous flow treatment system (left) with plasma solution treatment (right).
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a diameter of 1 mm with 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 the flowing liquid surface was generated through a multi-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 7 mm. The distance between
the two adjacent needle electrodes was 20 mm. 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 (v,) across the 1 k<2 resistor used to establish the current
in the grounded part (iy) 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
MDO03024). 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 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 a flow rate of 300 mL/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 gas flow (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: C;4H;0C;oNNaO,, molecular weight: 318.13 g/
mol, purity=98 %, CAS number: 15307-79-6) and pCBA (chemical
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formula: C;HsClO,, 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 solution with 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 x
2 mm) with 5 pm particle size (Phenomenex, Torrance, USA), thermostated
at 30 °C. All samples were filtered through a 0.2 pm cellulose filters (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 the mobile phase was 0.5 mL/min and the injection volume
was 10 pL. 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 pm,
2.1 mm X 50 mm) was used for the separation of the component in the
mixture. The column temperature was set at 30 °C. The injection volume
and flow rate was 10 pL and 0.4 mL/min, respectively. The analysis was 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 5 mM ammonium acetate (at pH 8) and methanol. 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 data was transferred to Thermo Scientific™ Compound Discoverer
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).

C,—Cxd
—X

o0

Removal (%) = 100 (€3]

where C, (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).

C, ("B) x V(L) x 745 x Removal(%)
Prnean at the sample (kW) x t(h)

Energy yield (%) = 2

where C, (mg/L) is initial concentration of the plasma treated compound,
Vp (L) indicates the initial volume of plasma treated compound, Peqn
(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 2 m and core diameter of 600 pm was 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, He, N, (SPS: second positive system & FNS: First negative
system), Ar*), band bass filters (attached with 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 voltage was 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.

The mean 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.

T2

1 .
Prean at sample = ﬁ/ v(r) x lg(l) x dt
T1

3

where, Ppcan at sample: mean power at the sample; vg(t): voltage drop at the
resistor; resistance R = 1 kQ; i,(t): current at the ground (sample): nT =
T2 - T1.
i (t) = ve(t)/R “
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* (A>2™ — X°n), N, SPS (C*r, — Bmy), N3
FNS (B%z, — XZEg) and nitric oxide NO, (A%z* — X?n). The spectrum
lines between 697 and 965 nm are dominated by the excited argon atoms
(4p — 4 s) and O+ (3p°P — 3s°S and 3p>P — 3s°S). The spectra of N,
SPS, N5 ENS, O+ and NO, are typical for open-air-argon plasma discharges
operating above a water sample (Lamichhane et al., 2022).
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Fig. 2. (a) V-A characteristics (RMS voltage as a function of RMS current at sample/ground), (b) variation of mean power (delivered at the sample/ground) as a function of
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The collision of energetic species with H,O molecules may be the pri-
mary source of HO- production (Egs. (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 H,O 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~ +Ar —Arf +e” ()
e~ +HyO - HO+H +e” (6)

In general, argon metastables have energies ranging from 11.5 to 11.8
eV, which is high enough to react with H,O as well as excite N, (C®n, —
Bsrrg, 11.03 eV) (Soler-Arango et al., 2018), as explained by the following
reactions (7) and (8).

Ar* + H;O0 — HO + H + Ar* 7
Ar* + Ny — No* + Ar 8

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

No* + Hy0 — HO + H + N3 9

The threshold energy for N3 ion generation is substantially greater
(18.8 eV) than for excitation, hence the FNS band appeared with much
lower intensity (Cullen and Milosavljevi¢, 2015; Gazeli et al., 2015). One
possibility for the FNS generation reaction is that argon metastables with
high energy can ionize N, via impact excitation and ionization (Eq. (10)).

Ar* + Ny — N3" +Ar+e” (10)

Atomic O can originate after the dissociation of molecular O, by ener-
getic electrons and argon metastables via collisional dissociation
(Egs. (11) & (12)). The process reaction requires lower threshold energy
(below 11 eV) (Adhikari et al., 2021).

Ar* 4+ 03 — O+ O + Ar (11)

e” +02—-0+0+e" (12)

The emission from the NO, system was observed. NO, production is
caused by admixing air within the plasma (Yousfi et al., 2011), described
by the following equations.

N +HO — NO+H 13
0+ 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 H,O and O, (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 (Garcia 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 Hg line
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was present in the spectra, but the H, 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; Pawlat 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; Tomié
etal., 2021). Several long-lived RONS (e.g., H>O», NO3 and NO5 ) 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 pulse width, 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 N, (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 H, emission at a wavelength of 656 nm. The emission of
excited N, (SPS) and ionic nitrogen N5 (FNS) was monitored using a
425 nm filter.

Fig. 4a shows an image captured using a 310 nm filter. 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 N, 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 nm were 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
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camera and filters were placed in such a way that they captured emissions
from all three jets. Fig. 5 displays images captured with 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 N5 (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 curves merged, 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:

In —= —kt (15)

Ola

where k is the kinetic rate constant.

The calculated R? (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

Fig. 4. The ICCD images with filters, (a) 310 nm, (b) 425 nm, 660 nm and 780 nm. Acquisition parameters: exposure time 20 ms, gate pulse width 5 ms and gain 50.
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solution resulting in more reaction sites for plasma species. Moreover, into account that the rate of plasma species production remains relatively
during the treatment by-products of pCBA are formed so not all introduced constant in time this can lead to lower degradation rate at higher
plasma species continue reacting with the original pCBA molecules. Taking concentrations.
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Consequently, the half-life (t; ») pCBA decomposition time was deter-
mined as:

0.693
typp= Tk (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 40 mg/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. 6¢. 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 HOe, 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 10 min of plasma treatment, the pH of pCBA de-
creased from 4 to 2.57 at 25 mg/L and to 2.65 at 40 mg/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 HNO, (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.

The DCF degradation curve as a function of treatment time is depicted in
Fig. 7a. DCF decayed significantly in the first 10 min 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 25 mg/L, the decay of DCF was
well-matched with a first-order equation with a rate constant of 0.145
min . 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 ™"
min~?, as indicated by provided Eq. (17). Zero-order decay (Eq. (17))
demonstrates that the reaction rate is steady and independent of DCF
concentration.

C=Co—kt a7

The time required to degrade 50 % of DCF was assessed and the half-life
(t1,2) for zeroth-order decay was 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.

Co
- 18
tl/2 2k ( )

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 1542 mg/kWh and 3084 mg/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 ~ !, 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 here we had a better mixing 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 1000 mg/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 Schonekerl et al., 2020, degradation
of pCBA was carried out with a plasma-multi electrodes system, as a result,
320 mg/kWh energy yield was 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
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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 (CgH;003), DCF-166 (CgHgO4),
DCF-202 (CgH;¢0¢), DCF-241 (C14H;1NO3), DCF-259 (C;4H;0CINO,),
DCF-277 (C14HoCl,NO) and DCF-308 (C;4HoCloNO3). 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 to APPJ-liquid-interactions, abundant ROS can be produced such as
including hydroxyl radicals (HO-), hydrogen peroxide (H205), singlet
oxygen (*O,) and ozone (03) (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,
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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 DCF with HO- 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 C;4H;;NO3 (DCF-241) and C;4HoCl,NO5; (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,
C14H;1NO3 (DCF-241) and C;4H;0CINO, (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 (C;4HoCI,NO)
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 CgH;o03 (DCF-154), CgHeO4
(DCF-166) and CgH;00¢ (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
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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+, N, (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 DCF was iden-
tified by high-resolution Orbitrap-LC-MS. The tentative molecular 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 and molecular 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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