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Cephalosporins is a class of g-lactam antibiotics being widely used and often released uncontrollably in aquatic
systems thus resulting in serious environmental contamination. In this work, we investigated for the first-time the
degradation of cephalexin (CPX) and cefazolin (CFZ) by nanosecond-pulsed cold atmospheric plasma (NSP-CAP)
using a multi-pin-to-liquid corona reactor, proposing special degradation pathways of both cephalosporins and
assessing their residual toxicities. Increasing pulse voltage and frequency enhanced RONS concentration and
energy input into the system both of which led to improved plasma-induced cephalosporin degradation effi-
ciency, rate and energy yield, the latter being two orders of magnitude higher (0.84-1.37 g/kWh) than those
reported for their photocatalytic degradation. Oo- and air-plasmas displayed superior performance compared to
Na-plasma due to the increased ROS concentration. The prevailing role of the short-lived -OH and 10, in the
degradation process compared to the long-lived H2O, and plasma electrons was confirmed. Nevertheless, the
identical degradation efficiencies between air and oxygen indicated the possible significant contribution of some
RNS (e.g. ONOOH/ONOO") generated due to nitrogen content in air-plasma. The plasma-induced degradants of
CPX and CFZ were interrogated by UPLC/MS, comprehensive degradation maps were proposed and reduced
cytotoxicity was demonstrated for both CPX and CFZ plasma-treated solutions. Given than CPX and CFZ are
resistant to human (and other species) metabolism/degradation, this work supports that CAP constitutes argu-
ably one of the most efficient remediation technologies to date.

1. Introduction

It is undeniable that antibiotics have a huge impact in our life and
economy, as they constitute an indispensable medicinal arsenal to treat
human diseases/infections and growth promoters/protectors in agri/
aquaculture [1,2]. The extensive use of antibiotics, however, has
resulted in environmental contamination, particularly in aquatic sys-
tems, due to the slow and limited biological degradation by living or-
ganisms [3-6].

The cephalosporins is a class of g-lactam antibiotics being used for a
wide range of infections (e.g. pneumonia, urinary tract diseases, endo-
carditis, bone and stomach diseases) [7] and are the most commonly
prescribed antibiotics worldwide; 50-70% of the antibiotics consumed
belong to this family [8]. Among them, cefazolin (CFZ) is the most active
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against the gram-negative bacteria, while cephalexin (CPX) is effective
against both gram-positive and negative pathogens [9]. The concen-
tration of antibiotics in the environment varies from ng/L to mg/L for
surface water/wastewater and pharmaceutical or animal-farm waste-
water, respectively. Particularly for the commonly used cephalosporins
their concentration extents up to several mg/L [10]. CPX and CFZ are
resistant to human (and other species) metabolism/biodegradation and
are excreted unchanged in the urine and feces, hence their environ-
mental bioaccumulation from human, livestock and crop usage, is hard
to control. Cephalosporins are highly resistant to biodegradation pro-
cesses since apart from the easily hydrolyzed g-lactam ring they also
possess a substrate site which is resistant to enzyme degradation and, in
fact, acts as a competitive inhibitor [11]. In addition, bioaccumulation
of antibiotics results in the development of resistant microbial
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pathogens which are classified as an important threat for ecosystems and
modern societies, due to the associated heavy economic and health
burden. Antimicrobial resistance (AMR) is responsible for an estimated
number of 33,000 deaths per year in the EU, while the estimated costs
due to AMR for the EU is approximately €1.5 billion per year [12]. The
urgent need to address this serious concern is reflected in the intense
focus and prioritization of EU actions towards this goal.

Advanced oxidation processes (AOPs) such as photocatalysis, ozon-
ation and Fenton oxidation have been proposed towards the effective
removal of antibiotics mainly due to the high reactivity of the species
they generate [13-17]. Among AOPs, cold atmospheric plasma (CAP)
has gained great attention, because of its advantages in high removal
rate of organic contaminants and simple operation procedures, without
requiring external additives [18-21]. The CAP-generated reactive oxy-
gen and nitrogen species (RONS) such as 10,,-0H, O, -03, 03, NO3, NO3,
ONOO", H203, etc. possessing high oxidation potentials, are responsible
for the rapid and cost-effective oxidation and mineralization of organic
pollutants [18,22-24]. Regarding antibiotics, different CAP systems (e.
g. DBDs, pulsed corona discharge, plasma jet) have been investigated
towards the effective degradation of various classes of antibiotics
including fluoroquinolones, sulfonamides and tetracyclines [25-31].
However, to the best of our knowledge, there is only one recent report on
the degradation of cefixime by CAP [32] whereas no studies have been
published on the degradation of other commonly used cephalosporins
such as cephalexin and cefazolin.

The design of the plasma reactor is critical for the method’s effi-
ciency affecting active species generation, degradation efficiency and
energy yield. Therefore, a significant number of efforts focus on the
design of plasma reactors [33,34]. Among these, multi-pin corona
discharge system has been proposed as an appropriate reactor to
improve the discharge energy density requiring a lower voltage for the
discharge formation [35]. In addition, several novelties have been also
introduced to maximize the energy efficiency of plasma processes
including the use of innovative power sources, especially those based on
nanosecond pulsed generators [36-38], or the supplementary use of
catalysts/additives to boost the generation of the reactive species
[38-41]. Nevertheless, the use of catalysts introduces extra costs and
recovery steps.

In the present study, we investigated for the first time the degrada-
tion of cephalexin and cefazolin by nanosecond pulsed CAP, using a
multi-pin-to-liquid corona reactor, proposing special degradation path-
ways of both cephalosporins and assessing their residual toxicities; the
by-products can sometimes be more harmful than the original mother
molecule and therefore the determination of the intermediate products
along with their potential toxicity assessment is crucial [42]. Based on
the above-mentioned challenges, we used the high-energy efficient
nanosecond pulses (NSP) to drive our system and we performed a
detailed assessment of numerous factors influencing the process (treat-
ment time, pulse voltage/frequency, energy yield, plasma gas, water
properties, initial pollutant concentration) in order to find out the op-
timum operational conditions. In parallel, we explored thoroughly the
degradation mechanisms involved in the plasma-induced degradation of
CFZ and CPX through (i) identification of the various RONS in both the
liquid and gas phase (ii) their relative impact/contribution in the
degradation process, (iii) assessment of the water quality after air/ox-
ygen/nitrogen NSP-corona treatment, (iv) identification of both CFZ and
CPX degradation intermediates along with the suggestion of possible
degradation pathways and (v) determination of their potential toxicity.
Overall, we gained insight about the mechanisms that govern the
degradation process under plasma conditions and we humbly believe
that this effort provides the foundation for establishing a highly cost-
effective remediation approach.
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2. Experimental section
2.1. Materials and reagents

Cephalexin (CPX, C16H17N304S M = 347.39 g-mol_l), cefazolin
(CFZ, C14H14Ng04S3, M = 454.50 g-mol’l), sodium pyruvate (SP), D-
Mannitol (D-man), 2,2,6,6-Tetramethylpiperidine (TEMP) and monop-
otassium phosphate (MP) were all of analytical grade and purchased
from Sigma Aldrich. The physicochemical properties of CPX and CFZ are
summarized in section S1, Table S1.

2.2. Plasma device, treatment conditions and electrical measurements

The experimental-setup (Fig. 1a) consisted of a gas-liquid corona
reactor, a nanopulsed power supply, a plasma characterization
arrangement and a feeding gas system. The power supply (NPG-18/
3500) was able to provide positive high-voltage pulses of very short
nanosecond duration (rising time of ~4 ns and FWHM of ~15 ns) of
regulated amplitude and frequency. The plasma characterization
arrangement involved both an optical emission spectrometer (OES) and
a discharge power measurement system comprised of a digital oscillo-
scope (Rigol MSO2302A) in connection to voltage (Tektronix P6015A)
and current probes (Pearson electronics 2877). The corona reactor was
of pin-to-plane geometry and comprised of a hollow quartz cylinder
(diameter 60 mm, thickness 2 mm) serving as the water reaction tank.
The HV electrode comprised of 13 stainless-steel pins was placed above
the water surface (the distance between the tip of pins and water surface
was ~ 2 mm) whereas a stainless-steel disc positioned at the bottom of
the reaction tank and in direct contact with the aqueous phase, served as
the grounded electrode.

For the preparation of the initial solution, 40 mg of CPX or CFZ was
added in 1 L of water and stirred for 24 h (the dissolution was relatively
fast since the solubility of CPX and CFZ in water is 10 mg/mL and 50
mg/mL, respectively). Afterwards, various concentrations of cephalo-
sporins in water were prepared (ranged from 10 to 100 mg/L) and the
treatment time varied from 1 to 20 min. In each experiment, 15 mL of
aqueous solution was treated in the NSP-corona reactor. The experi-
ments were performed at pulse voltages of 19.0, 21.4 and 24.2 kV, pulse
frequencies of 100, 200 and 400 Hz under constant flow rate (i.e. 0.2 L
min~?) of different plasma working gases (air, oxygen and nitrogen).
The degradation efficiency was determined by analyzing the samples
right after the treatment and after retaining the treated solutions for 24 h
in closed vials. A slight increase on the degradation efficiency was
recorded when the samples were kept in closed vials for 24 h indicating
that the residual long-lived species further reacted with the cephalo-
sporins (data not shown). Thus, all treated solutions were stored at
~20 °C for 24 h to allow for residual long-lived plasma RONS sufficient
time to quench by reacting with the cephalosporins and their degra-
dants. Experiments were conducted in duplicate or triplicate and the
mean values along with their error bars are reported. In all Figures the
continuous line serves as a guide to the eye for the scattered points.
Details regarding the electrical measurements, V(t)-I(t) signals syn-
chronization, calculation of instantaneous power and mean power
dissipated in the reactor can be found in our previous work [38].

2.3. Chemical analysis of water samples

To explore the degradation and mineralization of cephalosporins by
NSP-corona, the treated water samples were analyzed by UV-Vis spec-
troscopy, HPLC and TOC analysis. HPLC details are given in S3, whereas
the quantification of CPX and CFZ degradation by UV-Vis was assessed
using a Shimadzu UV-1900 spectrophotometer by monitoring the peak
absorbance at 262 and 272 nm, respectively. Solutions with known
concentrations of CPX and CFZ were prepared, and the subsequent
calibration curve was designed for UV/Vis, HPLC and TOC analysis.
HPLC analysis was used to quantify the residual concentrations of the



S. Meropoulis et al.

(a)

Nanosecond pulse generator

Separation and Purification Technology 298 (2022) 121639

HV probe

YA

@@00

Oscilloscope

Bottled gas

Flow controller

HV eldctrode
Multi-pins Corona
Discharge Reactor

v. F—j
.
P
\
.
>, |

s T

Gas outlet

PC

N, Gas inlet ¥
2

Ground electrode |||
? Current probe

OES system

16500

11000

5500 l\‘

63000 - l P‘ H ‘

42000

‘ N3 (FNS)
“\ I l

AWAW| ‘
AW w‘”‘“"w‘d“u“‘wﬁ Aenn

21000 l\‘

f/

ol U

OES intensity (a.u)

- N, (SPS)

63000

42000

21000

200 500 550

600 650 700 750 800 850 900

Wavelength (nm)

Fig. 1. (a) Schematic diagram of the experimental apparatus used to treat cephalosporin antibiotics-polluted water by NSP-corona plasma and (b) Optical emission
spectra of the NSP-corona reactor operated with oxygen, nitrogen and air gases (V = 24.2 kV, f = 200 Hz).

parent CPX and CFZ molecules whereas UV-Vis spectroscopy was
adopted to investigate both the oxidation of parent molecules along with
those with similar conjugate structures which absorb at near wave-
lengths [32]. The comparison between HPLC, UV-Vis and TOC analysis
towards CPX degradation are shown in section S4, Fig. S2. Unless
otherwise stated, the pollutant degradation efficiency shown in the
Figures of this study was based on UV/Vis spectroscopy. The total
organic carbon (TOC) content in the water samples before and after NSP

treatment was quantified using a Shimadzu TOC analyzer (TOC-VCSH).

The degradation efficiency (%) was calculated as:

Cy — C,
D(%) = {M} x 100 €h)
Co

where C, and C; are the CPX and CFZ concentrations before and after
plasma treatment, respectively. The degradation kinetics were deter-
mined using the pseudo-first order equation:
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CO _
In (5) —k @

where k is the kinetic constant whereas the energy yield (Y; g/kWh),
was calculated by the expression:

CoVD
y =2~

Pt 3)

where V is the volume of treated water, D the degradation efficiency,
P the average power dissipated in the reactor and t refers to the treat-
ment time.

2.4. Measurement of plasma reactive species and use of scavengers

The major gaseous plasma-induced species were detected with the
aid of a fiber-optic spectrometer (AvaSpec-ULS2048CL-EVO) that was
used to record the optical emission spectra of the NSP discharge from
200 to 900 nm. Regarding the quantification of plasma species in the
aqueous phase, a Quantofix® Relax device (Macherey-Nagel, GmbH)
along with test strips, certified and calibrated by the supplier, were used
to determine the concentration of HyO», nitrate ions (NO3) and nitrite
ions (NO3). Furthermore, in order to explore the role of several plasma
species in the degradation of antibiotics in the current NSP system,
scavenging experiments were conducted by adding sodium pyruvate
(SP), monopotassium phosphate (MP), D-Mannitol (D-man) and 2,2,6,6-
Tetramethylpiperidine (TEMP) to trap H20», e3q,’OH and 10, respec-
tively. The concentration of each scavenger in water was 1 mmol/L. The
action efficiency of plasma species was calculated as:

Doy — D,
D—o} x 100% 4)

where Dg and D; are the degradation of antibiotics in the absence and
presence of the corresponding scavenger, respectively.

2.5. UPLC/MS analysis of water samples and degradation pathway study

The degradation intermediates of the parent CPX and CFZ molecules
were identified using UPLC/MS. The UPLC/MS (ESI) analysis was con-
ducted in a Thermofischer system equipped with Thermofisher
27101-152130 C;g (150 mm x 1.50 mm, 2.1 mm) column and the
detection of cephalosporins and their degradants were monitored at
190-800 nm. A gradient method was applied for the mobile phase using
water (Solvent A) and acetonitrile (Solvent B) each containing 0.05 w/w
% trifluoroacetic acid, at 40 °C and with the flow rate set to 0.1 mL/min.

2.6. Cytotoxicity assessment

Cephalosporins cytotoxicity was assessed towards three different
human cells; MCF-7 and MDA-MB-231 cells representing low and high
metastatic breast cancer cells respectively, and U251MG glioblastoma
cells. All cell lines originally obtained by the ATCC (USA), were seeded
in a 24-well plate (5x104 cells per well) and incubated at 37 °C and 5 %
(v/v) CO5 in a humidified incubator for 24 h. The medium was then
replaced with serum free medium and the cells were starved overnight
(16-18 h). Next day, 100 pL of fresh medium (serum free) containing 10
pL of CPX or CFZ solutions (before and after plasma treatment) was
added and the cells were incubated for 24 h. Cells were washed with cold
PBS and stained with 0.5% (w/v) crystal violet solution in 20 % (v/v)
methanol/distilled water for 20 min at 37 °C with 150 oscillations on a
bench rocker. Staining solution was removed and the excess dye was
washed away. Stained cells were left to dry for 24 h at room tempera-
ture. Next, methanol was added to each well and the cell-bound dye was
retrieved after 20 min incubation of the plate at 150 oscillations on a
bench rocker. Following the incubation, optical density of each well was
measured at 570 nm using a TECAN photometer, utilizing Magellan 6.
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3. Results and discussion
3.1. Electrical and optical characterization of the NSP plasma discharge

Typical instantaneous voltage and current waveforms over the pulse
duration are shown in section S2, Fig. S1. After the main pulse, a
sequence of smaller pulses is observed in agreement with previous
studies using nanopulses of very short rising time [43]. The instanta-
neous pulse current is quite high (~100-150 A) which is up to three
orders of magnitude higher compared to that measured in AC-driven
DBD reactors [44]. Thus, the instantaneous power of the present NSP
system was ~2.5 MW (section S2, Fig. S1); however, the mean discharge
power was calculated between ~1.6 and 5.1 W (depending on the
applied pulse voltage/frequency) due to the very short duration of the
main pulse (section S2, Table S2). The combination of the extremely
high instantaneous power and the quite low mean power is the key-
factor of the enormously high energy efficiency reported for the NSP-
driven plasma reactors [45]. In other words, the NSP discharge pro-
vides instantly high concentrations of reactive species (high instanta-
neous power), while in parallel requiring low mean power consumption.

Optical emission spectra were recorded at the gas-liquid interface of
the NSP reactor under the various plasma working gases to detect
various excited molecular and atomic plasma RONS (Fig. 1b). Under O»-
plasma, the main species identified include the following ROS:
-OH emission peak at 309 nm acting as strong oxidant and precursor of
H0; generation [46], O emission lines at 777 and 844 nm [47], and
dioxygen cation OF line at 527 nm [48]. -OH, -H and O are produced by
the energetic collisions of electrons with water and O,, respectively
whereas Oj through electron impact ionization of Oo:

H)O +e - -H+ -OH + ¢ 5)
HO+e -2H+0+e" (6)
0, +e >20+e" @
O, +e - + 2 (€]

Under Nj-plasma, the main observed emission peaks originated from
the second positive system of excited molecular nitrogen molecules (N
SPS) in the range 315-405 nm through electron impact excitation.
Emission peaks observed from 297 nm to 311 nm are attributed to
-OH whereas Nj emissions at 393 and 427 nm are originated from
electron impact ionization of excited nitrogen molecules [38].

Under air-plasma the spectrum is dominated by both ROS and RNS:
N2 SPS, N7, -OH and low intensity peaks of O were observed (Fig. 1b)
generated through the reactions:

H,0 + N, » -H+ -OH + N, 9
0, +N; - 20 + N, (10)
N; + O = -NO + N 11
No* 4+ e~ —» Nj +2e” (12)

NO gamma emission lines, normally detected in the range 230-260
nm [49], were very weakly observed possibly due to NO radical
quenching by oxygen molecules and oxygen atoms [50]. The different
OES spectra between the various plasma gases result in different RONS
generated inside the aqueous phase affecting the degradation of ceph-
alosporin antibiotics (see below section 3.3).

3.2. Effect of discharge parameters

3.2.1. The impact on RONS concentration and degradation efficiency

The parametric analysis of the present study is based on UV-Vis
analysis which secures the oxidation of parent CPX and CFZ molecules
along with the oxidation of their conjugate molecules.
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It is well-known that plasma operating parameters such as pulse
voltage and repetition rate is of crucial importance since it affects sub-
stantially the generation of plasma RONS and subsequently the degra-
dation and energy efficiency of the whole process [18]. In general, the
generation of plasma RONS is increased as pulse voltage and pulse fre-
quency is increased. However it is noteworthy that the beneficial in-
crease of species generation with pulse frequency usually reaches an
optimum value, while extra discharge power at higher pulse frequencies
causes mainly heating of the reactor [51]. The effect of pulse frequency
on CPX degradation efficiency at various NSP treatment times is
depicted in Fig. 2a. Naturally, an increase from 100 to 200 Hz had a
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Fig. 2. Cephalexin degradation efficiency as a function of plasma treatment
time for different (a) pulse frequencies at 24.2 kV and (b) pulse voltages at 200
Hz (carrier gas: air; initial pollutant concentration: 40 mg/L); (c) Concentration
of Hy0, and NO3 in MilliQ water as a function of NSP-corona treatment time for
different pulse voltages at 200 Hz (carrier gas: air).
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positive effect on CPX degradation whereas further increase to 400 Hz
improved marginally the degradation efficiency. After 20 min of NSP
treatment, CPX had been degraded by 77.2, 99.0 and 99.3% at pulse
frequency 100, 200 and 400 Hz respectively, while the corresponding
pseudo-first order kinetic constants were 0.09, 0.23 and 0.26 min~!
(section S5, Fig. S3a).

Similar to the effect of pulse frequency, we observed an enhancement
of CPX degradation efficiency and degradation rate with pulse voltage
(Fig. 2b). After 20 min of NSP plasma treatment at 200 Hz, CPX
degraded by 82.9% at 19.0 kV (1.63 W) and by 90.6% and 99.0% at
21.4 kV (2.16 W) and 24.2 kV (2.72 W), respectively. The first-order
degradation kinetic constant was also improved being 0.09, 0.13 and
0.23 min"! at 19.0, 21.4 and 24.2 kV, respectively (section S5, Fig. S3a).

In general, the improvement of pollutant degradation with pulse
voltage and pulse repetition rate is attributed to the increased intensity
of the UV and plasma RONS. The concentration of H,O2 and NO3 in the
aqueous solution was enhanced at increased pulse voltages which sup-
ports the greater CPX degradation efficiency/rate. After 20 min of NSP
treatment, the concentration of HyO, in water was 12.4, 13.1 and 15.5
mg/L at pulse voltage 19.0, 21.4 and 24.2 kV, respectively. Similarly,
NOs3 concentration was increased from 590 to 700 and 768 mg/L with
pulse voltage increasing from 19.0 to 21.4 and 24.2 kV, respectively
(Fig. 2¢).

Conclusively, enhanced power input in the NSP-corona reactor at
higher pulse voltage and frequency led to increased RONS concentration
in the aqueous solution which in turn improved the plasma-induced CPX
degradation efficiency and rate. This agrees with previous reports on the
degradation of antibiotics ciprofloxacin, enrofloxacin and trimethoprim
either in soil or in water using high voltage nanopulses to drive the
degradation process [38,44,52].

3.2.2. The impact on energy efficiency

In order to thoroughly evaluate the overall performance of the NSP-
corona reactor towards the degradation of cephalosporins, we calcu-
lated the process energy yield as a function of pollutant degradation
under the various pulse voltages and frequencies (Fig. 3a and b). For a
given pollutant degradation efficiency, the energy yield increased with
increasing pulse voltage (Fig. 3a) and pulse frequency from 100 to 200
Hz, and declined at pulse frequency of 400 Hz (Fig. 3b). On the one
hand, the increase of energy yield with pulse voltage and frequency (up
to 200 Hz) is due to the higher applied electric field and power dissi-
pated in the plasma reactor (section S2, Table S2) resulting in enhanced
concentration of plasma RONS (Fig. 2¢). On the other hand, the lower
energy yield observed at 400 Hz (Fig. 3b) indicates that the enhanced
power dissipated in the system at higher pulse frequencies (section S2,
Table S2) may be wasted as heat in the reactor and power supply
components and/or results in excessive production of HoO5 and nitrite/
nitrate ions which begin to act as scavengers for -OH and Os thus
decreasing the pollutant degradation efficiency [37,53]. Balancing
plasma treatment time, process energy yield, pollutant degradation ef-
ficiency and rate, we recommend 24.2 kV and 200 Hz as the optimum
plasma conditions of the present NSP-corona reactor. Under these con-
ditions, CPX (with initial concentration in water at 40 mg/L) was
degraded by 96.1% after 15 min of plasma treatment with energy yield
0.85 g/kWh, whereas an even higher energy yield (i.e. 1.37 g/kWh) was
calculated at 100 mg/L initial CPX concentration (see below section
3.4).

We compared the performance and energy yield of the NSP-corona
with other AOPs towards cephalosporins degradation (Table 1).
Various studies using TiO2, N-doped TiO,, nano a-Fe303/Zn0O, N-TiOy/
ZnFe504/zeolite and CdSe quantum dots photocatalysts under UV and/
or UV-Vis irradiation are less or similarly effective in degrading ceph-
alosporin antibiotics such as cephalexin, cefazolin and cefixime.
Nevertheless, all these studies reveal a much lower energy yield (about
two orders of magnitude) compared to that achieved with our NSP-
corona system reported hereby (Table 1). Interestingly, the extremely
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Fig. 3. Energy yield as a function of cephalexin degradation efficiency at
various (a) pulse voltages at 200 Hz and (b) pulse frequencies at 24.2 kV
(carrier gas: air; initial pollutant concentration: 40 mg/L).

high energy yield of the presently described NSP-corona system (in the
g/kWh range) is very similar to that achieved using a microplasma
bubble reactor as a means to improve process energy yield through the
enhancement of RONS mass transfer from the gas to liquid phase [32]. In
our study where a typical gas-liquid corona system is used, the
remarkable energy yield achieved is due to the extremely high instan-
taneous power (~2-3 MW) of nanosecond duration (~4 ns) that is
initially directed in the multi-pin-to-liquid corona reactor (section S2,
Fig. S1) which results in high current density and mean electron energies
hence RONS generation of high concentration even at low mean
discharge power (section S2, Table S2).

It is noteworthy though that in many studies existing in the litera-
ture, larger volumes have been investigated, and therefore a direct
comparison of the energy yield may be insecure. However, the
extremely high energy-efficient and almost complete degradation of
cephalosporins in this lab-scale reactor foretells a promising method for
the cost-effective remediation of antibiotic-polluted wastewater in
larger volumes as well. Considering that the optimization of the process
in the lab-scale is the mandatory critical step before the optimization in
larger scale, the outcomes obtained from the present study will act as the
steppingstone for further research. More specifically, the main task to-
wards the up-scaling of the present lab-scale reactor is to maintain its
effectiveness in terms of degradation and energy efficiency. To that end,
our next steps involve the design and construction of a pilot-system
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Table 1
Comparison of cephalosporins degradation in water by various AOPs.
Method Pollutant D (%) v Y (g/ Ref
/time (ml) kwh)
NSP-corona Cephalexin, 96.1/ 15 0.85 This
40 mg/L 15 min study
NSP-corona Cefazolin, 40 95.2/ 15 0.84 This
mg/L 15 min study
NSP-corona Cephalexin, 82.5/ 15 1.37 This
100 mg/L 20 min study
Underwater plasma Cefixime, 100 94.8/ - 1.5 [32]
bubbles mg/L 30 min
nano a-Fe;03/Zn0O UV Cefixime, 10 99.1/ 300 0.022 [54]
photocatalysis mg/L 127
min
TiO, UV photocatalysis Cefazolin, 4.5 53/60 600 0.036 [55]
mg/L min
N-doped TiO, Cefazolin, 4.5 76/50 600 0.062 [55]
UV photocatalysis mg/L min
N-TiOy/ZnFe;04/ Cephalexin, 74/ 250 0.023 [56]
zeolite 100 mg/L 120
UV-Vis min
Photocatalysis
ZnO nanowires (40 mg/ Cephalexin, 96/25 - - [571
L) <0.1 mg/L min
Solar photocatalysis
CdSe quantum dots Cephalexin, 70.3/ 100 - [58]
(500 mg/L) UV 15 mg/L 60 min

photocatalysis

comprising of multiple HV multi-pin electrodes treating a larger
amount of polluted water; the conceptual design of a “multiple HV
multi-pin electrodes” pilot-scale corona reactor is presented in Fig. S5.
Keeping the lab-scale reactor parameters (electrode gap, water thick-
ness, etc.) constant and based on the optimization results of the present
study, it is anticipated that each one of the HV electrodes will effectively
treat 15 mL of contaminated water requiring 2.72 W when the system
operates at V = 24.2kV and f = 200 Hz (Table S2). For instance, 150 mL
of contaminated water is expected to be effectively treated within 15-20
min in a pilot-scale plasma reactor comprised by ten (10) HV multi-pin
electrodes with the power consumption being 27.2 W. Therefore, for
each additional treated water volume (by using an extra HV multi-pin
electrode), an analogous increase of power/energy requirement is
anticipated, retaining the energy efficiency of the process. The number
of HV electrodes will be adjusted based on the maximum power of the
available HV generator. For the treatment of even larger water volumes,
the parallel operation of the above-mentioned pilot-scale corona re-
actors will be required.

3.3. Effect of plasma carrier gas on CPX degradation and assessment of
plasma-treated water

3.3.1. Effect on degradation efficiency

The plasma reactive species chemistry can be tuned by altering the
gas used [59]. In particular, the plasma working gas has been found to
affect the degradation of antibiotics both in NSP-DBD and microplasma
bubble (MPB) reactors suggesting that different kinds of RONS and/or
densities thereof are generated with different feeding gases [32,38]. In
order to shed light on the gas-induced densities of the generated RONS
and their impact on the degradation efficiency, we investigated the ef-
fect of three different plasma working gases (air, Oz and N3) on CPX
degradation along with a detailed examination of the transient evolution
of the plasma-induced HO5, NO3 and NOg3 as well as the pH variation in
the treated water.

The progress of cephalexin degradation under the various gas at-
mospheres is depicted in Fig. 4a. CPX degradation was higher when
oxygen and air plasmas were used whereas CPX was less degraded under
nitrogen plasma. In particular, >99.9% and 96.1% CPX degradation was
achieved after 20 min of oxygen and air plasma treatment, respectively
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whereas nitrogen plasma was able to degrade CPX by 69.8% at the same
time interval. The pseudo first-order kinetics are depicted in section S5,
Fig. S3b, with the corresponding kinetic constants calculated as 0.28
minfl, 0.23 min ' and 0.08 min ! for Og, air and Ny plasma, respec-
tively. The superiority of oxygen and air plasma towards CPX degrada-
tion could be attributed to the prevailing role of plasma-induced ROS in
comparison to RNS, given that an increased production of ROS is ex-
pected under Oj-containing atmospheres compared to Ny gas [30].
Discussion on the temporal concentrations of the RONS generated under
the various plasma atmospheres follows.

3.3.2. Effect on H305, NO3, NO3 concentration and solution pH of plasma-
treated water

The aforementioned assumption is fully supported by the measured
concentration of Hy0,, (a typical plasma-induced ROS in aqueous so-
lutions) under the different gas atmospheres. During NSP treatment, the
impact of high energy electrons on water molecules results in the gen-
eration of -OH and Hy0> (Egs. (13)-(15)) [60,61]:

H,0+e — H+ -OH + e~ 13)
-OH + -OH - H,0, 14
e + Hy0, - OH™ + -OH (15)

As shown in Fig. 4b, the HyO5 concentration was identical under
short plasma treatment times for all gases. Nevertheless, at prolonged
NSP treatment times, H,Oy concentration was higher under oxygen
plasma compared to air plasma, whereas under nitrogen plasma the
H20; concentration was the lowest measured and essentially vanished
after 8 min of treatment which is consistent with ROS quenching by RNS
(e.g. NO3) [38,62]. After 20 min of NSP treatment, HoO, concentration
in aqueous solution was zero, 15.5 and 67.2 mg/L at nitrogen, air and
oxygen plasma, respectively. The higher H,O, concentration along with
the oxygen species detected through OES in the gas phase of oxygen and
air plasma (Fig. 1b) is indicative of the increased ROS concentration
under Oy-containing atmospheres resulting in enhanced CPX degrada-
tion (Fig. 4a).

Besides increased ROS concentration and higher CPX degradation
efficiency and rate, another advantage of using O, as a plasma carrier
gas is the avoidance of undesirable by-product formation in the treated
water (i.e. nitrite/nitrate) which also results in its acidification [30,37].
It is well known that RNS (i.e. NO and NOy), generated in the plasma gas
phase react with water molecules at the surface of the solution gener-
ating other chemical species including nitrites (NO3) and nitrates (NO3):

2 NO; (g) + H,O — NO3 (aq) + NO3 (aq) + 2H™ (ag) (16)

Fig. 4c and Fig. 4d depict the concentration of nitrite and nitrate
under the various plasma working gases, respectively. Under O,-plasma,
no gaseous NO/NO;, are generated in the plasma gas phase resulting in
negligible NO3; and NO3 concentrations in plasma treated water.
Therefore, for all Oy-plasma treatment times the pH of the aqueous so-
lution remained constant at ~ 6.3 (Fig. 4e). In contrast, in air- and Ny-
plasma treated aqueous solutions, the pH decreased from 6.5 to 3.2 and
2.3 under nitrogen and air atmosphere, respectively after 20 min of NSP
treatment; significant concentrations of both NO3; and NO3 were
measured. As shown in Fig. 4c, the concentration of NO3 was higher for
No- compared to air-plasma. For Nj-plasma, NO3 concentration
increased up to 36 mg/L and decayed to 27 mg/L at the end of plasma
treatment whereas for air-plasma it increased up to 6.6 mg/L and van-
ished after 15 min of treatment. Compared to NO3, a much higher NO3
concentration was observed for both nitrogen and air plasmas (Fig. 4d)
being an increasing function of NSP treatment time; its maximum value
was measured at the end of treatment and found equal to 768 mg/L and
450 mg/L for air- and Ny-plasma, respectively. The relative concentra-
tion profiles of NO3/NOg3 is consistent with NO3 being an intermediate in
NO3 formation [63] and responsible for -OH and Os quenching through
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the following reactions [38,62]:
NO; 4 -OH = NO3 + -H a7
NO3 + 03 — NO3 + 0, (18)

Therefore, in contrast to Oy-plasma, the gradual decrease of solution
pH under nitrogen and air plasmas is attributed to the generation of the
aforementioned plasma RNS (e.g. NO3, NO3, ONOOH). The required O5
for the gaseous NO/NO; generation, under Ny-plasma, and the subse-
quent NO3/NOg3 formation inside the water phase was possibly provided
either by O, impurities dissolved in traces into the solution or by gas
bubbles formed inside the water during the plasma treatment [63].

Thus, for Oy-plasma where the initial neutral pH is preserved, the
collisions of plasma electrons with water molecules generate -OH which
dimerize to form HyO5 (reactions (13) and (14)) leading to increased
concentration of these species whereas in the acidic conditions gradually
established in the air- and Nj-plasma, the nitrite anions destroy HyO9
according to reaction (19) therefore the concentration of HyO, attenu-
ates (Fig. 4b). The higher CPX degradation efficiency under O»-plasma
and air-plasma is therefore attributed to the increased ROS concentra-
tion compared to Np-plasma where the generated RNS may prevent the
generation of ROS and/or scavenge them.

On the other hand, peroxynitrous acid (ONOOH), which is the -
conjugate acid of peroxynitrite (ONOO"), has been found to be produced
from the reaction between NO3 and H,O5 in acidic conditions [64,65]:

NO; + H,0, + HY - ONOOH + H,0 19

Peroxynitrite and peroxynitrous acid (and/or other RNS) may also be
contributing to CPX degradation since the > 4-fold increase in Hy0,
production in Os- compared to air-plasma does not translate in analo-
gous degradation efficiency or rate (Fig. 4a and 4b). This suggests that
the inhibitory effect (against ROS) exerted by certain RNS (e.g. NO2)
produced from the nitrogen present in the air-plasma, is by far out-
weighed by the oxidizing power of other long-lived RNS (e.g. HNO3/
NO3) and short-lived ones (e.g. ONOOH/ONOO). A detailed report on
the plasma-generated RNS inside the liquid phase can be found in [66].
Evidently, in this way, the nitrogen content in air-plasma provides a
significant net benefit to the degradation process to the point that ulti-
mately the degradation efficiencies between O,- and air-plasma pro-
cesses are essentially identical.

Notwithstanding the superiority of Oz-plasma in terms of improving
the degradation rate/efficiency and limiting the formation of undesir-
able RNS-related by-products, subsequent experiments were conducted
using air as the plasma gas due to its lower cost and similar CPX
degradation efficiency.

3.4. Effect of initial pollutant concentration and water matrix on
degradation

In addition to NSP treatments at initial CPX concentration of 40 mg/
L, we performed experiments at both lower and higher initial CPX
concentrations (i.e. 10, 20 and 100 mg/L) (Fig. 5a) wanting to cross-
examine the process efficiency in both heavily and more realistic con-
centration of antibiotic contamination in water bodies. In real-life con-
ditions, antibiotic contamination up to several mg/L has been reported
in surface/fresh waters and pharmaceutical/animal wastewater [30,67].
When initial CPX concentrations of 10, 20, 40 and 100 mg/L were used,
and each treated for 4 min under the optimized NSP conditions (pulse
frequency 200 Hz, pulse voltage 24.2 kV), CPX degradation was almost
complete (i.e. 99.7%) with the 10 mg/L sample while with the more
concentrated samples CPX degradation decreased respectively to 75.9,
64.4 and 42.4%. Extending the treatment time to 20 min caused com-
plete degradation of CPX (>99.9%) in the samples with initial concen-
trations of 10 and 20 mg/L whereas degradation reached to 99.0% and
82.5% with the 40 and 100 mg/L samples (Fig. 5a). Furthermore, the
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degradation kinetic constant decreased accordingly from 1.43 (10 mg/
L) to 0.37 (20 mg/L), 0.23 (40 mg/L) and 0.09 min~! (100 mg/L)
(section S5, Fig. S3c).

The reduced CPX degradation at higher pollutant concentration can
be rationalized by the fact that more CPX molecules exist thus
decreasing the ratio of plasma RONS per CPX molecule in agreement
with previous studies [32,68]. Nevertheless, the exceptional efficiency
of the NSP process at CPX concentrations of 10-20 mg/L is of great
importance because these are within the CPX concentrations found in
real-life antibiotic-contaminated water effluents.

With the aim to examine the NSP plasma effectiveness at scenarios
closer to real life conditions, we also explored the effect of water matrix
on CPX degradation. A comparison of CPX degradation in triply distilled
(3D) and tap water is depicted in Fig. 5b. CPX degradation was slower in
tap water compared to that in 3D water with the corresponding degra-
dation kinetic constants being 0.23 (3D water) and 0.10 min~! (tap
water) (section S5, Fig. S3d). Nevertheless, after 20 min of NSP treat-
ment, a respectable CPX degradation in tap water was achieved (i.e.
86.5%).

The decrease in CPX degradation efficiency in real water samples is
attributed to the various species (molecules and ions) present in tap
water which affect its pH and conductivity [69]. Each and every entity
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present in the water will compete with the pollutant for reaction with
the plasma species thus less RONS available for the desired degradation
reaction.

3.5. Relative contribution of plasma RONS to the degradation process

In order to assess the individual contribution of several key RONS to
the degradation process we decided to dial out each contribution by
using species-specific scavengers. Based on literature reports and our
previous experience [37,70], we selected sodium pyruvate (SP),
monopotassium phosphate (MP), D-Mannitol (D-man) and 2,2,6,6-Tet-
ramethylpiperidine (TEMP), as suitable scavenging agents for HyOo,
€2, OH and 10, respectively. Obviously, CPX degradation efficiency
decreased in the presence of all examined scavengers (Fig. 6a). In
particular, after 20 min of NSP plasma treatment, CPX degradation ef-
ficiency decreased from 99.0% (no scavenger) to 68.8%, 72.1%, 87.3%
and 90.7% in the presence of D-man, TEMP, SP and MP, respectively and
the corresponding pseudo-first order kinetic constants were decreased
accordingly from 0.23 (no scavenger) to 0.06, 0.07, 0.12 and 0.14 min
(section S5, Fig. S3e).

In addition to the attenuation of CPX degradation efficiency and
kinetics in the presence of scavengers, the action efficiency of each
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air; initial pollutant concentration: 40 mg/L).



S. Meropoulis et al.

scavenger (based on Eq. (4)) is also presented in Fig. 6b, clearly indi-
cating the significant contribution of ‘OH and 0, in CPX degradation.
During the early stages of NSP treatment (short treatment times), the
action efficiency of both ‘OH and 'O, was quite high (~52-53%)
whereas those corresponding to H0, and e,q were much lower; ~23%
and ~15%, respectively. At the latter stages of NSP treatment (pro-
longed treatment times), the action efficiency of all investigated plasma
RONS was significantly attenuated nevertheless the action efficiency of
‘OH and 'O, remained significant (~31% and ~27%, respectively)
while those of H202 and ejq, revealed little contribution in the degra-
dation process (~12% and ~8% respectively). Overall, D-man and
TEMP had a much higher impact on CPX degradation efficiency
compared to SP and MP, indicating the dominant role of the short-lived
‘OH and 'Oy in the degradation process compared to that of the hydrated
plasma electrons and the long lived, albeit less reactive, HyOs.

3.6. NSP-corona towards degradation and mineralization of
cephalosporin antibiotics

Next, we decided to evaluate the NSP efficiency towards the degra-
dation of these two popular cephalosporins ; the comparison of degra-
dation efficiency between cephalexin and cefazolin under the optimized
conditions is illustrated in Fig. 7a. Obviously, the degradation efficiency
of both CPX and CFZ gradually increased with NSP treatment time; after
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20 min of plasma treatment CPX was completely degraded (~99.0%)
whereas the degradation of CFZ was only slightly less and equal to
96.1%. Under all treatment times, the degradation efficiencies ranked as
CPX > CFZ followed first-order kinetic (section S5, Fig. S4) with the
corresponding constants being 0.23 (CPX) and 0.18 min~! (CFZ) sug-
gesting that CPX is more vulnerable to plasma species than CFZ perhaps
counterintuitively since the latter possesses more oxidizable sites
including the additional sulfur atoms.

To assess cephalosporins mineralization, we measured the residual
(after NSP treatment) organic content associated with CPX and CFZ
trough TOC analysis and the results are shown in Fig. 7b. A high degree
of TOC removal was achieved after 20 min of NSP treatment being
70.4% and 64.5% for CPX and CFZ, respectively. This TOC removal is
higher than that achieved for the same pollutants with other AOPs
(Table 2) and consistent with that achieved for cefixime antibiotic (i.e.
73.1%) after 30 min of treatment inside a plasma bubble reactor [32]. In
line with degradation efficiencies, TOC removal also ranked as CPX >
CFZ. Nevertheless, the TOC removal for both cephalosporins was lower
compared to their degradation efficiency obtained from UV/Vis or HPLC
analysis (section S4, Fig. S2) indicating the existence of intermediates
which are resistant to further oxidation/degradation by plasma
discharge. It is reminded here that HPLC was used to quantify the re-
sidual concentrations of the parent molecules, UV-Vis spectroscopy to
investigate both the oxidation of parent molecules along with those with
similar conjugate structures (absorb at near wavelengths) and TOC
analysis for pollutants mineralization.

3.7. Cytotoxicity of the degraded CPX and CFZ solutions

We assessed the cytotoxicity of the CPX and CFZ solutions before and
after plasma treatment towards MCF-7, MDA-MB-231 and U251MG
glioblastoma cells. Treatment of the cells with untreated CPX and CFZ
resulted in the reduction of cell viability (Fig. 8). In particular, the cell
viability of MCF-7, MDA-MB-231 and U251MG after their incubation
with untreated CPX solutions was measured ~ 85%, 73% and 88%,
respectively. The corresponding cell viabilities for untreated CFZ solu-
tions were even lower and determined as ~ 67%, 28% and 66%,
respectively indicating the higher cytotoxicity of CFZ compared to CPX.
However, when the CPX and CFZ solution at the same starting concen-
trations as those used for the cytotoxicity experiments above, where
submitted to NSP-corona treatment, a significantly reduced cytotoxicity
was detected as shown by the increased cell viability observed after
exposure of both antibiotics to plasma (Fig. 8). Regarding CPX, the
viability of all cell lines was higher than 95% after exposure to 10 min
CAP whereas the 20 min plasma-treated CPX solutions had negligible
toxicity since the viability of all investigated cells was identical to that of
control samples (Fig. 8a). The toxicity of plasma-treated CFZ solutions

Table 2
Mineralization efficiency of cephalexin and cefazolin by various AOPs.
Method Pollutant Treatment TOC Ref
time removal
NSP-corona CPX, 40 20 min 70.4% This
mg/L study
NSP-corona CFZ, 40 20 min 64.5% This
mg/L study
UV/sodium persulfate CPX, 10 60 min 52.3% [71]
mg/L
Fenton CPX, 10 60 min 59.6% [71]
mg/L
Ultrasonic waves/hydrogen CPX, 40 90 min 54.55% [72]
peroxide/nickel oxide mg/L
nanoparticles
TiO-Photocatalysis CFZ, 10 240 min 36.0% [73]
mg/L
3D WO3-x/mesoporous CFZ,1.4 180 min 85.5% [74]
carbon-Photocatalysis mg/L
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Fig. 8. Cytotoxicity towards MCF-7, MDA-MB-231 and U251MG glioblastoma
cells of (a) cephalexin and (b) cefazolin solutions before and after plasma
treatment (pulse voltage: 24.2 kV; pulse frequency: 200 Hz; carrier gas: air;
initial pollutant concentration: 40 mg/L).

compared to untreated ones is illustrated in Fig. 8b. The viability of
MDA-MB-231 cells was an increasing function of plasma treatment time;
after 20 min the viability of MDA-MB-231 cells increased from 28%
(untreated) to 78% whereas the viability of MCF-7 and U251MG cells
increased from 67% and 66% (untreated) to 87% and 90%, respectively.
It is noteworthy that for short treatment times (<4 min) the toxicity of
CFZ towards MCF-7 and U251MG cells was enhanced as revealed by
their reduced cell viability compared to the untreated CFZ solution
(Fig. 8b). This suggests that upon plasma treatment certain initially
formed intermediate(s) of CFZ exhibit higher overall toxicity (attributed
either to their own or by the combination of more than one in-
termediates) than the parent CFZ which is in agreement with a recent
study where short plasma treatment time of cefixime solution produced
more toxic byproducts towards MCF-7 cells [32]. Therefore, prolonged
plasma treatment may be required to ensure not only an efficient CFZ
degradation but also an equally efficient degradation of toxic in-
termediates before an appropriately remediated aqueous solution is
produced.

3.8. Identification of CPX and CFZ intermediates and degradation
pathways

Several methods have been reported for the degradation of CPX
contaminated solutions with varying degree of success. Notwithstanding
to commend the effort in developing these methods, almost invariably,
the interpretation of the associated data regarding CPX intermediates
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and degradation pathways proposed, are controversial and easily chal-
lenged on grounds of chemical reactivity fundamentals. In contrast,
analogous reports on CFZ by several independent groups, are far more
consistent and reasonable in terms of the structures of CFZ intermediates
and degradation pathways proposed. Obviously, different methods give
rise to different species therefore some diversity in the intermediates
generated by any given pollutant is expected and in this type of studies
one cannot assign a precise structure to each degradant unambiguously.
Nevertheless, consistency with the chemical reactivity of the parent
molecule cannot be ignored. We applied the broad and deep organic
chemistry knowledge available in our team to propose structures that
are consistent with HPLC polarity/retention times, MS fragmentation
patterns and chemical reactivity towards oxidants rather than suggest
structures that simply fit a molecular ion mass or lack chemical insight.
More specifically we have adopted best practices exercised in the
pharma industry when investigating drug metabolites (redox degradants
and conjugates). Accordingly, all intermediates proposed are first and
foremost consistent with established chemical transformations of each
functional group and structural feature and subsequently were cross
examined against the preliminary MS data. Whenever there was a lack of
match, the proposed structures were revised, again according to the
same assessment (HPLC polarity/retention time profile, MS fragmenta-
tion patterns and redox chemistry) until arrived at reasonable in-
termediates that could be connected mechanistically through
established transformations.

In order to identify CPX and CFZ intermediates, we conducted a
comprehensive analysis of UPLC/MS data from NSP-corona treated CPX
and CFZ samples. Following analysis of the molecular ions in both
positive and negative ionization modes and their fragmentation and
isotope patterns, several species emerged as likely intermediates. These
species were prioritized according to their relative abundance until a
reasonable number of degradants and their fate became apparent. We
also cross-checked the relative abundance of the molecular ions/pro-
posed intermediates in a semi kinetic context, namely assessing the same
species in samples from short, medium and long treatment times thus
allowing to establish trends in the rise and fall of intermediates
throughout the degradation process. It is also worth noting that this is
the first report on plasma-induced degradation of CPX and CFZ hence
insight of the chemical behavior of these antibiotics under plasma
conditions could help further our understanding of the species and
mechanisms involved in this process.

Analysis of UPLC/MS data from 10 min NSP-corona treated CPX
aqueous solutions revealed the several intermediates that serve as wit-
nesses to the reactions CPX had suffered. No intermediate was found
where the p-lactam portion of the structure had survived, and this is
consistent with the chemical and biochemical reactivity of this relatively
labile functional group. The fate of the CPX intermediate resulting from
hydrolysis of the g-lactam (CPX-HDR) appears to follow two main
oxidative degradation pathways (Fig. 9a). In one fate (green set of in-
termediates) the benzylamine portion of the phenyl-glycine amide is
oxidized to the imine (D 363A) followed by oxidation of the ring sulfide
to the corresponding sulfoxide (D 379) consistent with the high pro-
pensity of these sites to be oxidized (cephalexin sulfoxide is itself
commercially available). These oxidation events can be readily carried
out by either 10, or Hy0,. Next, hydroxylation of the methyl group
(most likely by -H abstraction by -OH and recombination of the resulting
radical with -OH) gives rise to alcohol intermediate D 395 which cyclizes
to lactone D 260B after hydrolysis of the amide side chain and further
oxidation of the sulfoxide to the sulfone. In this sub-pathway (green
Fig. 9a), the loss of the amide side chain seems to govern the generation
of lighter degradants whereas further oxidation of the lactone to the
cyclic anhydride also manifests in D 260A.

In the other fate (purple, Fig. 9a) of CPX-HDR intermediate, the
initial oxidation takes place on the ring by a-hydroxylation of the
enamine and loss of water (hydroxylation by either 105 0r H,0,; see also
conversion of D 360 to D 375C to D 357 in Fig. 9b), resulting in its



S. Meropoulis et al.

Separation and Purification Technology 298 (2022) 121639

NH
(@) or ¢ Lo
s HO s HO S HO
HNTY
N__~ O HN__—~ sulfoxidation, O HN__~ o O HN__
o hydroxylation
Ph CO,H i
D 304 2 D233 07 on  lactoneformation poa0p D 260B O
Decarboxylation, \ T Amide clevage, sulfoxidation,
imine reduction imine hydrolysis, lactone formation
cyclisation ketone reduction
NH NH NH
[e] NH [e] NH 9 (0] NH 9
HO,C Sulfoxidation HO,C Hydroxylation HO,C
HN__~ HN__~ HN__~ OH
D363A O~ "OH D379 O” "OH D395 O "OH
O . .
} oxidation NH,
NH to imine NH,
b-lactam
HN S hydrolysis
| 07 NH bk 4
O N
. HO,C
ring .
D 345 07 OH oxidation cPx-HDR HN ~ Cephalexin 07 OH
not detected CPX
cyclisation to \ 0~ "OH
diketopiperazine
NH, Amide clevage,
NH, imine oxidation
s Amide clevage, NH hydrolysis to ketone o OH
decarboxylation s hydroxylation HO. S lactone S
N | imine reduction HO.C lactone formation oxidation o
-~ z | — o n ! - N
N ~ NS NS o
D184 O (o]
D363B O~ "OH D225 O D213 O
N~
¢
N'N
H H (o} HO OH OH NH, from D 360 via decarboxylation
N =_s HO. s HO. ) s 5. followed by imine reduction
o dehydration d boxylati o
N__~ S S O HN S re-hydration O HN__~ S S ecarboxylation HN__~ S S HN __~ ) )
R o o e e
Cefazoline 07 “OH N D379A 07 “OH N D379B 07 “OH N D333 07 “OH N D318 O7 “OH N
CFZ
imine tautomerisation
l followed by water addition T
o imine hydrolysis idati
HO || S oxidation to sulfo_ne and
RR ane e W o W lsckrelomatmn W 20
HO. S cleavage HO. S HO. S HO. S HO. n.0 H s”
7 Oxidation sulfoxidation Lw-w) s Ia_c!or_\e
O HN__~ S S to imine O HN__~ S S O HN__~ S S O HN__~ S S O HN oxidation O HN _
0 oo - Loty e B -
D436 O OH N-N D360 O “OH °N D375A 07 “OH °N D392 O “OH N D 260 o D276 0
ring sulfide oxidation .S S
ite
=N sulphenic acid
— decarboxylation D148 idati
sulfoxidation, oxidation to
OH NH NH 9 9 \ sulfonic acid
HOWS HO s o S (S
L . decarboxylation
imine hydrolsis and SorC I HOsS s
O HN_~ S\(S ketone reduction Oxidation O HN _~ S\rs HN = S\(S HN =~ SYS e r—
W e v = W N-N
D363 07 “OH N D375B 07 “OH N D348 07 “OH N D304 07 “OH N D179
. exocyclic sulfide oxidation
decarboxylation l
imine hydrolysis, sulfoxidation
OH O OH O NH NH and lactone formationby O OH
T \S HO. s HO s D148 ejection HOW)J\(S decarboxyation S
N N o . i 5 || and lactone o
HN _~ S\/S sulfoxidation HN__~ SN O No S\(S dehydration o N SYS Ny oxidation HN o
,\\} />,, — |\\J /}7, B OH N\ />,4 — ’\} />,— —_— d —_— 4
D335 O “OH “N D351 07 "OH °N D375C 07 “OH °N D357 07 “OH N D227 O D214 O

enamine a-hydroxylation
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dehydrogenation to the thiazine derivative D 363B. This renders the
sulfur atom vinylic hence conjugated and much less reactive towards
oxidation whereas the attached methyl group becomes more (benzylic-
like) prone to -OH mediated hydroxylation. In fact, this sub-pathway
(purple, Fig. 9a) appears to be driven by methyl hydroxylation as all
downstream lighter fragments relate to the corresponding lactone and/
or anhydride retaining the sulfur atom unoxidized. The same in-
termediates were observed in the 20 min treated CPX solutions albeit at
lesser intensities/amounts suggesting increased resistance to further
oxidation and undoubtedly are the main contributors to the residual
TOC.

CFZ aqueous solutions after 10 min of CAP treatment were also
interrogated and several intermediates were found (structures in red
colour in Fig. 9b) which in turn are consistent with the action effi-
ciencies of the ROS species determined above (10, and -OH being the
main drivers of the degradation followed by HoO5 and electron transfer
processes). Interestingly, the 1,3,4-thiadiazole ring is retained intact in
most of these intermediates which is consistent with its reduced nucle-
ophilic character therefore reduced tendency to react with electrophilic
O reagents (!0, or Hy05) and become oxidized. These intermediates
persist, albeit to a lesser degree, even after 20 min of treatment thus
contributing to the residual TOC. Given the increased cytotoxicity
manifested for treated CFZ solutions for short times, we investigated
earlier intermediates in order to identify potentially toxic early in-
termediates and also to uncover more of the CFZ degradation pathway.
Thus, we interrogated CFZ solutions subjected to 4-8 min of treatment
and found more intermediates (blue set of compounds in Fig. 9b) that
are reasonable precursors to the persisting degradants identified at
10-20 min of treatment time (red set of compounds in Fig. 9b). In this
way a comprehensive degradation map of the CFZ plasma-induced fate
was constructed which makes chemical sense and is consistent both with
the relative action efficiencies of the ROS species involved and our
established understanding of the plasma-induced degradation reactions
studied on other pollutants [37,38].

4. Conclusions

A nanosecond pulsed multi-pin-to-liquid corona discharge plasma
reactor resulted in complete and high energy-efficient degradation of
cephalexin and cefazolin in water with the maximum calculated energy
yield (i.e. 1.37 g/kWh) being about two orders of magnitude higher than
that reported in other studies. Increased pulse voltage led to an
increased RONS concentration in water, enhancing the degradation of
cephalosporins. CPX degradation rate was slower at higher pollutant
concentrations and also in tap water compared to that in 3D water.
Under the various plasma atmospheres, different RONS were generated
both at the plasma gas phase and inside the water, affecting the degra-
dation of cephalosporins in the order Oz > air > Na. Oz-plasma produced
much higher H»O; concentrations but not any NO3/NO3 species
compared to air and Nj-plasmas where the generation of the afore-
mentioned RNS caused a serious decrease of solution pH. Experiments
with a range of specific scavengers, suggested that cephalosporins
degradation is mediated primarily by ‘OH and 10, as evidenced by their
significant action efficiency (~52-53%) whereas the contribution of
H,0;, and hydrated plasma electrons was substantially lower (~23%
and ~15%). However, the almost equal degradation efficiencies be-
tween air- and Oy-plasma are indicative of the significant contribution of
some RNS (e.g. ONOOH/ONOO") generated in air-plasma. Higher
degradation efficiency and TOC removal was achieved for CPX in
comparison to CFZ although both were reasonably well degraded. The
degradation pathways for both CPX and CFZ involved mainly hydrox-
ylation decarboxylation, sulfoxidation and dehydrogenation reactions
leading at higher plasma treatment times to intermediates with zero or
low toxicity as indicated by the increased human cell viability for CPX/
CFZ contaminated water post plasma-treatment. This study provides
useful insights and potential development/scale-up of the present CAP
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system as one of the most efficient and sustainable remediation ap-
proaches for antibiotic-polluted wastewater. Our future research steps
will focus on the exploitation of CAP for the remediation of water
polluted by different types of emerging contaminants (e.g. poly-
fluorinated alkyl substances, PFAS).
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