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Introduction

The technological development in the 20t century and the growing quality of life led to
the appearance and massive consumption of synthetic substances, including
components of plastics, resins, fibres, pharmaceuticals, personal care products, steroid
hormones, etc., released into the environment. Synthetic organic compounds possessing
better stability and resistance to environmental factors accumulate in the environment.
The occurrence of man-made pollutants resistant to biodegradation in surface water,
groundwater and soil in concentrations ranging from ng L™ to ug L™ has raised
environmental concerns. Conventional wastewater treatment plants were not designed
for the treatment of such recalcitrant compounds, resulting in accumulated
micropollutants that pose a threat to aquatic life and ecosystems.

Advanced oxidation processes (AOPs) are actively studied as effective treatment
methods against recalcitrant compounds. These processes are based on the in-situ
generation and use of strong oxidants, such as hydroxyl radicals, as well as sulfate and
chlorine radicals.

Among the emerging AOPs, persulfate and non-thermal plasma processes show the
greatest potential in producing reactive oxygen species (ROS). The pulsed corona
discharge (PCD) applied to the water dispersed in the discharge zone outperforms other
types of plasma in energy efficiency of oxidation. On the other hand, there is a growing
interest in the activation of peroxocompounds by the non-thermal plasma. It is believed
that in plasma treatment of aqueous media, a part of the energy is radiated without
being fully utilized, opening the certain possibility for better energy utilisation in, e.g.,
activation of extrinsic peroxocompounds.

This thesis provides data about the impact of peroxocompounds on the oxidation
efficiency of PCD for selected water pollutants to improve energy efficiency.
The degradation of pharmaceuticals, including the anti-diabetic metformin,
the analgesic tramadol, and the antibiotic vancomycin, was described for the process
chemistry. The imidazolium-based ionic liquid, 1-ethyl-3-methylimidazolium chloride,
1-octyl-3-methylimidazolium chloride, and 1-ethyl-3-methylimidazolium bromide were
also studied for oxidation in PCD accompanied with the extrinsic oxidant additions.
The choice of the pollutants as the study subjects was dictated by their omnipresent
character, as metformin and tramadol. Vancomycin represents one of the most potent
antibiotics in the world, the release of which into the environment may contribute to the
development of antibiotic-resistant bacteria. Imidazolium-based liquids, the novel
compounds known for their exceptional properties and promising applications, exhibit
potential persistence in the environment and toxicity to aquatic organisms. The current
thesis addresses a gap in knowledge in the degradation of target pollutants using
non-thermal plasma technology.

The thesis provides an overview of ROS present in plasma and possible activation
pathways of peroxocompounds in PCD. Impacts of basic operating parameters including
pH and pulse repetition frequency on the degradation of target pollutants in unassisted
PCD treatment were evaluated. The effects of peroxydisulfate, peroxymonosulfate,
and hydrogen peroxide in combination with PCD on degradation were disclosed.
The results were compared with conventional UV-based treatment combined with
peroxocompounds under the same conditions performed in parallel with the PCD
experiments for chemistry and energy efficiency.



The knowledge gained in this doctoral research contributes to the further
development of non-thermal plasma technology, particularly pulsed corona discharge
oxidation, and the promotion of its application as an energy-efficient method for the
degradation of persistent micropollutants in water treatment. By exploring the impact of
various peroxocompounds on PCD’s oxidation efficiency, this study provides valuable
insights for enhancing the degradation of micropollutants.
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Abbreviations

ACN Acetonitrile

AOPs Advanced oxidation processes

BDD Boron doped diamond

DBD Dielectric barrier discharge

EtOH Ethanol

HP Hydrogen peroxide

HPLC High-performance liquid chromatography
ILs lonic liquids

MS Mass spectrometer

MTF Metformin

NTP Non-thermal plasma

PCD Pulsed corona discharge

PDA Photo diode array

PDS Peroxydisulfate

pps Pulse per second

PMS Peroxymonosulfate

ROS Reactive oxygen species

TOC Total organic carbon

TMD Tramadol

t-BuOH tert-Butanol

uv Ultraviolet

VMN Vancomycin

VUV Vacuum ultraviolet

WWTPs Wastewater treatment plants

ZVI Zero-valent iron

[Emim][Br] 1-ethyl-3-methylimidazoilum bromide
[Emim][Cl] 1-ethyl-3-methylimidazoilum chloride
[Omim][Cl] 1-methyl-3-octylimidazolium chloride
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1 Literature review

1.1 Advanced oxidation processes

Advanced oxidation processes (AOPs) are being actively investigated as a means of water
treatment efficiency improvement towards recalcitrant compounds. AOPs are processes
based on the in situ generation and use of strong oxidants like hydroxyl radicals (HO®),
sulfate radicals (SO4*"), or chlorine radicals (CI*). Among these, the hydroxyl radical is the
preferred one due to its non-selectivity, reactivity, and safety. Established AOPs include
ozone-based processes (03/H202, 0O3/UV), UV-based combinations such as UV/H.0>,
UV/Cl,, Fenton (Fe?*/H.02) and photo-Fenton processes (Miklos et al., 2018). Emerging
AOPs are persulfate-based processes, electrochemical oxidation, non-thermal plasma
(NTP), ultrasound, and microwave-based oxidation processes (Priyadarshini et al., 2022).
Among them, persulfate and plasma-based processes show the greatest potential (Wang
& Wang, 2018; Priyadarshini et al., 2022).

1.1.1 Ozonation and ozone-based AOPs

Ozone has been widely used in water treatment for disinfection since the late 19t
century. Due to the highest standard redox potential (E°=2.07 V) among conventional
oxidants (chlorine, chlorine dioxide, permanganate and hydrogen peroxide (HP)), ozone
can easily deactivate microorganisms and oxidize a wide range of organic compounds in
direct reaction (Lukes et al., 2012; Lim et al., 2022). The direct reaction, however, occurs
mostly under acidic conditions, where ozone attacks specific functional groups in organic
molecules. These include unsaturated bonds and aromatic rings with substituents such
as hydroxyl, methyl or amino groups. Ozone reacts mainly through 1,3-dipolar
cycloaddition and electrophilic substitution (Lukes et al., 2012), being thus considered as
a selective oxidant. However, ozone in its reactions with aqueous organic compounds,
decomposes producing hydroxyl radicals, which are unselective and highly reactive with
standard redox potential up to E° = 2.70 V (Wardman, 1989; Miklos et al., 2018).
Ozonation is thus considered an AOP under alkaline conditions (pH > 8.5), where ozone
tends to degrade generating hydroxyl radicals (Sonntag & Gunten, 2012). Ozone is
decomposed in chain reactions involving two main steps: chain initiation and chain
propagation. At the slow initiation step, hydroperoxide ion (HO:") and superoxide
anion-radical O2°~ are formed by the reaction between ozone and hydroxide ion (HO")
(Eg. 1). Ozone reacts with hydroperoxide ion to form ozonide anion-radical Os3*~ and
HO2*"(Eqg. 2). Then, in the fast propagation step, ozone reacts with 02*~ and produce
ozonide anion-radical 03"~ (Eq. 3). Formed hydrogen trioxy-radical (HOs®) (Eq. 4) is
converted to HO® (Eq. 5). The hydroxyl radical can react with Oz to form HOs® (Eq. 6)
followed by its decomposition of HO4* to HO2® (Eq. 7). The final step is a termination that
involves recombination of HO® with other reactive species (Umar et al., 2013).

O3+ HO™ — HO2™ + 02" (1)
O3 + HO2™ — HO2"™ + 03" (2)
03+02"” — 03"+ 02 (3)
03*” + H" — HOs® (4)
HO3* — HO"+ 02 (5)
O3+ HO* — HO4* (6)
HOs* — HO2® + O2 (7)
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Ozone-based AOPs include ozonation at alkaline pH, in 03/H202, O3/UV, and Os/catalyst
combinations, where oxidation of organic compounds with hydroxyl radicals dominates.
Increasing the pH influences also on dissociation of organic compounds, which can
significantly change their reaction rate with ozone molecules or hydroxyl radicals (Miklos
et al., 2018).

The most convenient AOP is the combination of hydrogen peroxide with ozone also
called peroxone process. It improves the oxidation of organic substances by forming
hydroxyl radicals from hydrogen peroxide. However, the direct reaction of ozone with
HP is very slow (k < 0.01 M s7%), while the reaction rate of ozone with hydroperoxide
ion is much faster (k=9.6 x 106 Mt s7%). The first introduced mechanism of HO® formation
(Staehelin & Holgné, 1982) in practice showed only 50% efficiency of its stoichiometry
(Sonntag & Gunten, 2012). Another formation mechanism was proposed as starting with
the formation of an adduct (Eq. 8) (Sonntag & Gunten, 2012):

HO2™ + O3 — HOs™ (8)

Decomposition of the adduct takes place in two reactions (Egs. 9-10), which have,
possibly, similar constant rates:

HOs™ — HO2* + 03°~ (9)
HOs™ — 20, + HO™ (10)

The ozonide radical 03" rapidly reaches the equilibrium with O2 and O°~ and the latter
is in equilibrium with HO® in water (Eqs. 11-12). However, hydroxyl radical does not react
with Oy, shifting the balance to the formation of HO® and Oa..

03" 20;+ 0" (11)
0°" + H,0 2 HO™ + HO® (12)

Hydrogen peroxide also plays an important role in Os/UV process. During photolysis
of ozone, it is decomposed to oxygen atoms in their excited state O(*D) and O2 molecule
(Eq. 13). Singlet oxygen atoms react with water forming “hot” H20: (Eq. 14), which may
be cooled down in water or fragmented due to excess energy. The majority of the O('D)
atoms are transformed to HP due to the solvent-cage effect described earlier (Sonntag
& Gunten, 2012; Miklos et al., 2018), thus providing the peroxone process also in the
03/UV combination.

O3+ hv — 02+ 0O('D) (13)
O('D) + H20 — H202(hot) (14)

Os/catalyst combinations use homogeneous or heterogeneous catalysts in an attempt
to reduce ozone consumption and costs. Heterogeneous catalysts such as transition
metal oxides (TiO2, NiO, MnO) accelerate aqueous ozone decomposition with the
production of HO® in complex multiphase mechanisms. In addition to water pH,
the efficiency of catalysis depends on various factors — physical properties include the
catalyst surface area, porosity, pore size and volume, and chemical properties include
the catalyst’s chemical stability and the surface density of active surface sites for catalytic
reactions. Homogeneous catalysts include metal ions such as Fe?*, Zn?*, Mn?*, and Co?*",
which have a certain positive effect on ozonation, accelerating ozone decomposition
and the production of HO® (Kasprzyk-Hordern et al., 2003; Sonntag & Gunten, 2012;
Miklos et al., 2018). The reaction rate varies with the character of the catalyst, for example,
Fe?* and Mn?* exhibit the second-order reaction rate constants k as big as 8.5 x 10° and
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1.3 x 103 M7 s}, respectively. The production of HO® can also be inhibited in various
ways (Sonntag & Gunten, 2012; Miklos et al., 2018). It is considered, according to the
practical application (Legager et al., 1992), that ozone reacts with Fe?* by an O-transfer
(Eqg. 15). Formed FeO?* is highly reactive and participates in HO® production from water
(Eq. 16), although the reaction with Fe?* is more favourable (Eqg. 17) (Jacobsen et al., 1997).

Fe?* + 03 — Fe0* + 0, k=8.5x10°M"s? (15)
FeO2* + H,0 — Fe®* + HO® + HO™ k=13x102M?'s? (16)
FeO?* + Fe?* + 2H* — 2Fe3 + H,0 k=7.2x10*M1s? (17)

In recent years, the combination of ozone with peroxymonosulfate (PMS) has gained
attention (Deniere et al., 2018; Shao et al., 2019). In the reaction of PMS ions with ozone,
sulfate and hydroxyl radicals can be formed accelerating the oxidation of pollutants.
The reaction proceeds likely through the formation of an adduct “03SOs™ (Eqg. 18), which
decomposes to SOs*"and O3~ (Eq. 19). The former produces SO4*~ (Eqs. 20-21), HO®
(Egs. 11-12), and non-reactive species (Eq. 23) (Yang et al., 2015).

~03S0O0™ + O3 — ~03SOs~ k=21x10*M"1s? (18)
“03S0s™ — SOs5"™ + 03" (19)
SOs*™ + 03 — S04 + 202 k=16x10°M71s? (20)
2S05*” — 2S04°" + 02 k=21x108M1s? (21)
2505 — S$,08%" + 02 k=22x108M1s? (22)
“03505™ — S04%” + 202 (23)

1.1.2 Ozone generation and non-thermal plasma technology

Ozone in its conventional application is typically generated remotely on site with the
ozone-containing gas transported to water. Nowadays, ozone generators work using
non-thermal dielectric barrier discharge at an energy requirement of about 15 kWh per
kg of O3 (Sonntag & Gunten, 2012). High-energy electrons driven by an electric field
transfer their energy to surrounding atoms depending on the gas composition, which
leads to excited atomic and molecular states of oxygen or nitrogen. Thus, excited states
of oxygen dissociate to atomic oxygen (Eq. 24), which participates in a three-body
reaction with oxygen and M (02, Os, O°, or in the case of air, N2) (Eq. 25) (Locke et al.,
2012; Sonntag & Gunten, 2012).

O2+e — 20" +e (24)
O°+02+M—03+M (25)

However, pure and dry oxygen is needed to achieve a high concentration of ozone
(8-16%) (Sonntag & Gunten, 2012). The presence of water vapours negatively affects the
yield of ozone due to the formation of hydroxyl radicals (Eq. 26) reacting with ozone in
the gas phase (Eq. 27) (Sehested et al., 1984).

e +H0 - HO*+H" +e” (26)
03+ HO® — HOy' + O3 k=4.1x10"M1s1t (27)

Although hydroxyl radicals are unwanted in ozone production, they may be used
effectively when applied directly to the aqueous pollutant. For this purpose, various
electric discharge or non-thermal plasma technologies are being developed to be operated
at atmospheric pressure and room temperature (Nijdam et al., 2012; Kyere-Yeboah
et al., 2023; Yusuf et al., 2023). In addition to ozone and hydroxyl radicals (Egs. 24-26)
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electrical discharges produce a variety of oxidant species (Egs. 28-31). The presence of
nitrogen also induces the formation of nitrogen oxides (Eqgs. 32-35) (Malik et al., 2001;
Lukes et al., 2012; Chu, 2013; Kyere-Yeboah et al., 2023).

O2+e"—>0"+0" +2e” (28)
e +2H20 —» H202 + Ha + e~ (29)
e +H,0 — HO*+ H* +e” (30)
e +N2—2N* +e” (31)
N*+02— NO+0O° (32)
2NO + 02 — 2NO» (33)
NO + O3 — NO2 + O2 (34)
2NOz(aq) + H20 — NO2™ + NO3™ + 2H* (35)

Non-thermal plasma technologies vary according to the type of electrical discharge
and its implementation. The most common discharges are corona and barrier discharge
similar to ozone generators. Discharges are separated into two different categories:
continuous and pulsed. Unlike continuous discharges, pulsed discharges avoid the
formation of spark discharge, having sharp high-voltage pulses producing more reactive
oxygen species (ROS) per unit of delivered energy (Malik et al., 2001; Yusuf et al., 2023).
Pulses are typically of a nanosecond or microsecond range duration time, allowing the
pause between pulses ensuring more efficient utilisation of long-living oxidants, which
otherwise are uselessly destroyed by the following pulse.

Dielectric barrier discharge (DBD) reactors for water treatment consist of parallel
plates or cylindrical coaxial electrodes divided by a dielectric layer. Typically, an alternating
or pulsed high voltage of about 15 kV is applied to the electrodes. The high-voltage
electrode creates a high electric field on the dielectric, which leads to ionization of the
air gap and formation of the plasma discharge. Barrier discharges work best with an
electrode separation of a few millimetres. The aqueous solution can also act as the
second electrode in the DBD system (Malik et al., 2001; Li et al., 2020; Ansari et al., 2021).
It showed high removal efficiency towards recalcitrant compounds, but some studies
reported the pulsed corona discharge being more energy efficient (Malik, 2010;
Ajo et al., 2017).

1.2 Pulsed corona discharge

Corona discharge occurs when the discharge propagates from a needle or wire electrode
into outer space due to a high electric field around an electrode, but when the streamers
reach the low electric field, the discharge is no longer sustained (D’Agostino, 2008). If the
electric field exceeds the dielectric strength of the air, air molecules are ionized by
electron collisions, resulting in an electron avalanche process that forms streamers (Riba
et al., 2018). In the case of pulsed corona discharge (PCD), ultrashort (ns to ps) sharp
voltage pulses are applied, making streamers more efficient in the gas ionization, while
being limited in travelled distance due to the finite duration of the voltage pulse (Chu,
2013). The practical advantage of the short pulse is in ensuring no transition of corona to
the spark. Usually, corona discharge is of two polarities, positive and negative corona
according to the polarity of the active, i.e., sharp/corona electrode. Negative corona
dischargeis larger in volume and produces a greater number of electrons, and, therefore,
more ozone (Chen & Davidson, 2003; Briels et al., 2008). However, the positive corona
discharge was reported as more energy efficient in producing ozone (Riba et al., 2018).
Corona discharge includes various geometries, such as point-to-plane, wire-to-cylinder,
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or wire-to-plane ones. Point-to-plane geometry is typical for laboratory scale studies,
while wire-to-cylinder and wire-to-plane electrode systems are more practical providing
a high volume of stable and homogenous plasma.

When applying NTP technologies for water treatment, achieving a short distance
between reactive species formed in the discharge and the target pollutant molecules is
crucial. Corona discharge is applied in water with gas bubbling, on the water surface,
in air over a thin film of water, and in air in contact with water spray or water showering
(Malik, 2010; Kyere-Yeboah et al., 2023). Those exploiting the still water surface or its film
face the problem of low energy efficiency or high energy consumption, the configuration
of pulsed corona discharge in the air with water spray or water showering is considered
the most efficient (Malik et al., 2001; Gerrity et al., 2009; Magureanu et al., 2015). While
the formation of aerosol requires additional expenses, the gas-phase PCD with water
showering provides higher flow-through capacities. This configuration, however, requires
a specific pulse shape eliminating the potential formation of high-temperature spark
discharges due to interference of water droplets with high conductivity (Kornev et al.,
2017). Water spraying in the form of droplets, jets and films up to a few millimetres in
size, provides a sufficient plasma-liquid interface at minor energy required by sprinkling.
It was confirmed that compounds reacting rapidly with ozone, such as phenol, are
degraded at rather low plasma-liquid contact surfaces (Tikker et al., 2020), while the
ozone-resistant compounds benefit from the increased contact surface for ROS formed
at the plasma-liquid interface. In PCD reactors with water sprinkling, the plasma-liquid
contact surface depends on the flow rate of water: the higher is flow rate the higher is
surface area (Tikker et al., 2020).

The PCD application acts on pollutants by hydroxyl radicals, ozone, hydrogen peroxide
and other reactive species like e, 0, H*, N*, and NO°. Above mentioned combinations
like O3/H202 and Os/Fe?* are also present to some extent in the process which might
also generate hydroxyl radicals depending on the condition of treated water. Besides,
the plasma glow emits in the near-UV wavelength range, potentially activating hydrogen
peroxide and producing additional hydroxyl radicals (Eq. 36). By all means, the energy
dose determines the amount of generated ROS and is regulated by variation of pulse
repetition frequency (Preis et al., 2013).

H202 + hv — 2HO® (36)

As described in earlier publications, besides the electric discharge parameters, there
are several ways to enhance the pollutants removal efficiency in NTP reactors, e.g.,
treatment in specific conditions — the discharge atmosphere, water conductivity and pH,
the use of catalysts, such as activated carbon, TiO2, MnO2, Fe%, and combinations with
other AOPs and extrinsic oxidants (Jiang et al., 2014; Ansari et al., 2021; Kyere-Yeboah
et al., 2023; Yusuf et al., 2023). Amongst them, the use of persulfates gained attention,
being actively studied for applications in various oxidation processes including NTP
(Wang & Wang, 2018; Lee et al., 2020; Guo et al., 2023).

1.3 Persulfate-based AOPs

Persulfate-based AOPs employ highly reactive sulfate radicals to abate organic
pollutants. Different from hydroxyl radical, which is unselective, sulfate radical reacts
selectively, mostly through electron transfer, since it has a redox potential of 2.6-3.1 V
comparable with the one of hydroxyl radical, but a longer half-life time (30-40 ps) than
hydroxyl radical (0.02 us) (Guerra-Rodriguez et al., 2018; Lee et al., 2020). Sulfate radicals
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are obtained from peroxydisulfate (PDS, S20s?") and peroxymonosulfate (PMS, HSOs")
ions. While non-radicalized persulfates have high redox potentials of about 2 V, they
react poorly with the majority of organic compounds and need activation by transferring
to the radical forms (Matzek & Carter, 2016). Formation of sulfate radicals from
persulfates occurs by various activation methods including heat, UV, alkaline medium,
transition metal ions, electric discharges, etc. (Wang & Wang, 2018; Lee et al., 2020).

1.3.1 UV activation

Activation by UV-light is a type of activation, which inputs radiant energy provoking the
fission of O-O bond (Egs. 37-38). The energy required for the fission of PDS and PMS
differs substantially. The asymmetrical HSOs™ anion has the O-O bond dissociation energy
of 377 kl mol™%, compared to 92 kJ mol™, for the symmetrical peroxydisulfate anion. This
makes breaking the O-O bond in PDS more probable (Shang et al., 2022). Irradiated at
neutral pH, PDS decomposes faster: in Egs. 37-38, illustrating activation of persulfates,
€ is the molar extinction coefficient at a wavelength of 254 nm, and ¢ is the quantum
yield of the UV photolysis (Luo et al., 2015). At alkaline pH, however, the HSOs™ anion
dissociates to SOs2~, having a molar extinction coefficient € as big as 149.5 M~*cm™, thus
significantly enhancing its decomposition (Guan et al., 2011).

$208%" + hv — 2504" €=21.1M"ecm™, ¢ = 0.70 mol Einstein™*  (37)
HSOs™ + hv — 504" + HO® €=14.0 Mem™, @ = 0.52 mol Einstein™  (38)

Application of submerged UV sources to the treated water is complicated by the
sediments formed at the surface of lamps thus requiring continuous sophisticated
cleaning of their surfaces. Replacement of burnt-out lamps also presents a substantial
article of expense thus making UV activation rather expensive.

1.3.2 Thermal activation

Heat activation is technically simple requiring no addition of chemicals. However, high
energy consumption makes it inapplicable for large-scale water supply or wastewater
treatment. This approach may still find its application in, e.g., in situ thermal remediation
of soil (Ji et al., 2015). Similar to UV, thermal activation produces sulfate radicals (Eqg. 39),
which react fast with water at high temperatures forming hydroxyl radicals (Eq. 40)
(Wang & Wang, 2018).

;08> + heat — 2504 (39)
SOs"™ + H20 — HO® + S042 + H* (40)

1.3.3 Alkaline activation

Activation of PDS and PMS in alkaline media has been considered to be effective in the
degradation of organic contaminants. Several issues need to be addressed in this
approach: alkaline activation requires pH adjustment as high as 11-12 by using relatively
expensive sodium or potassium hydroxide additions (Matzek & Carter, 2016).

For alkaline activation of PDS, a nucleophilic attack of hydroperoxide anion on the
0-0 bond is likely to be the main activation mechanism (Egs. 41-43) (Wang & Wang,
2018). Alkaline activation is also possible for PMS (Eqgs. 44-47) (Qi et al., 2016).
Recombination of active species takes place with the formation of singlet oxygen and
hydrogen peroxide (Eqgs. 48-49). It was found that singlet oxygen and superoxide radicals
were the main reactive species during the degradation of Acid Orange 7 (Qi et al., 2016).
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S$2082" + Ho0 — 2S04 + HO2™ + H* (41)

$205%" + HO2™ — S04%" + SO4° + 02" + H* (42)
S04* + HO™ — S04%” + HO® (43)
HSOs™ — SOs%™ + H* (44)
S052” + H20 — H202 + S04 (45)
H202 — H* + HO2~ (46)
HSOs™ + HO2™ — H20 + SO4°~ +10; (47)
HO® + 02" — 02 + HO™ (48)
20" + 2H* — 107 + H203 (49)

1.3.4 Activation by transition metal ions

Transition metal ions and oxides have a potential for activation of persulfates, being
classified as homogeneous and heterogeneous catalysts, respectively (Matzek & Carter,
2016). Among homogeneous catalysts, silver and cobalt ions (Egs. 50-52), interacting
with PDS and PMS respectively, provided the highest efficiency in removing pollutants
(Anipsitakis & Dionysiou, 2004; Hu & Long, 2016; Wang & Wang, 2018). Other metals are
actively studied to replace expensive silver: relatively non-toxic iron is a cost-effective
reagent (Eq. 53) (Matzek & Carter, 2016).

52082 + M™ — S04%” + S04°~ + MM (50)
Co% + HSOs™ — Co® +S0s" ™+ H* (51)
2S0s*” — 2S04 + 02 (52)
S208%" + Fe?* — S042+504°" + Fe** (53)

In homogeneous systems metal ions react freely, and mass transfer is not a limiting
factor. However, the metal ions create a problem of secondary pollution, requiring
their recovery from treated water. This makes heterogeneous catalysts better
controllable over the processes overcoming the limitations of homogeneous catalysts,
although with somewhat reduced efficiency (Wang & Wang, 2018). Heterogeneous
catalysts, in turn, are not completely free from the secondary pollution problem.
Similarly, zero-valent iron (ZVI) showing catalytic properties slowly releases iron ions in
acidic solutions (Eq. 54):

Fe® — Fe?* + 2e” (54)

1.3.5 Non-thermal plasma

In recent years, there has been a growing interest towards the NTP activation of
persulfates. This is approached from the consideration, that during the plasma
treatment, some of its effects remain unused, e.g., radiation or short-living reactive
species, which results in certain energy waste. It is presumed, that various active species
formed in plasma may be used for the activation of persulfates resulting in secondary
longer-living reactive species with strong oxidation potential (Guo et al., 2023). Possibly,
the activation of persulfates takes place by solvated electrons and active species diffused
into water. Thus, in water radiolysis experiments, solvated electrons (eaq”) react rapidly
with PDS and PMS (Egs. 55-56) (Neta et al., 1977; Shang et al., 2022).

$208% + €aq” —> SO&2 + 504" k=1.1x10"°M1s? (55)
HSOs™ + eaq” — HO™ + 504"7/S042+ HO* k=8.4x10° M52 (56)
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The activation by other reactive species is also possible, although at a considerably
lower reaction rate (Egs. 57-59) (Shang et al., 2019).

$208> + HO® — SO4* + HSO4™ + %0, k=8.0x10* M1t (57)
$:08> + H* — SOa™ + 5042 + H* k=25x10" M5 (58)
$208% + 02" — SO4" +S04™ + 02 k=2.4x10°M* s (59)

Certain role in NTP activation may also be played by the plasma glow of UV light,
ozone, hydrogen peroxide, alkali, and metal ions (Shang et al., 2022; Guo et al., 2023).

1.4 Emerging contaminants and water treatment

The emerging problem of micropollutants is a major concern for the sustainability of
water resources, including the challenges of modern water treatment and its increasing
costs (Luo et al., 2014; Margot et al., 2015; Patel et al., 2019). Due to inefficient removal
of micropollutants at conventional wastewater treatment plants, they are discharged
into the environment where accumulate and pose a threat to aquatic life and ecosystems
(Wang et al., 2018; Kanaujiya et al., 2019). In addition, micropollutants present a
challenge in any attempt to recycle or reuse treated wastewater (Xu et al., 2020).
Micropollutants include pharmaceuticals, illicit drugs, perfluorinated compounds,
nanomaterials, bactericides, hormones, flame-retardants, disinfection by-products,
algal toxins, prions, ionic liquids, etc. (Richardson & Kimura, 2017). Only a small fraction
of them have been studied in terms of their impact on human health and the
environment.

1.4.1 Pharmaceuticals

The development of the pharmaceutical industry has saved millions of lives, increased
life expectancy and contributed to population growth. However, a growing population
requires more pharmaceuticals to be produced, not only for human healthcare but
also for animal husbandry to provide food for mankind. Amongst pharmaceuticals,
analgesics, anti-diabetics and antibiotics are of great importance, i.e., massive production
and usage.

Pharmaceuticals include a wide range of chemicals that have different chemical,
physical and structural properties. Pharmaceuticals can be classified according to their
structure, mechanism or mode of action, and therapeutic perspective. The most known
classes are antibiotics, anti-inflammatory drugs, analgesics, opioids, antidepressants, and
steroids. Out of 713 compounds tested in 71 countries, 631 pharmaceuticals were found
to be present in the environment above analytical detection limits (aus der Beek et al.,
2016). Concentrations of pharmaceuticals appeared to follow the descending order
industrial effluents > hospital effluents > wastewater treatment plant effluents > surface
water > groundwater > drinking water (Patel et al., 2019).

According to data presented at the Estonian Water Works Association seminar,
the pharmaceuticals most often found in Estonia’s environment are metformin (MTF)
and tramadol (TMD) which were observed in 89% and 98% of surface water samples,
respectively. One should note, however, that metformin consumption comprises
about 25,000 kg per year, whereas tramadol is consumed in the amount of only
600 kg per year (Eesti Vee-ettevotete Liit, 2019), nominating TMD as persistent, and
MTF — pseudo-persistent compound.

The resistance of bacteria towards antibiotics shows a sustainable growth reflected in
research reports. In Estonia, vancomycin resistance in outpatient clinics increased from
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5.8% in 2017 to 7.2% in 2021 (ECDC, 2023). Meanwhile, across the EU/EEA countries,
Enterococcus faecium resistance to vancomycin rose from 10.4% in 2014 to 17.6% in
2022 (ECDC, 2023).

1.4.1.1 Metformin

Metformin (3-(diaminomethylidene)-1,1-dimethylguanidine) is a drug that is used for
2-class diabetes treatment, improving the sensitivity of cells to insulin and increasing
the ability of cells to uptake glucose. It decreases glucose production in the liver and
reduces the intestinal absorption of glucose. Metformin hydrochloride has become one of
the most prescribed drugs in the World (Briones et al., 2016). A total of 463 million people
are estimated to have diabetes, of which approximately 90% with the 2-class disease
(Saeedi et al., 2019). The number of people suffering from diabetes will rise to 700 million
by 2045, by severe increase in developing countries in Asia. Together with the growth of
the number of people with diabetes, also the amount of consumed metformin will increase
leading to environmental pollution, especially in developing countries. Recent studies
showed that MTF can inhibit the growth, survival, and metastasis of certain types of
tumour cells including those of breast, liver, bone, pancreas, endometrial, colorectal,
kidney, and lung cancers (Morales & Morris, 2015; Podhorecka et al., 2017; Lv & Guo,
2020). Furthermore, there is evidence of metformin having beneficial effects on
obesity, and liver, cardiovascular, age-related and renal diseases, thus finally decreasing
the death risk (Lv & Guo, 2020). Based on new possibilities, one can assume that MTF
consumption may skyrocket in the near future resulting in growing pressure on the
environment since wastewater treatment plants (WWTPs) insufficiently remove MTF
(Golovko et al., 2021).

Metformin is not metabolized in the human body, being excreted and, therefore,
released into the environment in its original form (Briones et al., 2016). It is a water-soluble
and polar compound, with the partition coefficient log Kow of -4.90 suggesting high
solubility in the aqueous phase. Metformin is the most frequent pharmaceutical found in
surface water worldwide (Briones et al., 2016). The concentration of MTF in surface waters
depends on the respective wastewater burden of an aquatic system and is typically in the
range of about 1 pg L™ (Scheurer et al., 2012; Blair et al., 2013; Briones et al., 2016). In the
influent of WWTPs, the MTF concentration is found up to 100 pug L™ (Scheurer et al., 2012).
For example, the median value of three WWTPs in Germany was found as big as 112 pg L™
(Briones et al., 2016). The median and average MTF removal efficiencies at 84 conventional
WWTPs comprised 94% and 79%, respectively (Straub et al., 2019).

According to cytotoxicity testing, MTF has no toxic effect at its highest concentration
of 414.05 mg L™! (Caminada et al., 2006). The half-maximum effective concentration
(ECso0) for Daphnia magna was found at 60 mg L™ in 48 h (Hanisch & Abbas, 2004).
Metformin showed acute toxicity to Aliivibrio fischeri at ECio of 871 mg L™ in 30 min
suggesting that it is not a toxic compound (Jacob et al., 2020). Despite the low acute
toxicity of MTF, aquatic life as fishes or mussels exposed to MTF suffers negative
consequences. For example, a study by Niemuth & Klaper (2018) showed that MTF has
endocrine-disrupting effects on fish Pimephales promelas at 40 pg L™! in one year of
exposure. Previously, they found that MTF causes changes in vitellogenin (a yolk protein
used as a specific biomarker of estrogenic activity) synthesis at environmentally relevant
concentrations. According to the review made by Elizalde-Veldzquez & Gémez-Olivan
(2020), metformin and guanylurea have a variety of effects on aquatic organisms
concluding that those compounds are toxic to non-target organisms.
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High efficiency of MTF removal was shown by UV/H,0, (Maéerak et al., 2018), UV/Fe?*
(Aseman-Bashiz & Sayyaf, 2020), UV/PMS (Karimian et al., 2020), UV/TiOz (Chinnaiyan
et al., 2019), UV/TiO2-ZrO; (Carbuloni et al., 2020), electro-Fenton system (Orata et al.,
2019), and electrochemically activated PDS (Aseman-Bashiz & Sayyaf, 2020). Other
methods of MTF oxidation, operation conditions and application results are shortly
described in Table 1.
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Table 1. Metformin degradation by AOPs

Total organic

Type Water matrix | Initial conc. Combination Time Degradation carbon (TOC) Source
removal
UV-based Ulz:fetre 2 uM UVC/H20,/Fe?* 60 min <24.0% - Nea ";'é‘ijt al,
UV-based U':J:fe‘ire 10 mg L UVC/TiO; 30 min 31.0% . Qum;:g; 6et al,,
Deionized Macerak et al.
UV-based i:l‘;'t"ezf 10 mg Lt UV/H0, 180 min 100.0% 99.0% acezrg ) Se s
Vacuum-UV(VUV), 5.7 W 60 min 87.5% 57.1%
Distilled VUV/Fe?* 30 min 86.1% 55.0% Karimi ¢ al
UV-based ;’a't; 50 mg L VUV/PMS 30 min 89.7% 58.6% a”mz'g'z‘oe al
VUV/Fe?*/PMS 60 min 99.0% 70.3%
UV/PMS 30 min 34.9% 4.0%
Electro- Distilled 0.2 mM H205/Fe?, 300 mA 30 min 99.6% i Orata et al.,
Fenton water ' 22 ! o7 2019
Electro- Distilled 15 me L1 Pyrite/PDS, 50 mA 60 min 89.0% 68.4% Aseman-Bashiz
activation water g Nano-Fe304/PDS, 40 mA 60 min 76.9% 55-57% & Sayyaf, 2020
UV-based Synthetic 10mg L™ UVA/TiO> 150 min 92.6% - Chinnaiyan
water 50 mg L UVA/TiO2 150 min 69.1% - et al.,, 2019
Deionized a . o Kumar et al,,
UV-based water ImglL UVB/Polymer 60 min 99.0% - 2021
Carbuloni et al.
UV-based - 10mg L? UVA/TiO2~Zr0; 30 min 50-60% - ar uzggl)e al
. 1 . Scheurer et al.,
Ozonation Tap water lpgl O3 60 min 45-50% -
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1.4.1.2 Tramadol

Tramadol (2-(dimethylamino)-methyl)-1-(3'-methoxyphenyl) cyclohexanolhydro chloride)
is an opioid analgesic used to treat moderate to severe acute or chronic pain. Even
though TMD is a weak opioid, it is used as a drug of abuse at supra-therapeutic doses.
It has the advantage of less respiratory depression or risk of addiction compared to strong
opioids (Miotto et al., 2017). Worldwide consumption of medical tramadol increased from
290 tons in 2006 to 424 tons in 2012 (Radbruch et al., 2013), inducing, however, cytotoxic
and genotoxic effects (Antonopoulou & Konstantinou, 2016). Despite its low consumption,
TMD is one of the most frequently detected compounds in concentrations ranging from
ng L™! to pg L? (Kostanjevecki et al., 2019; Golovko et al., 2021). Tramadol poorly
degrades at WWTPs reaching only 40% removal (Lindim et al., 2016), having adverse
effects on aquatic life (Sehonova et al., 2016; Lozek et al., 2019; Bachour et al., 2020;
Plhalova et al., 2020). Effective degradation of TMD was achieved by photocatalysis
(Antonopoulou et al., 2016; Majhi et al., 2019), Fenton process (Mackulak et al., 2015),
electro-Fenton system (Monteil et al., 2020), and electro-chemical oxidation (Ghalwa
et al., 2014; Litke Eversloh et al., 2015) (Table 2).

1.4.1.3 Vancomycin

Vancomycin (VMN) is an amphoteric glycopeptide antibiotic used to treat infections
caused by Gram-positive organisms (Gotvajn et al., 2021). This antibiotic and its
modifications are considered drugs of last resort, i.e., the World’s last line of defence
against resistant pathogens, making these of extreme importance from the environmental
point of view due to the emergence and spread of antimicrobial resistance in bacteria
(Okano et al., 2017; Azuma et al., 2024). Vancomycin was detected in French rivers in
concentrations reaching up to 90 ng L™ (Tuc Dinh et al., 2011), and in the effluents of the
wastewater treatment plants of Milan and Varese, Italy, as high as 17.4 + 1.7 ng L't and
24.4 + 31 ng L%, respectively (Zuccato et al., 2010). Limited data is available for VMN
removal from water: in recent years, a few studies demonstrated the application of AOPs
to VMN removal such as ZVI-Fenton (Furia et al., 2021), and photocatalytic oxidation
TiO2/UV (Dehghani et al., 2022).
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Table 2. Tramadol degradation by AOPs

Type Water matrix Initial conc. Combination Time Degradation TOC removal Source
Ult Ant I
UV-based rapure 10mg L? UVA, 500 W m2 240 min 70% 40% ntonopoutou
water et al., 2020
Deionized
UV-based eﬂf 10mgL? UV/NiS/Bi203 180 min 94% 91% Majhi et al., 2019
UV-based - 10mgL™ | UVA/TIO>, 500 W m? | 20 min 95% 80% @4 h Antonopoulou &
& & ? ? Konstantinou, 2016
Anodic . 1 2 .
s Distilled water 100 mg L Pb/Pb0O2, 1 Acm 25 min 90% - Ghalwa et al., 2014
oxidation
Electro- Ultrapure _ Boron doped . .
26.3 Lt 8 1009 100% @6 h Monteil et al., 2020
Fenton water me diamond (BDD)/Fe2* min % %@ onteretal,
Electro- Litke E loh
€ctro= 1 osmosis brine 100 M BDD/Pt, 12 A m? 60 min 99% - utke tversio
oxidation et al., 2015
Fenton Wastewater | 600-800 ng L™t | Fe?/H202/H2504 60 min 99%+ ; Mackulak et al.,

process

2016




1.4.2 lonic liquids

lonic liquids (ILs) are an emerging class of compounds, which are also called ‘green’
chemicals. Classically, they are defined as organic salts with melting points below 100°C,
composed of inorganic/organic anions and organic cations. lonic liquids may potentially
become widespread chemicals in the near future due to their exceptional properties,
such as low vapour pressure, high thermal and chemical stability, and tunability (Kaur
et al., 2022). The latter means that one can change the chemical and physical properties
of ILs by altering anions or cations. The search in Scopus for publications issued within
the last four years showed about 7,000 articles published on ILs yearly. Although ILs do
not evaporate and cannot cause atmospheric pollution, they, being hygroscopic and
water-soluble, will inevitably enter the environment via aquatic ways, and may cause
adverse environmental effects (Frade & Afonso, 2010). The toxic character of ILs was
revealed in recent years: several studies reported bacterial toxicity and slow
biodegradability (Garcia et al., 2005; Romero et al., 2008; Jordan & Gathergood, 2015;
Cho et al., 2021). The data about the presence of ILs in wastewaters and natural water
systems are limited. Available studies suggest that ILs found in effluent water originate
from their synthesis and use in industry, providing generally low concentrations of ILs
(Mena et al., 2021).

Among ILs, imidazolium-based compounds have gained attention becoming the most
studied ones (Plechkova & Seddon, 2008). The toxicity of imidazolium-based ILs is of
great concern being mainly attributed to the alkyl chain, the length of which positively
correlates with toxicity (Romero et al., 2008; Gomez-Herrero et al., 2020). For example,
[Omim][CI] and [Omim][Br] show acute toxicity to Vibrio fischeri (logECso, uM) of
0.94 £ 0.14 and 0.63 + 0.06, whereas [Emim][Cl] is less toxic with logECso of 4.02 £ 0.14
(Romero et al., 2008).

According to the review made by Mena et al. (2021), Fenton-based, electrochemical,
or photocatalytic AOPs have been actively studied for the degradation of ILs. However,
ozone-based and plasma-based AOPs have not yet been studied for the degradation of
ionic liquids.

1.5 Objectives of the study

Summing up the literature review, the presence of micropollutants and their potential
threat is of great concern. Micropollutants such as pseudo-persistent metformin,
persistent and toxic tramadol, potent antibiotic vancomycin, or recalcitrant imidazolium-
based ionic liquids require proper treatment technology. Different types of AOPs and
their combinations may be applied to degrade micropollutants, while only a few of them
might be considered economically feasible. Amongst them, the emerging NTP approach
is the most promising technology combining different oxidation species, while
conventional UV/PDS and UV/PMS combinations showed a high potential for sulfate
radicals. Moreover, the combination of NTP and persulfates is a new path in AOPs
development.
Objectives of this study include:
e  establishing oxidation efficiency of pharmaceuticals and imidazolium-based
ILs oxidation in unassisted PCD treatment at varied operating parameters, pH
and pulse repetition frequency;
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establishing the dependence of oxidation efficiency of PCD in combinations
with extrinsic oxidants on their doses and operation parameters in the
degradation of pharmaceuticals and imidazolium-based ILs;

comparative analysis of assisted PCD treatment and conventional UV-based
treatment in oxidation and energy efficiency within the span of operation
parameters;

evaluation of the PCD/oxidant and UV/oxidant methods applicability at their
energy efficiencies and oxidant dosing at their current costs.
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2 Materials and methods

2.1 Chemicals and materials

Descriptions of target compounds are given in Table 3. 1-Ethyl-3-methylimidazolium
chloride and 1-ethyl-3-methylimidazolium bromide were obtained from Arcos Organics.
1-Octyl-3-methylimidazolium and metformin hydrochloride chloride was purchased
from Alfa Aesar. Tramadol hydrochloride, vancomycin hydrochloride, sodium persulfate
(Na2S20s), potassium peroxymonosulfate (Oxone®, KHSOs-0.5KHSO4:0.5K2504), hydrogen
peroxide (H202, PERDROGEN™), ethanol (CoHsOH, EtOH), and tert-butyl alcohol
((CHs)3COH, t-BuOH) were obtained from Sigma-Aldrich. Acetonitrile (CHsCN, ACN,
LiChrosolv®) and formic acid (CH202) were obtained from Merck KGaA. Chemicals were
of analytical grade used without further purification.
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Table 3. Target compounds

Abbreviation Compound Elementary Structure Molecular_rlnass, pKa
formula g mol
: NH NH ( |
Metformin _CH, 129.2 12.4 (Jones et al.,
MTF hydrochloride CaH1aNs-HCI NN EHS el 165.6 (HC) 2002)
Tramadol OCHj 263.4 9.41 (O’Neil &
TMD Ci6H2sNO2-HCI OH
hydrochloride et Hel 299.8 (HCl) Britain, 2013)
HaC™ ™V "CHg
Vancomycin 0 2.9,7.2,8.6,9.6,
VMN . CssH75Cl2N9O24-xHCI Ho., oH 1485.7 10.5, 11.7 (Dodd
hydrochloride Soa Laa e
OHN;Z\:‘ I N)ﬁ/ I ﬂﬁ;{ﬁ: et al., 2006)
HO' O OHOH 3
+ CHs
1-Ethyl-3- N
! .
[Emim][C]] | methylimidazolium CoH11CIN; [J o . 4(13161 1C|_ -
chloride kCH 6 (C)
3
CHs
1-Ethyl-3- Na
- 111.1
[Emim][Br] methylimidazolium CsH11BrN2 [N» o 191.1(Br) -
bromide Nen HET
3
1-Octyl-3- N/PHz(CHz)eCHs
[Omim][Cl] methylimidazolium C12H23CIN2 [N» ar 233985.(3‘) -
chloride CHy ‘




2.2 Experimental procedures

2.2.1 Pulsed corona discharge reactors

The PCD experiments were conducted in devices made by Flowrox Oy (Finland) described
in (Ajo et al., 2017; Kornev et al., 2017) with characteristics given in Table 4. The device
features a PCD stainless steel reactor with a storage tank, pulse generator, and
circulation pump (Figure 1). The latter controls the water flow rate by a frequency
regulator. Within the plasma reactor, high voltage wire electrodes are positioned
horizontally between two grounded vertical parallel plates. The generator administers
high-voltage pulses to the electrode system at regulated pulse repetition frequencies.
The output-input ratio of the pulse generator stands at 65%. The solution undergoes
treatment by being dispersed through a perforated plate positioned above the wire
electrodes, at a specific spray density calculated as the flow rate divided by the planar
cross-sectional area of the plasma zone. Subsequently, the treated solution is directed
back to a storage tank after passing through the plasma zone, from where it is

recirculated to the top of the reactor.

Table 4. Characteristics of PCD reactors

Reactor parameters Value
Reactor 1 Reactor 2
(Paper I, 111) (Paper I1)
Reactor full volume, L 110 80
Perforated plate size for water distribution, mm 500 x 30 565 x 97
Number of perforations 51 24
Diameter of perforations, mm 1 3
Water flow rate, L min™! 2.0-28.5 2.0-18.0
Spray density, m s? 0.002-0.0243 0.002-0.0177
Plasma zone volume, m3 0.013 0.011
Contact surface area at flow rate of 1 m®>h™%, m™ 91.9 130.0
Electrode configuration
High voltage wire length, m 20 12
Wire diameter, mm 0.5 0.6
Distance between high-voltage electrodes and 18 17
grounded plates, mm
Distance between high-voltage electrodes, mm 30 30
Voltage pulse generator’s characteristics
Pulse repetition frequency, pps 50-880 25-800
Output power, W 9.0-123.2 8.0-112.0
Peak voltage, kV 18 22
Peak current, A 380 290
Current pulse duration, ns 100 70
Pulse energy, J 0.14-0.18 0.14-0.16
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Figure 1. Schematic diagram of PCD reactor

2.2.2 UV reactor

The photochemical experiments in Papers I-1ll were conducted using a 1-L cylindrical
glass reactor in batch mode. Within the reactor, a low-pressure mercury germicidal
lamp (11 W, Philips TUV PL-S) was positioned in a quartz sleeve to serve as the UVC
source. The input-output power of the lamp is approximately 32%. The incident
photon flux at 254 nm was measured by ferrioxalate actinometry and comprised
2.55x 1077 Einstein s™*. The lamp was turned on at least 10 min before the trial to provide
a constant radiation output. A water-cooling jacket was used to keep the constant
temperature in the reactor.

2.2.3 Experimental

Both PCD and UV experiments were performed at an ambient room temperature of
21 + 2°C. Concentrations of target pollutants and oxidants are present in Table 5,
including unadjusted pH average values. For acidic (pH 3) or alkaline (pH 11) conditions,
pH was regulated by adding 0.1-5.0 M solutions of H2SO4 or NaOH. In experiments with
oxidants, the oxidation reaction was quenched with ethanol or methanol added at the
sample to alcohol volume ratio of 10 for HPLC analysis. For the TOC analysis, sodium
sulfite was used at the Na2S0s to oxidant molar ratio of 10 (Paper |, II).

In UV/oxidant trials, a solution with an IL (0.8 L) was prepared in bidistilled water and
treated for 2 h with permanent stirring using a magnetic stirrer. After the addition and
dissolution of oxidants, the UVC-lamp inserted into the reactor initialized oxidation.

PCD experiments were performed at the water flow rate of 1 m3® h™. In Paper IlI,
the pulse repetition frequency was 50, 200, and 880 pulses per second (pps) with the
power input of 9.0, 32.0 and 123.2 W, respectively. For Papers | and Il, the pulse
repetition frequency was 50 pps, and the power input of 9 and 8 W, respectively.
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The stock solutions for PCD experiments were prepared in a 100-mL volumetric flask
using bidistilled water, followed by dilution to a total volume of 10 L (Paper | and Ill) or
5 L (Paper Il) by distilled water in the reactor tank constantly stirred with the circulation
pump. Pre-selected amounts of oxidants were dissolved in a 100-mL volumetric flask and
added to the tank immediately before the start of the treatment. For proper sampling,
the treated solutions were circulated in the reactor for four minutes after the pulse
generator was turned off to equalize the concentrations in the reactor.

Table 5. Concentrations of target pollutants and oxidants

. Cox, MM, (oxidant to pollutant
Compound | Cw, uM | C, mglL™? Unildjusted molar ratio)
PHaverage PDS PMS | HP
60.4-604.0
MTF 60.4 7.8 6.4 +0.8 (12,5, 5,10) - -
38-380
TMD 334 8.8 6.1+£0.5 (1.1, 2.8, 5.5, - -
11.4)

VMN 13.5 20.0 6.3+£0.4 13.5-135.0(1, 5, 10)
[Emim][CI] 100.0 11.1 6.9+0.7 -
[Emim][Br] 100.0 11.1 6.2+0.8 50-500 (0.5, 1, 2.5, 5) -
[Omim][CI] 100.0 19.5 6.0+0.7 -

2.3 Analytical methods

Concentrations of target pollutants were determined using high-performance liquid
chromatography combined with a mass spectrometer or a photo array detector
(HPLC-MS/HPLC-PDA, Shimadzu LC-MS, 2020) equipped with a Phenomenex
Gemini (150 x 2 mm, 1.7 mm) NX-C18 (110 A, 5 pm) column. Table 6 demonstrates
chromatography parameters for each target compound. The analysis was performed
using a mobile phase composed of 10% vol. of acetonitrile and 90% vol. of 0.3-% formic
acid aqueous solution. Mass spectra were acquired in full-scan (scanning in the range of
50-500 m/z) and SIM (130 (MTF) and 111 ([Emim]*) m/z) modes. The instrument was
operated in positive ESI mode, and the results obtained with the MS detector were
handled using Shimadzu Lab Solutions software.

Table 6. Parameters of HPLC analysis

Analysis Flow Eluent mixture, Injection Sim,
Compound rate, mL volume, A, nm
type . ACN:H20 vol. % m/z
min 718
MTF 130 -
HPLC-MS 0.20 10:90 20
[Emim]* 111 -
TMD 0.20 15:85 40 - 275
HPLC-
VMN PDA 0.25 9:91 75 - 220
[Omim]* 0.20 25:75 60 - 205
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Total organic carbon was measured using a TOC analyzer multi N/ C® 3100 (Analytik
Jena, Germany) in 20-mL samples with an injection volume of 500 pL for each replicate
(Paper I, IIl). Solution pH was measured using a digital pH/lon meter (Mettler Toledo
$220). Utilisation of persulfate was controlled by the quantification of residual PS
concertation in the treated samples spectrophotometrically (Genesys 10 S, Thermo
Scientific, USA) at A = 352 nm by an excess Kl reaction with residual persulfate towards
the formation of Iz (Liang et al., 2008). The residual hydrogen peroxide concentration in
the treated samples was measured spectrophotometrically at A = 410 nm with titanyl
sulfate by a H20,-Ti** complex formation (Eisenberg, 1943).

2.3.1 Reaction rate constant and energy efficiency

Due to the different treated water volumes and applied powers, the UV- and PCD-based
oxidation may not be compared by the decrease in pollutants’ concentrations in time.
Delivered energy dose relative to the treated solution volume and treatment time was
implemented to compare the pollutant removal results in reactors of different
principles of action. To evaluate the effect of oxidant addition on the removal efficiency,
an energy-related pseudo-first-order reaction rate coefficient ki was implemented
(Eq. 60) being calculated using slopes ki1 of the straight lines by plotting In (C/Co) as a
function of delivered energy dose D (Eq. 61) through the linear regression:

% =-kq-[C] (60)
D=$ (61)

where ki is the pseudo-first-order reaction rate coefficient, m® kWh™; C is the
concentration of target compound; D is the delivered energy dose, kWh m=3, P is the
power applied in pulsed corona discharge or UV photolysis, kW; V is the volume of
treated solution, m3.

To evaluate the energy efficiencies of the reactors under the scope, energy yields Ego
at 90% conversion (Eso, mmol kWh™) of target pollutant were calculated taking into
account the energy consumed during the treatment together with the cost of extrinsic
oxidant. The latter was considered as 1.0 EUR kg™, 1.5 EUR kg and 2.5 EUR kg™ for HP,
PDS and PMS, respectively, as average wholesale prices on the market in 2023. Thus,
the cost of the oxidant used was converted to equivalent energy expense considering the
average European non-household electric energy price in 2023 of EUR 0.21 kWh™! and
added to the energy expense (Eurostat, 2023).

The energy efficiency E, mmol kWh™?, was calculated using the equation Eq. 62:

ACV
E= 2

where AC — a decrease of target compound concentration, mmol m=3, W — energy
consumption derived from the generator power output and the time of treatment, kWh.
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3 Results and discussion

3.1 Evaluation of degradation in unassisted PCD

3.1.1 Pharmaceuticals

Degradation of studied pharmaceuticals in blank hydrolysis experiments at unadjusted
pH in PCD reactors showed no significant changes (< 5%) in concentration for all target
pollutants in 2 h of treatment. Figure 2 demonstrates the kinetics of pollutant
degradation in the energy-related pseudo-first-order reaction for PCD treatment
(r? > 0.98). Thus, the application of PCD at pulse repetition frequency of 50 pps achieved
90% removal of MTF, TMD, and VMN at energy doses of 0.58, 0.42, and 0.10 kWh m™3,
respectively, which corresponds to the energy-related reaction rate constants of
3.1+0.1,5.8+0.2,and 30.3 + 1.8 m3 kWh™. The VMN molecule degraded faster due to
its large structure containing numerous moieties potentially available for the
electrophilic attack, including deprotonated moieties and unsaturated benzene rings
(Table 3). At alkaline pH, most of its moieties are deprotonated leading to better
oxidation of VMN achieving ki of 73.3 + 3.5 m3 kWh™! (Table 7). A similar was seen for
TMD degradation: having pKa of 9.41, TMD molecule at pH 11 is fully deprotonated
reacting fast with electrophilic ROS and resulting in ki as high as 29.1 + 1.1 m3 kWh™.
However, MTF has a dissociation constant at higher pH (pKa = 11.6-12.4), resulting in a
low effect of alkaline pH on its degradation (Jones et al., 2002; Scheurer et al., 2012).
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Figure 2. Degradation of MTF, TMD and VMN as a function of delivered energy ([MTF]o = 60.4 uM,
[TMD]o = 33.4 uM, [VMN], = 13.5 uM, pulse repetition frequency 50 pps, unadjusted pH)

TOC removal achieved 24.8% and 61.4% for MTF and TMD, respectively, showing
better oxidation of TMD degradation products. In the case of VMN at unadjusted pH,
TOC removal reached 76.9%. Acidic pH contributed to better mineralization showing
85.7% TOC removal, while alkaline pH obstructed the mineralization achieving only
47.9%. The latter is due to potential scavenging by accumulated carbonates and/or
bicarbonates in alkaline pH (Paper Il).
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Table 7. Energy-related reaction rate constants in degradation of MTF, TMD and VMN in
unassisted PCD treatment (Vmrr = Vrvp = 10 L, [MTF]o = 60.4 uM, [TMD]o = 33.4 uM, Vyun =5 L,
[VMN]o = 13.5 uM, pulse repetition frequency 50 pps, treatment time for TOC removal 2 h)

Compound pH ki, m3 kWh? TOC removal, %
3 25+0.2 -
Metformin Unadjusted 3.1+ 0.1 24.8
11 3.1+0.1 -
3 6.6 £0.5 -
Tramadol Unadjusted 5.8+0.2 61.4
11 29.1+1.1 -
3 20.0+0.6 85.7
Vancomycin Unadjusted 30.3+1.8 76.9
11 73.3+3.5 47.9

3.1.2 lonic liquids

Similar to studied pharmaceuticals, ILs were stable in blank hydrolysis experiments.
The degradation kinetics at unadjusted pH and 200 pps for ILs degradation is shown in
Figure 3. The 90% degradation of [Emim][CI], [Omim][CI], and [Emim][Br] in PCD
experiments was achieved at energy doses of 1.27, 1.96, and 3.36 kWh m™3, respectively,
with corresponding reaction rate constants 1.72, 1.03, and 0.68 m3 kwh™,

The difference in reaction rates between [Emim][Cl] and [Omim][CI] may be explained
by the length of the side chains. The size of the octyl alkyl chain hinders the oxidation of
the imidazolium ring by screening off part of the hydroxyl radicals, which are inefficiently
utilized due to their low reactivity towards saturated side chains: these chains confer
certain surfactant properties to ILs by being oriented towards the gas phase at the
gas-liquid interface (Derevshchikov et al., 2021). Thus, the longer side chain of
[Omim]* is the reason for its slower degradation compared to [Emim]* paired with
chloride. Degradation of [Emim]* paired with chloride anion was about 2.4 faster than
[Emim]* paired with bromide anion. This observation may be explained by a) generation
of less reactive radicals or b) scavenging reactions with bromide anion. Chloride and
bromide anions might participate in reactions forming chlorine and bromine radicals.
Chlorine radical (CI*) (E° = 2.55 V) is highly reactive towards organic compounds,
while bromine radical (Br*) (E° = 1.93 V) has lower redox potentials leading to lower
oxidation efficiency (Wardman, 1989). However, different to chloride, bromide anion is
known to be oxidized by ROS in acidic and neutral media to bromate via hypobromite
(von Gunten, 2003; Tyrovola & Diamadopoulos, 2005). Oxidation of bromide competes
effectively with the target reaction, consuming a substantial portion of oxidants.
This competitive oxidation potentially contributes to the decreased [Emim]* oxidation.
Supporting this, data suggest that bromide oxidizes to hypobromite (Eq. 63), which then
undergoes reduction, likely catalyzed by hydrogen peroxide formed from hydroxyl
radicals’ recombination (Eq. 64). Bromide thus degrades hydrogen peroxide, which
contributes to overall oxidant waste. Previous findings by the authors indicated
hydrogen peroxide accumulation during PCD treatment. In this study, hydrogen peroxide
concentration reached 0.07 mM after a half-hour treatment of [Emim][Cl], while no
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accumulation was observed after one hour of [Emim][Br] oxidation. This indirectly
suggests bromide’s competitive role in ILs’ PCD oxidation.

H202 + Br- + H* — H20 + HBrO k=15x10*M71s? (63)
H202 + HBrO — H20 + O2 + H* + Br~ k=23x10*M1s?t (64)
M [Emim][CI]
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Figure 3. Degradation of ILs as a function of delivered energy ([IL]o = 100 uM, pulse repetition
frequency 200 pps, unadjusted pH)

Figure 4a shows the effect of pulse repetition frequency and pH on the ILs in the
energy-related reaction rate constant. The difference between degradation at 50, 200,
and 880 pps was similar to the previous observations which reflect the roles of ROS
in oxidation. In turn, oxidation at 50 pps achieved the highest yield, and at 880 pps -
the lowest: high repetition frequency destroyed a part of unused ROS.

The degradation of ILs showed similar trends with respect to the character of the
hydrocarbon chains and the nature of anions: at 880 pps the degradation of [Emim][Cl]
was 1.41 and 2.86 times faster than that of the [Omim][Cl] and [Emim][Br], respectively,
with the ki values 1.09, 0.77, and 0.41 m3 kWh™™,

The effect of pH on the degradation of ILs was studied in acidic (pH 3), circum-neutral
(pH unadjusted), and alkaline (pH 11) media (Figure 4b). During the plasma treatment at
unadjusted pH, the oxidation of atmospheric nitrogen to nitrate in plasma leads to a
noticeable decrease in pH (Paper Il). The effect of pH was similar to VMN degradation:
high reaction rates at high pH were observed for all ILs under consideration with ki of
2.71, 2.61, and 1.08 m3® kWh for [Emim][Cl], [Omim][CI], [Emim][Br], respectively.
The substantial positive effect of alkaline conditions can be explained by the fact that the
organic cation is a desirable target for nucleophiles such as hydroxide, transforming the
imidazolium cation to a neutral molecule with the hydroxyl group. Further deprotonation
of the molecule in the alkaline medium enhances its reactivity with electrophilic hydroxyl
radicals improving degradation efficiency (Figure 5).

35



2 r o50 pps
_I_ @200 pps
p 1.6 0880 pps
212t
% o |—x—‘ I H
'
0 | : |
[Emim][CI] [Omim][CI] [Emim][Br]
b ~ OpH 3
—F— L B pH unadjusted
e OpH 11
£ 2 [
g
- 1.5 f
S
51 F
4
" ﬁlﬂ
0 } } |
[Emim][CI] [Omim][CI] [Emim][Br]

Figure 4. Effect of the pulse repetition frequency and pH on the ILs energy-related degradation rate
constant ky in PCD oxidation ([IL]o = 100 uM)

0

N S /\N/\N// +ha /\N/\N//
\__/

Figure 5. Transformation of 1-ethyl-3-methylimidazolium cation in alkaline solution

3.1.3 Comparison of degradation rates in unassisted PCD

Comparison between the studied pollutants in terms of their yields in PCD oxidation is
made for their initial molar concentrations, counting the energy dose required to
degrade a mole of pollutant at a given level of degradation. Figure 6 demonstrates the
degradation of pharmaceuticals considering their molar concentrations. Degradation
rates followed the descending order VMN > MTF > TMD> [Emim][CI] > [Omim][CI] >
[Emim][Br]. One can see that for MTF, TMD, VMN, and [Emim][CI] a similar pattern is
observed suggesting certain limitation in the number of generated and rapidly reacting
ROS. Therefore, for the PCD treatment, low initial pollutant concentrations within the
interval 10-100 uM have a minor effect on the degradation rate, limited by the amount
of ROS applied to a certain number of molecules. However, the VMN degradation was
slightly faster compared to others, which might be determined by reactions in their large
structure. In relation to the others, the degradation of [Omim][CI] and [Emim][Br] was
obstructed by the long alkyl chain and bromide anion, respectively.

36



104 & MTF OTMD AVMN

<,D
0.8 _Q. u B [Emim][CI] O [Omim][Cl] E[Emim][Br]
@ o™
0.6 F * | 0
S Q
> |
04 A©. O
]
O
0.2 F A% OOB 0 .
0 1 A A_‘g 05 . 1 D 1 1 )
0 5 10 15 20 25 30 35

Delivered energy, kWh mol*

Figure 6. Degradation of pollutants as a function of delivered energy per mol of pollutant
([MTF]o = 60.4 uM, [TMD]o = 33.4 uM, [VMN], = 13.5 uM, [IL]o = 100 uM, pharmaceuticals pulse
repetition frequency 50 pps, ILs pulse repetition frequency 200 pps, unadjusted pH)

3.2 Evaluation of degradation in PCD assisted with peroxocompounds

3.2.1 Pharmaceuticals

Effects of PDS, PMS and HP additions on energy-related reaction rate constants are
shown in Table 8. The addition of PDS at a pollutant/oxidant molar ratio of 1/10
enhanced the reaction rate constant of MTF oxidation from 3.1 to 7.9 m3 kWh™.
However, no positive effect in TMD degradation was observed in PCD/PDS combinations,
even showing decreased oxidation rates with PDS additions. One can see from the
experiments with MTF, that PDS is activated by PCD. It is logical to consider PDS activated
also in the presence of TMD, although no oxidation enhancement was observed.
Presumably, the sulfate radicals formed in PDS activation were not usefully utilized in
TMD degradation and may have been lost in recombination reactions with hydroxyl
radicals and other ROS. This assumption is supported by observations in MTF and TMD
mineralization: the TMD mineralization comprised approximately 60% with or without
PDS addition, whereas MTF mineralization increased from 24.8 to 31.6% as a result of
PDS presence. The low reactivity between sulfate radicals and TMD might be the reason
for the negative PDS effect.

In VMN oxidation, the addition of PDS, PMS, and HP at a pollutant/oxidant molar
ratio of 1/10 improved the constants of oxidation rates as high as 59.3, 56.4, and
46.1 m3 kWh™, respectively, from the unassisted PCD reaction rate constant of
30.3 m3 kWh™. This confirms, like in MTF degradation, a more effective production of
radicals in the PCD/PDS combination. Further oxidation of the VMN degradation
products with sulfate radicals also showed a positive effect compared to unassisted PCD.
For instance, at the lowest VMN/PDS molar ratio of 1/1, TOC removal reached 92.5%,
whereas unassisted PCD achieved 76.9% removal in circum-neutral solutions. However,
increasing the PDS dose exhibited a negative trend in VMN mineralization, reducing TOC
removal to 82.1% at the maximum VMN/PDS ratio of 1/10.

In contrast, the PCD/PMS combination demonstrated further improvement with
increased PMS dose in the mineralization of VMN oxidation products, achieving 96.4%
removal. The differing activation pathways of PDS and PMS, as well as the types of active
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species involved, contribute to the superior performance of PMS in combination with
PCD.

The use of the PCD/HP combination resulted in the lowest effect on the ki value.
The accumulation of HP was observed even in unassisted PCD treatment due to hydroxyl
radicals’ recombination, indicating that PCD is a weak activator for hydrogen peroxide.
This is consistent with the rather low VMN mineralization degree fluctuating from 71.8%
to 73.5%.

Table 8. Energy-related reaction rate constants of MTF, TMD and VMN degradation in assisted PCD
treatment (Ve = Vimp = 10 L, [MTF]o = 60.4 uM, [TMD]o = 33.4 uM, Vi = 5 L, [VMN]o = 13.5 uM,
pulse repetition frequency 50 pps, treatment time for TOC removal 2 h)

Pollutant/ox
Compound Oxidant idant molar ki, m3 kWh TOC removal, %
ratio

Unassisted - 3.1+0.1 24.8

MTF PDS 1/1 3.3+0.1 -
1/10 79103 31.6
Unassisted - 5.8+0.1 61.4

TMD PDS 1/1.1 4.7+0.1 -
1/11.4 5.31+0.2 60.2
Unassisted - 30.3+1.8 76.9
PDS 1/1 40.3+2.1 92.5
1/10 59.3+34 82.1
VMN PMS 1/1 423127 94.0
1/10 56.4+1.4 96.4
Hp 1/1 40.5+2.2 71.8
1/10 46.1+1.9 73.5

3.2.2 lonic liquids

The results of ILs oxidation in PCD/oxidant treatment at unadjusted circum-neutral pH
dependent on the IL/oxidant molar ratio are shown in Figure 7. The use of PDS or PMS
mostly negatively affected the oxidation efficiency of ILs in PCD. While there were
instances where the addition of persulfates at small IL/oxidant molar ratios exhibited a
minor positive effect, this effect diminished with increased oxidant dosage. Persulfate
ions and sulfate radicals may compete for the plasma-generated ROS responsible for
oxidizing ILs, thereby diminishing the overall effectiveness of the treatment. In general,
the performance of the PCD/PDS combination for [Omim][Cl] and [Emim][Br] remained
comparable to that of unassisted PCD. This observation may suggest that there is nearly
equal substitution of the discharge-generated ROS with sulfate radicals, which could
explain the similarity in performance between the PCD/PDS combination and unassisted
PCD.

The PCD/PMS combination resulted in ki values for [Emim][Cl] ranging from 1.4 to
1.58 m3 kWh, noticeably lower than unassisted PCD. The PMS activation likely produces
hydroxyl radicals, unlike PDS (Egs. 55-56). This may explain the PCD/PMS combination’s
better performance compared to PDS at high PMS dosages, possibly due to hydroxyl
radicals’” dominance in reactions with [Emim][Cl], reducing extrinsic scavenging effects.
Increasing the PMS dose slightly enhanced the oxidation efficiency of [Omim][Cl], with k1
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reaching 1.1 m® kWh™ at an IL/oxidant molar ratio of 1/5, surpassing unassisted PCD
oxidation. However, for [Emim][Br], PMS addition showed no effect on oxidation, with
only a slight reduction observed at the highest IL/oxidant molar ratio of 1/5. This lack of
significant degradation changes suggests a compensatory oxidation mechanism, where
PMS-derived secondary oxidation species evenly replace ROS reacted with PMS.

BnPCD 0O1/0.5 ®1/1 0O1/2.5 m1/5
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Figure 7. Energy-related ILs degradation rate constants in assisted PCD treatment dependent on
the IL/oxidant molar ratios (V = 10 L, [ILs]o = 100 uM, pulse repetition frequency 200 pps)

3.2.3 Contribution of hydroxyl and sulfate radicals

To assess the role of radicals in assisted PCD oxidation, ethanol (EtOH) and tert-butanol
(t-BuOH) were used as radical scavengers. EtOH reacts with hydroxyl radicals at
second-order reaction rate constants ranging from 1.2-10° to 2.8-10° M! s7%, and with
sulfate radicals at 1.6-107 to 7.7:107 M s7!, while t-BuOH is more effective against
hydroxyl radicals with reaction rate constants from 3.8-108 to 7.6-108 M~ s™%, compared
to sulfate radicals, where the rate constants are much smaller, ranging from 4.0-10° to
9.1-10° M~* s7* (Anipsitakis & Dionysiou, 2004). Using both scavengers allows distinguishing
the inhibition extent in the degradation of target compounds: an excess of t-BuOH
highlights the effect of hydroxyl radicals while alternating excess amounts of EtOH and
t-BuOH reveals the impact of sulfate radicals.

Scavenging studies were performed in assisted PCD oxidation with MTF, TMD and ILs,
and inhibition results are presented in Table 9. The addition of t-BuOH reduced the MTF
and TMD degradation efficiencies by 41% and 26%, respectively, indicating the presence
of hydroxyl radicals in both systems. The addition of excess EtOH substantially inhibited
oxidation of MTF and TMD resulting similarly to t-BuOH in 45% and 30%, respectively,
showing a small impact of sulfate radicals. Therefore, hydroxyl radicals turn out to be the
predominant oxidative species in the degradation of MTF and TMD in the PCD/PDS
combination.

With ILs, various inhibitions in PCD/PDS oxidation were observed: the addition of
t-BuOH reduced the degradation of [Emim][Cl], [Omim][CI], and [Emim][Br] by 39%, 54%,
and 17%, respectively. The strongest inhibition in [Omim][Cl] oxidation showed the great
effect of hydroxyl radicals, indicating possible obstruction of oxidation of the long alkyl
chain oriented towards the gas phase at the gas-liquid interface. The weak scavenging
effect in [Emim][Br] oxidation might be explained by the significant part of hydroxyl
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radicals consumed in reactions with easily oxidizable bromide ions. This observation
aligns with the low oxidation efficiency observed for the brominated IL previously.
The formation of smaller amounts of hydroxyl radicals in the oxidation of [Emim][Br] is
less likely due to their predominant formation at the gas-plasma interface, as confirmed
earlier, suggesting their consumption within the liquid bulk. Experiments with EtOH further
inhibited the degradation of all ILs, pointing to the key role of sulfate radicals. Similar or
even better contribution of sulfate radicals demonstrated PMS, possibly due to the reaction
with ozone. The significant presence of sulfate radicals in PCD/persulfate-treated
solutions, coupled with the limited effect of persulfates on the degradation rate of ILs,
supports the hypothesis that ROS generated by PCD are consumed by persulfates,
resulting in the production of sulfate radicals as substitutes. This process occurs with
minimal change in the degradation rate of ILs.

Table 9. Results of hydroxyl and sulfate radical scavenging study in PCD/oxidant combinations
([MTF]o = 60.4 uM, [TMD]o = 33.4 uM, [ILs]o = 100 uM, pH unadjusted, MTF and TMD pulse
repetition frequency 50 pps, ILs pulse repetition frequency 200 pps)

D dation, %
Target Extrinsic PoII_utant/ [EtOH]o/ Time, egradation, %
R oxidant [t-BuOH]o, R Scavenger t
compound | oxidant R min 4 EtOH
molar ratio mM free BuOH
MTF PDS 1/5 15.1 40 96 51 55
TMD PDS 1/5.7 8.4 40 91 61 65
PDS 1/1 6 83 24 44
[Emim][Cl]
PMS 1/1 20 85 16 48
PDS 1/1 10 86 26 32
[Omim][CI] 25.0
PMS 1/1 20 87 11 38
PDS 1/1 40 87 23 70
[Emim][Br] /
PMS 1/1 60 89 25 65

3.3 Comparison with UV-based oxidation

3.3.1 Evaluation of degradation in UV/oxidant combinations

All studied compounds were treated in UV/oxidant combinations at the same initial
concentrations as in PCD. Amongst target oxidants, TMD and VMN may be completely
degraded in unassisted UV photolysis due to the presence of aromatic moieties in their
structures providing better absorption of photons with further excitation of the substrate
molecules. Other compounds were stable under UV radiation even after two hours of
exposure.

Expectedly, the oxidants added to the UV-irradiated solutions actively oxidized all
target compounds. Increasing the dose of oxidants showed mostly linear progression in
the degradation rate of compounds. With TMD and MTF, about a ten-fold increase in the
PDS concentration led to an increase in energy-related reaction rate constants by 2.5 and
8.0 times achieving ki of 5.74 and 7.83 m3 kWh™?, respectively, indicating the impact of
generated radicals. Thus, the difference between TMD and MTF can expose their
reactivity with sulfate radicals. While MTF molecules reacted fast with sulfate radicals,
TMD molecules were prone to react with hydroxyl radicals. The fact that TMD showed a
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negligible difference in reaction rates of UV oxidation and in the UV/PDS combinations
at low PDS concentrations was explained by the substitution of UV-photons decomposing
TMD molecules with sulfate radicals producing further hydroxyl radicals. The removal of
TOC achieved about 60-65% for MTF and TMD at the highest PDS dose in two hours of
treatment.

For VMN oxidation, unassisted UV photolysis was fast achieving complete degradation
in ten minutes of treatment. The best performance in terms of reaction rate constant
was demonstrated in the UV/HP combination achieving ki of 10.1 m® kWh. Rapid
activation of hydrogen peroxide with a generation of hydroxyl radicals contributed to
oxidation enhancement. Among persulfates, faster oxidation was shown by PDS addition
resulting in ki of 9.0 m3 kWh™! compared to 6.53 m3 kWh™ of PMS with relative increase
of 89.2% and 37.8%, respectively, at the VMN/oxidant molar ratio of 1/10. These results
are consistent with the difference in molar extinction coefficients presumably resulting
in different amounts of produced radicals: slower activation of PMS at the fast unassisted
UV photolysis of VMN resulted in a smaller effect of PMS addition. The removal of TOC
was consistent with the reaction rates: mineralization of 18.1%, 24.2%, and 7.9% was
observed in UV/PDS, UV/HP, and UV/PMS combinations, respectively, at the VMN/oxidant
molar ratio of 1/10. These observations suggest hydroxyl radicals produced from HP being
utilized in the oxidation of by-products more effectively for their unselective reactions.

The ILs/PDS molar ratio increased from 1/1 to 1/5 at circum-neutral unadjusted pH,
resulting in an increase in ki value from 0.76, 0.71, and 0.14 to 4.49, 5.39, and 1.46 m?
kWh~ for [Emim][Cl], [Omim][Cl], and [Emim][Br], respectively. Different to PCD oxidation,
a long alkyl chain does not have a substantial impact on the degradation rate, [Omim][Cl]
oxidation was faster than [Emim][Cl]. However, the impact of anion remained similar to
the PCD treatment: bromide anions inhibit the reaction. The UV/PMS combination at a
molar ratio of 1/5 showed about 2.5-fold lower reaction rate constants than PDS addition,
reaching 1.96, 2.1, and 0.44 m3 kWh™ for [Emim][Cl], [Omim][Cl], and [Emim][Br],
respectively. The possible reasons for decreased efficiency include the difference in
generated radicals and slower activation rate of PMS due to higher dissociation energy
of the 0-O bond in PDS and PMS molecules, 92 and 372 kJ mol™?, respectively.

3.3.2 Energy efficiency

The reaction rate constant ki considers the energy needed for oxidation, but does not
consider the contribution of extrinsic oxidants, creating a gap in the economic evaluation
of treatment methods. To address this, energy efficiency or energy yield (Eso, mmol kwWh1),
offers a more comprehensive assessment. It accounts for the energy consumption in
both UV irradiation and PCD treatment required for achieving 90% conversion of target
compounds along with associated costs of extrinsic oxidants. The latter was considered
as 1.0, 1.5, and 2.5 EUR kg™ for HP, PDS and PMS, respectively, as average wholesale
prices on the market in 2023. The cost of oxidant dose was then converted to the
equivalent energy expense considering the average European non-household electric
energy price of EUR 0.21 kWh™ and added to the energy expense (Eurostat, 2023).
The results of unassisted PCD, PCD/oxidant, and UV/oxidant combinations are shown in
Table 10.

Treatment of target compounds with unassisted PCD at the pulse repetition frequency
of 50 pps demonstrated better oxidation of pharmaceutical molecules, e.g., with VMN
achieving energy efficiency of 126.1 mmol kWh=. The oxidation of ILs was slower than
the one of pharmaceuticals, although the energy efficiency of [Emim][Cl] was comparable
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to MTF. At higher pulse repetition rates of 200 and 880 pps, the energy efficiency
decreased since the shortened time between pulses prevented the long-lived oxidants
from useful utilisation in reactions. Interestingly, increasing the pulse repetition
frequency from 50 to 880 pps, the energy efficiency of [Emim][CI] and [Omim][CI]
oxidation was reduced by about 26%, while the energy efficiency of [Emim][Br]
disproportionally dropped by 63%. This shows a serious impact of long-living species on
the oxidation of [Emim]* in the presence of bromide anion.

Table 10. Energy efficiencies of target compounds oxidation in unassisted PCD, PCD/oxidant, and
UV/oxidant combinations ([MTF]o = 60.4 uM, [TMD]o = 33.4 uM, [ILs]o = 100 uM, unadjusted circum-
neutral pH, MTF, TMD, and VMN pulse repetition frequency 50 pps, ILs pulse repetition frequency
200 pps)

Treatment | Condi Energy efficiency, mmol kWh!
process tion [Emim] [Omim] [Emim]
MTF TMD VMN [ci] [cl] (Br]
50 75.2 81.4 126.1 68.4 49.7 47.6
PCD 200 - - - 67.2 45.9 26.8
880 - - - 50.6 35.9 17.7
1/1 72.4 63.6 83.2 53.0 46.0 25.1
PCD/PDS 1/2.5 | 70.7 67.8 - 42.6 37.1 25.4
1/5 61.3 72.0 57.2 37.9 30.7 18.5
1/1 75.1 47.8 37.0 26.0
PCD/PMS 1/2.5 - - 35.8 31.0 21.7
1/5 36.2 28.8 24.3 18.4
1/1 107.2
PCD/HP 1/5 - 111.9 -
1/10 91.3
1/1 * 30.6 27.3 28.0 26.0 *
UVv/PDS 1/2.5 41.0 31.0 - 59.7 57.8 14.1
1/5 50.8 31.2 28.3 71.8 70.5 42.0
1/1 24.5 * 12.8 *
uv/PMS 1/2.5 - - 25.0 29.5 *
1/5 17.7 30.6 31.0 11.7
1/1 32.1
UV/HP 1/5 - 39.7 -
1/10 51.5

*Degradation did not achieve 90% removal

As was found earlier, the PCD/oxidant combinations improved the oxidation of MTF
and VMN. Accordingly, the addition of PDS at pollutant/oxidant molar ratios of 1/1 and
1/2.5 slightly decreased the energy efficiency of MTF oxidation from 75.2 to 72.4 and
70.7 mmol kWhl, respectively. However, the effect on mineralization makes this
combination more economically viable. With VMN, the energy efficiency decreased from
126.1 to 83.2, 75.1 and 107.2 mmol kWh™ at VMN/oxidant molar ratio of 1/1 for PDS,
PMS, and HP, respectively. Considering some improvement in the mineralization of VMN,
the addition of PDS and PMS at low dosages looks reasonable.
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In the UV/oxidant treatment, the increased oxidant dose resulted in pronounced
improvement in the energy efficiency of target compounds oxidation, however, with
exceptions. These include oxidation of TMD in UV/PDS combination, and VMN oxidation
in UV/PDS and UV/PMS ones. The impact of increased doses of extrinsic oxidants was
negligible, attaining energy efficiencies at the same or even reduced levels, although with
substantially increased TOC removal. Compared to pharmaceuticals, the use of UV/PDS
combination demonstrated more promising results in ILs degradation, achieving higher
energy efficiencies. Thus, oxidation of [Emim][Cl] and [Omim][CI] achieved at IL/oxidant
molar ratio of 1/5 energy efficiencies of 71.8 and 70.5 mmol kWh™ with PDS, and 30.6
and 31.0 mmol kWh™ with PMS addition, respectively. More expensive PMS reacted
slower, being unable to achieve high energy efficiencies.

Finally, the PCD process proved capable of activating extrinsic oxidants providing
faster degradation and mineralization of MTF and VMN. However, if the cost of extrinsic
oxidants is converted into an energy equivalent, the PCD/oxidant combinations have not
proven to be economically justified. Moreover, the addition of oxidants makes the
combined treatment less convenient in terms of chemical delivery, storage, and
handling. Therefore, unassisted PCD treatment provided acceptably high energy
efficiency, comparable to or superior to UV/oxidant combinations, in the oxidation of
recalcitrant compounds using only electric energy without added extrinsic oxidants.
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Conclusions

Oxidation of aqueous pollutants was successfully performed in PCD, PCD/oxidant and
UV/oxidant combinations. Degradation of pharmaceuticals and imidazolium-based ILs
was evaluated in unassisted PCD treatment at variable operating parameters, including
pH and pulse repetition frequency. Efficiencies of PCD combinations with extrinsic
oxidants at variable dosages of peroxydisulfate, peroxymonosulfate, and hydrogen
peroxide in the oxidation of pharmaceuticals and imidazolium-based ILs were assessed.
Results were compared with UV/oxidant combinations and the applicability of approaches
was evaluated.

Unassisted PCD treatment showed degradation rates in the descending order:
VMN > MTF > TMD > [Emim][CI] > [Omim][CI] > [Emim][Br]. Being at different initial
concentrations, similar degradation patterns of VMN, MTF, TMD, and [Emim][Cl] suggest
guantitative limitations in reactive species. The longer alkyl chain in [Omim][CI] reduced
the oxidation rate by 40%, explained by its screening effect in surface reaction
characteristic for PCD. Bromide anions diminished the oxidation efficiency of [Emim]* by
2.8 times due to their significant reactivity toward oxidation. For all the compounds
studied, except MTF, the degradation rates increased by about 2-4 times in alkaline
media due to the deprotonation of the molecules favourable for electrophilic attacks of
hydroxyl radicals. The involvement of ozone and possibly other long-living oxidants in the
oxidation of ILs is evident through the difference in oxidation efficiencies at variations on
pulse repetition frequency: lower frequency provides higher efficiency on account of
long-living oxidants realizing their oxidation potential within longer pauses between
pulses.

Amongst studied compounds, a certain effect of extrinsic oxidants addition to
PCD-treated solutions was observed in the degradation of MTF and VMN: the addition of
PDS was more effective in the degradation of MTF, while PDS, PMS, and HP contributed
to better oxidation of VMN. Degradation of other compounds showed a low to moderate
negative impact on the oxidation efficiency. In turn, studies in radical scavenging
demonstrated an important role of sulfate radicals in PCD/persulfate treatment.
The sulfate radicals, however, demonstrated negligible or negative impact on the
pollutants’ oxidation efficiency, supporting the hypothesis of primary reactive oxygen
species substituted with sulfate radicals.

The UV/oxidant combinations showed high efficiency in the degradation of target
compounds, although it is worth noting that for some of them, complete degradation
was achieved only at increased dosages of the oxidant. Expectedly, UV/persulfate
combinations provided high energy efficiencies, confirming their applicability at optimal
oxidant doses. In turn, unassisted PCD treatment provided acceptably high energy
efficiency, comparable to or superior to UV/oxidant combinations using only electric
energy. The addition of peroxocompounds verified the potential to improve the rates of
oxidation and mineralization of target compounds, but not the energy efficiency.
Moreover, the use of chemicals makes the combined treatment less convenient in terms
of chemical delivery, storage, and handling.
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Abstract

Development of oxidation technology in water treatment:
pulsed corona discharge plasma combined with
peroxocompounds

Advanced oxidation processes (AOPs) are actively studied as means of efficient removal
of recalcitrant compounds in water treatment. These processes consist of in-situ
generation and the use of strong oxidants, such as hydroxyl, sulfate, or chlorine radicals.
Amongst the emerging AOPs, the application of persulfate and non-thermal plasma (NTP)
processes possesses the most promising potential. Pulsed corona discharge (PCD)
applied to the water dispersed in the discharge zone in droplets, jets and films
outperforms other types of plasma, attracting interest also in the activation of
persulfates. Some part of energy in plasma treatment is believed to be radiated without
proper utilisation, resulting in a waste of energy. Thus, the active plasma species may
activate extrinsic peroxocompounds, e.g., persulfates, resulting in additional or
alternative reactive species with both strong oxidation potential and longer lifetimes.

The development of AOPs is necessary for the effective degradation of
micropollutants in water due to their incomplete removal at conventional wastewater
treatment plants. The work considers the degradation of anti-diabetic metformin (MTF),
analgesic tramadol (TMD), antibiotic vancomycin (VMN), and imidazolium-based ionic
liquids (ILs). These liquids include 1-ethyl-3-methylimidazolium chloride ([Emim][CI]),
1-octyl-3-methylimidazolium chloride ([Omim][Cl]), and 1-ethyl-3-methylimidazolium
bromide ([Emim][Br]). The release of these substances into the environment may have
potential adverse effects on aquatic life.

The study aimed to evaluate the degradation of target compounds in unassisted PCD
and in PCD/oxidant combinations. The effects of operating parameters, pH, high voltage
pulse repetition frequency, and doses of extrinsic oxidants were evaluated.
Peroxydisulfate (PDS), peroxymonosulfate (PMS), and hydrogen peroxide (HP) were used
as extrinsic oxidants. The PCD/oxidant combinations were compared in their
performance to conventional UV/oxidant combinations. The applicability of the studied
methods was evaluated according to their energy efficiencies dependent on the oxidant
dosing at their costs.

The application of unassisted PCD was effective for the degradation of aqueous
pharmaceuticals and imidazolium-based ILs. The degradation rates followed the
descending order VMN > MTF > TMD > [Emim][CI] > [Omim][CI] > [Emim][Br]. Similar
degradation patterns were observed for MTF, TMD, VMN, and [Emim][CI] suggesting a
limitation in the amounts of reactive oxygen species (ROS) generated in PCD, which
reacted fast with the target compounds. For all the compounds studied, except MTF,
treatment at pH 11 significantly, by about 2-4 times increased the degradation rates due
to the deprotonation of the molecules which is favourable for electrophilic hydroxyl
radical attacks. However, MTF has a dissociation constant at higher pH values
(pKa = 11.6-12.4), which resulted in a minor effect of alkaline pH on its degradation.
Compared to [Emim][Cl], the long alkyl chain of [Omim][CI] reduced the oxidation rate
by 40%, making the imidazolium cation more recalcitrant to degradation. Bromide anions
reduced the oxidation efficiency of [Emim]* by 2.8 times due to their noticeable
reactivity.
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A positive effect of oxidant addition in PCD/oxidant combinations was observed in
MTF and VMN degradation. For instance, the energy-related reaction rate constant of
MTF degradation increased from 3.1 to 7.9 m3 kWh at an MTF/PDS molar ratio of 1/10.
In VMN oxidation, the addition of PDS and PMS also increased the oxidation rates by
about 1.5 times. The difference in activation pathways of PDS and PMS, as well as in the
types of resultant active species, provides better performance of PMS in combination
with PCD in both the target compound oxidation rate and its mineralization. The activation
of PMS is slower than that of PDS due to the higher O-O bond dissociation energy, which
may play an important role in preventing radical recombination and scavenging.

The addition of PDS and PMS showed small to moderate negative effects (5-30%) in
TMD and ILs degradation rates with some exceptions at low doses. Persulfate ions and
sulfate radicals at elevated concentrations compete for the plasma-generated ROS
capable of oxidizing TMD and ILs, thereby reducing the overall effectiveness of the
treatment. The presence of sulfate radicals in PCD/persulfate combinations was
confirmed by using ethanol and tert-butanol as radical scavengers. The presence of
sulfate radicals in PCD/persulfate treated solutions together with the poor effect of
persulfate on the ILs degradation rate confirms the hypothesis that PCD-generated ROS
are consumed by persulfates producing sulfate radicals as substitutes with little change
in ILs degradation rate. Therefore, the treatment of compounds with high reactivity with
sulfate radicals may be enhanced by the addition of persulfate.

UV/oxidant combinations showed a pronounced dependence of the oxidation rate on
the pollutant/oxidant molar ratio varying from 1/1 to 1/10: the reaction rate constants
grew up to 8.0, 2.5, and 1.9 times for MTF, TMD, and VMN, respectively. Similarly, for ILs
degradation, reaction rates increased up to 6-fold with PDS contributing to better
oxidation at near-neutral conditions and PMS showing better performance at alkaline
pH. However, complete degradation of ILs was only achieved at high doses of the
oxidants. The degradation rates of ILs followed a pattern consistent with the one
observed in PCD treatment, having the degradation of [Omim][Cl] and [Emim][Br]
hindered by the long alkyl chain and the bromide anion, respectively.

For pharmaceuticals, the unassisted PCD surpassed UV/oxidant combinations in
energy efficiency reaching 75, 81, and 126 mmol kWh for MTF, TMD, and VMN,
respectively. In ILs degradation, unassisted PCD showed energy efficiencies comparable
to or superior to UV/oxidant combinations. The addition of peroxocompounds verified
the potential to improve the rates of oxidation and mineralization of target compounds,
but not the energy efficiency. Moreover, the use of chemicals makes the combined
treatment less convenient in terms of chemical delivery, storage, and handling.

The insights obtained from this doctoral research advance the ongoing development
of pulsed corona discharge application and support its use as an energy-efficient
approach to the treatment of persistent micropollutants in water.
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Lihikokkuvote

Oksiuidatsioonitehnoloogia arendamine veepuhastuses:
peroksoiihenditega kombineeritud impulss koroona
elektrilahendus

Suivaoksldatsiooniprotsesse (ingl Advanced oxidation processes, AOPs) uuritakse
aktiivselt kui lahendusi, mille abil saab veepuhastuses tdhusalt eemaldada raskesti
lagundatavaid Ghendeid. Need protsessid pohinevad tugevate oksiidantide, naiteks
hidroksuil-, sulfaat- voi kloorradikaalide kohapealsel tekitamisel ja kasutamisel.
Arenevate AOP-de hulgas on potentsiaalselt kdige paljulubavam persulfaadi ja
mittetermilise plasma protsesside rakendamine. Impulss koroona elektrilahendus
(ingl Pulsed corona discharge, PCD), mida rakendatakse veele, mis on hajutatud
elektrilahenduse tsoonis tilkadeks, jugadeks ja kiledeks, tiletab teisi plasmatliilipe energia
efektiivsuses. SeetSéttu PCD-to6tlus adratab huvi ka persulfaatide aktiveerimisel.
Arvatakse, et plasmakaitluses osa energiast kiirgub ilma otstarbeka kasutamiseta, mille
tulemuseks on energia raiskamine. Seega voivad aktiivsed plasma osakesed aktiveerida
peroksolihendeid, nt persulfaate, mille tulemuseks on tdiendavad voi alternatiivsed
reaktiivsed osakesed, millel on nii tugev okslidatsioonipotentsiaal kui ka pikem eluiga.

Slvaoksilidatsiooniprotsesside  arendamine on  vajalik vees  sisalduvate
mikrosaasteainete tShusaks lagundamiseks, kuna nende eemaldamine tavaparastes
reoveepuhastusjaamades on mittetdielik. Doktoritods kasitletakse diabeedivastase
metformiini (MTF), valuvaigistava tramadooli (TMD), antibiootilise vankomditsiini (VMN)
ja imidasooliumipdhiste ioonsete vedelike (ingl lonic liquids, ILs) lagundamist. loonsete
vedelike hulka kuuluvad 1-ettitil-3-metadllimidasooliumkloriid ([Emim][CI]), 1-oktil-3-
metiillimidasooliumkloriid  ([Omim][Cl]) ja 1-etlil-3-metidllimidasooliumbromiid
([Emim][Br]). Nende ainete sattumine keskkonda vG&ib avaldada potentsiaalselt
kahjulikku mdju vee-elustikule.

Uuringu eesmadrgiks oli hinnata sihtiihendite lagundamist PCD-t66tluse ja
PCD/okstidandi kombinatsioonide kasutamisel. Hinnati té6parameetrite, pH, kdrgepinge
impulsside kordussageduse ja valiste okslidantide dooside toimet. Valiste okslidantidena
kasutati peroksldisulfaati (PDS), peroksiimonosulfaati (PMS) ja vesinikperoksiidi (HP).
PCD/oksudandi kombinatsioone vdrreldi nende efektiivsuse poolest tavaliste
UV/oksldandi kombinatsioonidega. Uuritud meetodite rakendatavust hinnati vastavalt
nende energiatdhususele sdltuvalt okstideerija koguse kuludest.

PCD-t66tluse rakendamine ilma peroksoiuhenditeta oli efektiivne ravimite ja
imidasooliumipdhiste IL-de lagundamisel vees. Lagundamiskiirused kahanesid
jargnevalt: VMIN > MTF > TMD > [Emim][CI] > [Omim][CI] > [Emim][Br]. Metformiini,
TMD-i, VMN-i ja [Emim][Cl]-i puhul taheldati sarnaseid lagundamismustreid, mis viitab
reaktiivsete hapnikuosakeste (ingl Reactive oxygen species, ROS) koguste piiratusele
sihtlihenditega reageerimisel PCD-t66tluses. Koigi uuritud Ghendite puhul, vdlja arvatud
MTF, suurendas to6tlemine pH 11 juures lagundamiskiirust umbes 2-4 korda. See oli
tingitud molekulide deproteerimisest, mis soodustavad elektrofiilsete
hudroksuilradikaalide  runnakuid. Teisalt on MTF-i  dissotsiatsioonikonstant
(pKa = 11,6-12,4) kérgem kui uuritud pH vaartus, mistGttu leeliseline pH mdjutas
Ghendi lagundamist vahe. Vorreldes [Emim][Cl]-ga, vdhendas [Omim][Cl]-i pikk
alkuulahel okstdatsioonikiirust 40% vorra, muutes [Omim]* lagundamise suhtes
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vastupidavamaks. Bromiidi anioonid vahendasid [Emim]* okslidatsiooni tdhusust 2,8 korda
nende margatava reaktsioonivGime tottu.

Okstidandi lisamise positiivset mdju PCD/okslidandi kombinatsioonides tidheldati
MTF-i ja VMN-i lagundamisel. N&iteks MTF/PDS molaarsuhtel 1/10 sihtiihendi
lagundamise reaktsioonikiiruse konstant suurenes 3,1 m3® kWh kuni 7,9 m3® kwh™,
VMN-i oksideerimisel suurendas PDS-i ja PMS-i lisamine oksilideerimiskiirust samuti
umbes 1,5 korda. PDS ja PMS aktiveerimisviiside erinevus, kui ka saadud aktiivsete
osakeste tlilipide erinevus, tagavad PMS-i parema tulemuslikkuse kombinatsioonis
PCD-t66tlusega nii sihtlihendi oksiidatsioonikiiruse kui ka selle mineraliseerimise osas.
PMS-i aktiveerimine on aeglasem kui PDS-i aktiveerimine kdrgema O-O sideme
dissotsiatsioonienergia t6ttu, mis véib mangida olulist rolli radikaalide rekombinatsiooni
ja puiadmise valtimisel.

Vilja arvatud mdned erandid vaikeste dooside puhul, PDS-i ja PMS-i lisamine naitas
vaikest kuni moddukat negatiivset md&ju (5-30%) TMD-i ja IL-de lagundamisele.
Persulfaatioonid ja sulfaatradikaalid konkureerivad kdrgendatud kontsentratsioonidel
plasmas tekkivate ROS-de parast, mis on vdimelised TMD-i ja IL-de oksilideerima,
vdhendades seeldbi tootlemise dldist toéhusust. Sulfaatradikaalide olemasolu
PCD/persulfaadi kombinatsioonides kinnitati, kasutades etanooli ja tert-butanooli
radikaalide putduritena. Sulfaatradikaalide esinemine PCD/persulfaadiga té6deldud
lahustes koos persulfaadi vahese mdjuga ioonsete vedelike lagunemise kiirusele kinnitab
hiipoteesi, et PCD-i poolt genereeritud ROS reageerivad persulfaatidega, tekitades
asendajatena sulfaatradikaale, sealjuures IL-de lagunemise kiirus muutub vahe. Seetdttu
vBib persulfaadi lisamine tdhustada Uhendite too6tlemist, millel on kdrge
reaktsioonivdime sulfaatradikaalidega.

UV/oksliidandi kombinatsioonid nd&itasid okstidatsioonikiiruse tugevat s&ltuvust
sihtihendi ja okstidandi molaarsest suhtest, kui suhe varieerus vahemikus 1/1 kuni 1/10.
Metformiini, TMD-i ja VMN-i puhul reaktsioonikiiruse konstandid kasvasid vastavalt 8,
2,5 ja 1,9 korda. Samamoodi suurenesid reaktsioonikiirused ioonsete vedelike
lagundamisel kuni kuus korda, kusjuures PDS aitas kaasa paremale okslideerimisele
neutraalsetes tingimustes ja PMS nditas paremaid tulemusi leeliselise pH juures. Siiski
saavutati IL-de tdielik lagundamine ainult okslideerijate suurte dooside korral. loonsete
vedelike lagundamiskiirused jargisid PCD-t66tlusel tdheldatud viisi, sealjuures
[Omim][CI]-i ja [Emim][Br]-i lagundamist takistasid vastavalt pikk alktllahel ja bromiidi
anioon.

Uuritud ravimite puhul dletas PCD-t66tlus UV/okstudandi kombinatsioone
energiatdhususe poolest, saavutades vastavalt 75, 81 ja 126 mmol kWh™t MTF-i, TMD-i
ja VMN-i puhul. loonsete vedelike lagundamisel naitas PCD-t66tlus energiatdhusust, mis
oli vdrreldav v&i parem kui UV/oksidandi kombinatsioonidel. Peroksoiihendite lisamine
tOestas potentsiaali parandada sihtiihendite okslidatsiooni ja mineraliseerimise kiirust,
kuid mitte energiatohusust. Lisaks muudab kemikaalide kasutamine kombineeritud
tootluse vahem mugavaks kemikaalide manustamise, ladustamise ja kaitlemise
seisukohalt.

Doktorit66 tulemusena saadud teadmised aitavad edasi arendada impulss koroona
elektrilahenduse rakendamist ning toetavad selle kasutamist energiatéhusa meetodina
plsivate mikrosaasteainete lagundamisel veepuhastuses.
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Degradation and mineralization of antidiabetic metformin (MTF) and opioid tramadol (TMD) in water were
studied in UV photolytic oxidation and pulsed corona discharge (PCD) combined with extrinsic persulfate (PS) as
UV/PS and PCD/PS systems. The effect of PS dose variation on the oxidation rate and efficiency was assessed.

Photoly%is The UV/PS combination showed considerable effect in MTF and TMD removal, enhancing the removal of TOC up
Peroxydisulfate ) . o . a oo

Electric discharge to 60-65% at maximum applied PS dose, thus providing the highest cost efficiency. As for the PCD/PS oxidation,
Plasma the synergy was noticed for MTF, moderately increasing the oxidation rate and mineralization at somewhat

increased expense. The PS addition to PCD treatment, however, demonstrated no effect on TMD oxidation. The
highest energy efficiency in MTF and TMD degradation was thus showed by non-assisted PCD treatment with an
energy yield at 90% conversion of the target compound of 5.6 and 13 g kW™ hl, respectively, confirming its
practical applicability. The effective mineralization of the target compounds in persulfate photolysis makes it
promising for use in advanced water purification. To assess the environmental safety of the studied oxidation
processes, the acute toxicity of the treated MTF and TMD solutions to luminous bacteria (Vibrio fischeri) was

examined.

1. Introduction

An increased production and consumption of pharmaceutical prod-
ucts results in their accumulation in surface and ground waters, as well
as in soils, causing cumulative effects in aquatic organisms and humans
(Patel et al., 2019). Metformin (MTF) and tramadol (TMD) are typical
medicines commonly found in the environment (Lindim et al., 2016).

Metformin is the common drug used in the type 2 diabetes treatment
with a global annual production of more than 30,000 tons (Global
Metformin Hydrochloride Market, 2019). MTF has been detected
worldwide in surface waters at ng L™! to pg L'! concentrations dependent
on the burden on a water body (Scheurer et al., 2012; Blair et al., 2013;
Houtman et al., 2014; Kong et al., 2015). For example, the median
concentration of MTF in the influents to three wastewater treatment
plants (WWTPs) in Germany comprised as high as 112 pg L' (Briones
etal., 2016). Despite the low acute toxicity of MTF (Jacob et al., 2020), it
acts as an endocrine-disruptor to non-target organisms at environmen-
tally relevant concentrations (Niemuth and Klaper, 2015, 2018; Eliz-
alde-Velazquez and Gémez-Olivan, 2020).

Tramadol is an opioid analgesic to treat moderate to severe acute or

* Corresponding author.
E-mail address: niina.dulova@taltech.ee (N. Dulova).

https://doi.org/10.1016/j.psep.2022.07.002

chronic pain. Worldwide consumption of medical tramadol increased
from 290 tons in 2006 to 424 tons in 2012 (Radbruch et al., 2013),
inducing, however, cytotoxic and genotoxic effects (Antonopoulou
et al., 2020). Despite the low consumption, it is one of the most
frequently detected compounds in concentrations ranging from ng L'to
ug Lt (Kostanjevecki et al., 2019; Golovko et al., 2021). Tramadol
poorly degrades at WWTPs reaching only 40% removal (Lindim et al.,
2016), having adverse effects on aquatic life (Sehonova et al., 2016;
Lozek et al., 2019; Bachour et al., 2020; Plhalova et al., 2020).

Since WWTPs insufficiently remove MTF, TMD, their metabolites
and by-products, the need for an effective and affordable treatment
technology is obvious (Margot et al., 2015). Advanced oxidation pro-
cesses (AOPs) removing recalcitrant contaminants by means of highly
reactive non-selective hydroxyl radicals (HO®) present a method of
choice (Kulik et al., 2007; Homem and Santos, 2011; Ali et al., 2018.),
differing in the way hydroxyl radicals are generated. Treatment methods
using highly reactive sulfate radicals (SO also belong to AOPs having a
longer lifespan than hydroxyl radical, therefore having more chances for
useful utilization (Guerra-Rodriguez et al., 2018). In these processes,
persulfate (PS) and peroxymonosulfate (PMS) anions are activated by
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heat, radiation, ultrasound, transition metal ions and oxides (Guer-
ra-Rodriguez et al., 2018; Wang and Wang, 2018).

Little data are available on the oxidation efficiency of MTF and TMD
in water with the UV/PS combination. Although high efficiency of MTF
removal was shown by UV/H30, (Macerak et al., 2018), UV/Fe*"
(Aseman-Bashiz and Sayyaf, 2020), UV/PMS (Karimian et al., 2020),
UV/TiOy (Chinnaiyan et al., 2019), UV/TiO2-ZrO4 (Carbuloni et al.,
2020), electro-Fenton system (Orata et al., 2019), and electrochemically
activated PS (Aseman-Bashiz and Sayyaf, 2020). In the case of TMD,
effective degradation was achieved by photocatalysis (Antonopoulou
and Konstantinou, 2016; Majhi et al., 2019), Fenton process (Mackulak
et al., 2016), electro-Fenton system (Monteil et al., 2020), and electro-
chemical oxidation (Ghalwa et al., 2014; Liitke Eversloh et al., 2015).
However, high energy consumption makes most of AOPs economically
unfeasible (Taoufik et al., 2021).

Pulsed corona discharge (PCD) has shown promising results in
removing recalcitrant contaminants with low energy consumption
exceeding ozonation for up to three times in terms of energy efficiency
(Preis et al., 2013). The short-time high-voltage electric discharge pulses
are applied in air directly to water dispersed in the form of droplets, jets
and films. This configuration has an advantage of high mass transfer due
to the short distance reactive species need to travel in the gas phase
before diffusion into the water phase, resulting in higher energy effi-
ciency among other plasma types (Malik, 2010). Accordingly, hydroxyl
radicals formed at the gas-liquid interface are utilized for direct oxida-
tion of contaminants (Ajo et al., 2017). Other reactive oxygen species
produced in the discharge, such as atomic oxygen, ozone, hydrogen
peroxide and other reactive species, also contribute to the oxidation
(Egs. 1-3).

0, + e-20" + ¢ @™
0O + 0, + 0, (O or Ny) =03 + O, (05 or Ny) (@3]
H,0 + e —=HO* + H* + ¢ 3)

Previously, PCD showed high efficiency in the removal of pharma-
ceuticals (Derevshchikov et al., 2021), phenols and bisphenols (Wang
et al.,, 2019), as well as an increased rate of oxalate oxidation when
persulfate was added to the system (Tikker et al., 2021). Another plasma
type, dielectric barrier discharge, is actively studied for activation of
persulfates and it has shown increased removal rates for numerous
aqueous pollutants including atrazine, benzotriazole, and phthalates
(Ahmadi et al., 2020; Wu et al., 2020; Wang et al., 2021).

To the best of the authors’ knowledge, PCD/PS oxidation has not yet
been studied for its efficiency in the removal of aqueous micro-
pollutants. Well-studied UV/PS systems showed the ability to effectively
activate PS by the fission of O-O bond forming two sulfate radicals (Eq.
4) (Khan et al., 2014; Khan et al., 2017; Wang and Wang, 2018). While
PCD has several potential ways to activate PS, including UV irradiation,
reactions with active species, and interaction with discharge electrons
(Egs. 4-7) (Shang et al., 2019), their contribution to PS activation in
PCD/PS system is currently unknown.

hy

$,0;” = 2805 )
$,0¥ + HO® + e —-2S0] + OH" )
S,07 + HO'=SO; + HSO; + 050, ©)
S,0; + ¢ —=S0; + SOy 0]

Therefore, the present study aims to parallel, under comparable
experimental conditions, the ability of UV photolysis, PCD, and espe-
cially UV/PS and PCD/PS combinations to degrade and mineralize
contaminants of emerging concern. MTF and TMD were selected as
target compounds in order to compare and analyze the effect of
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Table 1

Technical parameters of the PCD reactor.
Parametr Value
Reactor parameters
Reactor full volume, L 110
Perforated plate size, mm x mm 500 x 30
Number of perforations 51

Diameter of perforations, mm 1

Water flow rate, L min™ 2-28.5
Spray density, m s 0.002-0.0243
Plasma zone volume, m® 0.013
Contact surface area (at flow rate of 1 m® h™'), m™ 91.9
Electrode configuration

High voltage wire length, m 20

Wire diameter, mm 0.5
Distance between electrodes and grounded plate, mm 18
Distance between high-voltage electrodes, mm 30
Generator characteristics

Pulse repetition frequency, pps 50-880
Output power, W 9-123.2
Peak voltage, kV 18

Peak current, A 380
Current pulse duration, ns 100

Pulse energy, J 0.14-0.18

compound structure on the effectiveness of oxidation by the studied
treatment methods. The effect of the operating parameters such as pH
value and persulfate concentration on the efficiency of the oxidation
processes was evaluated. In addition, the role of hydroxyl and sulfate
radicals in the degradation of the target compounds in UV/PS and PCD/
PS combinations was estimated. To assess the formation of toxic in-
termediates, the acute toxicity of treated solutions to luminous bacteria
(Vibrio fischeri) was also examined.

2. Materials and methods
2.1. Chemicals

Metformin hydrochloride (C4H;;NseHCI, >97%) was purchased
from Alfa-Aesar. Tramadol hydrochloride (C;6H25NO2eHCl, >99%),
potassium iodide (KI, >99%), sodium bicarbonate (NaHCO3, 99%) and
sodium sulfite (NaxSO3, >99%) were obtained from Sigma-Aldrich.
Sodium persulfate (NapS20g, >99%), tertbutyl alcohol ((CH3)3COH, t-
BuOH, > 99%) ethanol (CoHgO, EtOH, 99%), acetonitrile (CH3CN,
LiChrosolv®) and formic acid (CH202, 99%) were obtained from Merck
KGaA.

2.2. Pulsed corona discharge equipment

The PCD experiments were conducted in a device made by Flowrox
Oy (Finland) (Tikker et al., 2021) with characteristics given in Table 1.
The device consists of PCD stainless steel reactor with the storage tank,
pulse generator and circulation pump with the frequency regulator used
to control the pump engine rotation rate (Fig. S1). The plasma reactor
contains an electrode system consisting of high voltage wire electrodes,
positioned horizontally between two grounded vertical parallel plates.
Generator applies high voltage pulses to the electrode system at the
pulse repetition frequencies regulated incrementally as shown in
Table 1. The output-input ratio of pulse generator comprises 65%.
Treated solution is dispersed through the perforated plate positioned
above the wire electrodes at certain spray density determined as the flow
rate divided by the planar cross-sectional area of the plasma zone, m st
After passing the plasma zone, treated solution falls to a storage tank,
from where it is circulated back to the top of reactor.

2.3. Photochemical equipment

Photochemical experiments were performed in batch mode in a 1-L
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cylindrical glass reactor. A low-pressure mercury germicidal lamp
(11 W, Philips TUV PL-S) placed in a quartz sleeve inside the reactor was
used as a UVC source. According to datasheet, the input-output power of
the lamp is approximately 32%. The incident photon flux at 254 nm of
the lamp used in MTF and TMD oxidation comprised from 2.55 x 107 to
2.84 x 107 Einstein s * measured by ferrioxalate actinometry. The lamp
was turned on at least 10 min prior to the trial to provide a constant
radiation output. A water cooling jacket was used to keep the constant
temperature in the reactor.

2.4. Experimental

The experiments were carried out at ambient room temperature of
22 +2°C, at the initial concentration of MTF and TMD of 60.4 uM
(7.8 mg L) and 33.4 uM (8.8 mg LY, respectively, if not otherwise
specified. The unadjusted pH value for MTF and TMD solutions was 6.4
+ 0.8 and 6.1 + 0.5, respectively. For acidic (pH 3) or alkaline (pH 11)
conditions, pH was regulated by adding 0.1-1 M H2SO4 or NaOH solu-
tions. The effect of PS concentration in both photochemical and PCD
experiments was studied varying it from 60.4 to 604 uM in MTF, and
from 38 to 380 uM in TMD experiments, providing the PS to target
compound molar ratio from 1 to about 11. In experiments with extrinsic
PS, the oxidation reaction was quenched with ethanol added at the
sample to EtOH volume ratio of 10 for HPLC-PDA and HPLC-MS anal-
ysis. For the TOC analysis, sodium sulfite was used at the NazSO3 to PS
molar ratio of 10.

In UV/PS oxidation trials, MTF and TMD solutions were prepared in
bidistilled water and treated for 2 h with permanent stirring by means of
magnetic stirrer. After dissolution of PS, the UVC-lamp inserted to the
reactor initialized oxidation.

The stock solutions for PCD experiments were prepared in a 1-L
volumetric flask using bidistilled water, followed by dilution to a total
volume of 10 L by distilled water in the reactor tank. Pre-selected
amounts of PS were dissolved in a 100-mL volumetric flask and added
to the tank immediately before the start of treatment. All PCD experi-
ments were performed at circulated water flow rate of 1 m® h'!, and the
pulse repetition frequency of 50 pps with the power input of 9 W.
Plasma treatment time comprised 2 h with total energy dose of 1.8 kWh
m® delivered to the treated sample. For proper sampling, the treated
solutions were circulated in the reactor for four minutes after the pulse
generator was turned off for equalizing the concentrations in the re-
actor’s volume.

The energy efficiency E, g kW h'l, was calculated using equation
(Eq. 8):

AC-V

W (8)

where AC — decrease of target compound concentration, g m™; V —
volume of treated solution, m% W — energy consumption derived from
the generator power output and the time of treatment, kWh.
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To evaluate the effect of oxidant addition on the degradation effi-
ciency in the studied systems, a pseudo-first-order kinetics was used (Eq.
9). The apparent pseudo-first-order rate constants (k;) were calculated
from the slopes of the straight lines by plotting In (C/Co) as a function of
delivered energy dose (Pet/V) through linear regression.

d[c]

k;-P-[C]
ae _ kb

v

9

where k; is the pseudo-first-order reaction rate constant, m® kw! h'l; C
is the concentration of target compound; P is the power applied in pulsed
corona discharge or UV radiation, W; V is the volume of treated solution,
m3; t is the treatment time, h.

2.5. Analytical methods

Concentration of TMD was determined using a high performance
liquid chromatography combined with a diode array detector (HPLC-
PDA, Shimadzu, Japan) equipped with a Phenomenex Gemini (150 x
2.0 mm, 1.7 mm) NX-C18 (110 A, 5pum) column. The analysis was
performed using an isocratic method with a mobile phase composed of
15% vol. of acetonitrile containing 0.3% of formic acid and 85% vol. of
0.3-% formic acid aqueous solution. The flow rate was kept at
0.2 mL min". Metformin concentration was quantified using HPLC with
the same eluent flow rate and chromatographic column combined with
mass spectrometer (HPLC-MS, Shimadzu LC-MS, 2020). The isocratic
eluent mixture was composed of 10% vol. of acetonitrile containing
0.3% of formic acid and 90% vol. of 0.3-% formic acid aqueous solution.
Mass spectra were acquired in full-scan (scanning in the range of
50-500 m/z) and SIM (130 m/z) modes. The instrument was operated in
positive ESI mode, and the results obtained with MS detector were
handled using Shimadzu Lab Solutions software.

Total organic carbon was measured using a TOC analyzer multi N/
C® 3100 (Analytik Jena, Germany) in 20-mL samples with an injection
volume of 500 pL for each replicate. Solution pH was measured using a
digital pH/Ion meter (Mettler Toledo $220). Utilization of persulfate
was controlled by the quantification of residual PS concertation in the
treated samples spectrophotometrically (Genesys 10 S, Thermo Scien-
tific, USA) at A = 352 nm by an excess KI reaction with residual per-
sulfate towards the formation of I, (Liang et al., 2008).

The acute toxicity was examined using the Microtox® method
(Model 500 Analyzer SDI) (ISO 11348-3:2007) (Kaur and Dulova,
2020). The reconstitution solution was prepared and used to activate
freeze-dried Vibrio fischeri. To maintain the osmotic pressure of the test
bacteria suspension, concentrated salt solution (2% NaCl) was used to
achieve 2% salinity. The salt solution was used as control. Each toxicity
test was performed in ten dilutions, and the luminescence was measured
after 15 min of exposure. The bacterial luminescence inhibition (INH%)
was calculated using Eqs. (10) and (11) (Jarque et al., 2016).

! P% OpH 11
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DLa® pH 3
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O
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0 0.5 1 1.5
b Delivered energy, kWh m™

Fig. 1. UV photolysis (a) and PCD oxidation (b) of MTF at various pH ([MTF], = 60.4 uM, UV output power 3.5 W, PCD output power 9 W).
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Fig. 2. UV photolysis (a) and PCD oxidation (b) of TMD at various pH ([TMD], = 33.4 uM, UV output power 3.5 W, PCD output power 9 W).
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where KF is the correction factor, ICys is the luminescence intensity of
control after contact time (15 min), IC is the initial luminescence in-
tensity of control sample, IT;5 is the luminescence intensity of test
sample after contact time (15 min), and ITj is the initial luminescence
intensity of the test sample.

3. Results and discussion

3.1. Effect of pH on target compounds oxidation in UV photolysis and
PCD

Oxidation experiments in UV photolysis and PCD oxidation were
carried out with both target compounds in unbuffered solutions. During
the UV photolysis, the pH values did not change along with all the ex-
periments for 2 h. In contrast, the PCD oxidation resulted in noticeable,
for more than two units, decrease in pH, at unadjusted initial pH con-
ditions close to neutral. The latter can be explained by the atmospheric
nitrogen oxidized to nitrates in plasma (Tikker et al., 2021). Acidic (pHp
=3) and alkaline (pHp =11) PCD experiments showed only minor
changes in pH.

The results of MTF degradation in unassisted UV photolysis at
various pH are given in Fig. 1a: only 21% of MTF degraded within 2 h of
treatment in acidic and unadjusted neutral media, having somewhat
better, about 27%, efficacy achieved in alkaline solution. The latter is
probably due to partial deprotonation of the amino moiety of MTF
molecule (pK,=11.6) weakening its inductive effect (Scheurer et al.,
2012). The obtained results are similar to the previously observed by
Karimian et al. (2020) who found that MTF has low quantum yield
(0.014 mol FEinstein) and molar absorption coefficient at 254 nm
(940 M! em™). In this study, the authors also noticed that the applica-
tion of vacuum UV with 10% of photons emitted at 185 nm greatly
improved the MTF removal and its mineralization efficiency explained
by HO® generation in water fission by high energy photons.

In PCD oxidation, MTF degraded in acidic and alkaline media faster
than at unadjusted initial neutral to moderately acidic pH (Fig. 1b). At
lower pH, an increase in oxidation efficiency may be explained by the
oxidation potential of hydroxyl radicals being higher, E® = 2.8V, than
that in neutral media (E® = 1.9 V) (Wardman, 1989). An increase in
oxidation rate in alkaline solutions may be attributed to the MTF partial
deprotonation improving its nucleophilic potential in reactions with
electrophilic radicals. Besides, ozone decomposition accelerates with
hydroxyl radicals formation at higher pH (Umar et al., 2013).

One can see the energy efficiencies of TMD degradation by UV
photolysis and PCD in Figs. 2a and 2b, respectively, in acidic, unadjusted
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Fig. 3. Effect of PS dose on the k; and TOC removal in MTF oxidation by UV/PS
combination ([MTF]y = 60.4 uM, UV output power 3.5 W, troc = 2 h, unad-
justed pH).

neutral-acidic and alkaline media. Almost completely ionized under
alkaline conditions (pK;=9.4) (Derevshchikov et al., 2021), TMD de-
composes slowly, reaching 90% conversion within 30 min of UV
photolysis at the delivered energy dose of 0.34 kWh m™, whereas in
acidic and unadjusted neutral media, similar result was achieved in 16
and 12 min, respectively, with higher energy efficiency. One can see that
TMD degraded faster than MTF in UV photolysis, probably due to the
aromatic ring in its structure providing better absorption of photons
with further excitation of the substrate molecule.

In PCD experiments, acidic and unadjusted initial pH conditions
have a negligible difference in the oxidation efficiency reaching 92-94%
degradation of TMD at delivered energy dose of 0.42 kWh m™ accu-
mulated within 28 min of treatment. Significant growth of treatment
efficiency was noticed at pH 11, where 98% of TMD was degraded at a
delivered energy dose of 0.12 kWh m® or 8 min of treatment. The latter
can be explained by the ionization of TMD molecules at pH 11,
improving reactions with electrophilic hydroxyl radicals. Increased due
to ozone decomposition amount of HO® and decreased aqueous solubi-
lity of TMD (increased Kyy) also contribute to better oxidation of TMD in
alkaline medium (Derevshchikov et al., 2021).

3.2. Effect of PS concentration on target compounds oxidation in UV/PS
combination

UV photolysis and PCD oxidation experiments with PS added to the
MTF and TMD solutions, i.e. treated with UV/PS and PCD/PS combi-
nations, were carried out at unadjusted pH in order to study the treat-
ment efficiency at minimum chemicals addition with possible minimum
operation cost.

Addition of PS to the nonirradiated aqueous solutions of MTF at the
PS concentration of 600 uM did not result in a notable decrease in MTF
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Fig. 4. Effect of PS dose on the k; and TOC removal in TMD oxidation by UV/
PS combination ([TMD]o = 33.4 uM, UV output power 3.5 W, troc = 2 h, un-
adjusted pH).

concentration for 2 h of exposure. In turn, the addition of PS to the UV-
irradiated MTF solution led to oxidation of the latter in a considerable
degree (Fig. 3): at the PS concentration of 60.4 uM, 80% of MTF was
degraded by the delivered radiant energy dose of 0.23 kWh m, accu-
mulated in 20 min of UV/PS treatment, demonstrating a dominant role
of radicals in MTF oxidation.

Increasing the dose of PS showed a linear progression in the rate of
MTF degradation (Fig. 3, Fig. S2). Thus, a ten-fold increase in the
oxidant concentration from 60.4 to 604 uM led to an increase in the
pseudo-first reaction rate constant by about 8 times from 0.98 to
7.83m® kW' h™! and the removal of TOC by almost 14 times from
4.5% to 61.2%, respectively.

The PS use was the most efficient at the highest studied oxidant
concentration with its more than 87% decomposed after 2 h of UV/PS
treatment. These observations allow a conclusion that the PS decom-
position in photo-induced reaction, and the MTF oxidation and miner-
alization proceed with the rate proportional to the PS starting
concentration, i.e., no self-scavenging or self-decomposition of PS was
observed within the experimental conditions. It confirms the statement
made earlier that the quantity of sulfate radicals generated in UV/PS
process is proportional to the PS concentration, i.e., the greater the
concentration of extrinsic oxidant, the greater the number of generated
SO% (Karimian et al., 2020). As a result, sulfate radicals, which are more
stable at low pH values, effectively oxidize MTF (Matzek and Carter,
2016; Xia et al., 2020).

Similarly to MTF, dark oxidation of TMD with PS at a concentration
of 380 pM showed no degradation of the target compound. Oxidation of
TMD by UV/PS combination was performed with the PS dose of 38 uM
further increased 2.5, 5 and 10 times (Fig. 4 and Fig. S3). The highest
oxidation rate was observed at the PS dose of 380 pM, with more than
99% of TMD decomposed within 10 min of treatment. The k; value
increased about 2.5 times from 3.10 to 7.85 m® kW~ h™! with the PS
dose increased from 0 to 380 pM. The TOC removal, comprising 3%
under the unassisted UV-radiation within 2 h of treatment, reached 65%
at the maximum PS dose under experimental conditions. Irrespective of
the PS dose applied, the TMD degradation by-products oxidized more
slowly than the parent compound.

It is worth to note that TMD shows negligible difference in reaction
rates of UV oxidation and in the UV/PS combinations at PS concentra-
tions up to 95 pM explained, presumably, by substitution of UV-photons
decomposing TMD molecule with sulfate radicals producing further
hydroxyl radicals (Eqs. 12 and 13) (Liang et al., 2008). Sulfate radicals,
however, are prone to react with the more stable TMD oxidation
by-products seen from the TOC removal in the UV/PS combinations
(Fig. 4). Accordingly, TOC removal increased from 8.5% to 65%, i.e. 7.6
times with the growth of PS dose for an order of magnitude from 38 to
380 uM. Persulfate was mostly (90%-+) utilized in the first hour of
treatment, while for MTF oxidation, the PS utilization was slower and
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Fig. 5. Effect of PS dose on the k; and TOC removal in MTF oxidation by PCD/
PS combination ([MTF]y = 60.4 uM, PCD output power 9 W, troc = 2 h, un-
adjusted pH).

only about 60% of oxidant was consumed within the first hour. The
latter can be explained by more complicated structure of TMD and the
smaller amount of PS applied.

SO} +H,0-S0; +HO* +H'k =7 x 10" M~ 's™" 12)

SO;” +HO —S0” +HO* k= 6.6 x 10" M~'s™" 13)
3.3. Effect of PS concentration on target compounds oxidation in PCD/PS
combination

The effect of PS dose on MTF degradation in PCD/PS combination is
shown in Fig. 5 and Fig. S4. The results showed that the rate of MTF
oxidation in the PCD/PS system steadily, albeit moderately, increased
with the increasing PS dose. Accordingly, the PS dosage increased by an
order of magnitude improved the reaction rate by about 1.7 times only;
the pulsed energy dose necessary to reduce the MTF content by 90%
decreased from 0.6 kWh m™ in unassisted PCD to 0.3 kWh m™ in the
PCD/PS combination at the PS dose of 604 pM, i.e., two times.

These observations clearly demonstrate PS activation with PCD. On
the other hand, moderate contribution of extrinsic PS to the PCD
oxidation of MTF differs substantially from the proportional growth in
oxidation rate with the PS dose observed in UV/PS combination. Since
PCD is known to form hydroxyl radicals at the gas-liquid interface (Ajo
et al., 2017), one can presume HO® interfering with the sulfate radicals.
Tikker et al. (2021) suggested that sulfate radicals may react with hy-
droxyl radicals forming peroxymonosulfate ions (Eq. 14) thus wasting
the reactive species:

SO;” +HO"—-HSO; kuso, = 1 x 10 M~'s™" 14

Besides the non-productive reactive species expense, sulfate radical
may also prevent formation of hydrogen peroxide (Eq. 15):

HO® 4 HO*—H,0, ki, = 5.5 x 10° M~ 's™! (15)

Other non-targeted recombination reactions may take place thus
reducing effectiveness of PS addition to the treated solution (Eqs. 16-23)
(Wang and Zhou, 2016):

HO® +8,0; =8,0y” +HO k= 12x 10" M~'s7! 16)
$,05 + 2e —2S0% a7
SO;™ + HSO; —»HSO; + 805 k=1x10°M"'s”" s
HO* + HSO; »H,0 + SO k= 1.7 x 10" M~'s™" 19
2507 —8,0; + 02 k=1x10°M"'s7! (20)
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Fig. 6. Effect of PS on the k; and TOC removal in TMD oxidation by PCD/PS
combination ([TMD]o = 33.4 uM, PCD output power 9 W, troc = 2 h, unad-
justed pH).

Table 2
Degradation of target compounds by the UV/PS and PCD/PS combinations.

Target compound Process (Co - C)/Co, %
Without scavenger t-BuOH EtOH
MTF* UV/PS 93 % 82 % 61 %
PCD/PS 96 % 55 % 51 %
TMD"” UV/PS 73 % 66 % 61 %
PCD/PS 91 % 65 % 61 %

# Experimental conditions: [MTF]y = 60.4 uM, [PS]y = 302 uM, [t-BuOH],
= [EtOH], = 15.1 mM, tyy = 6 min, tpcp = 40 min, unadjusted pH.

b Experimental conditions: [TMD]y = 33.4 uM, [PS]o = 190 pM, [t-BuOH],
= [EtOH]( = 8.4 mM, tyy = 6 min, tpcp = 40 min, unadjusted pH.
SO} + SO; —=$,0; k=3.1x10°M's"! (21)
SO} +8,0; »S0; + 5,05 k=6.1 x 10° M 's”" (22)
SO;™ + H,0,-S0;” +HO; +H k=12 x 10" M5! (23)

In contrast to UV-induced oxidation of TMD, PS added to the PCD-
treated TMD solution did not accelerate TMD degradation. In oppo-
site, oxidation rate decreased for about 18-19% at lower PS doses as
shown in Fig. 6 and Fig. S5. The TMD mineralization also comprised
approximately 30% as TOC removal within 2 h of treatment with or
without PS additions.

As a matter of discussion, similar reaction rate constants and
mineralization degrees shown in TMD oxidation may theoretically
indicate a limited number of oxidants in PCD, when all oxidants
generated in pulses are consumed. However, significantly increased ef-
ficiency of TMD oxidation at pH 11 (Fig. 2b) invalidates this hypothesis
showing that the oxidants amount is not limited within the experimental
conditions. Thus, the negative effect of PS addition on the oxidation rate
of TMD shows the use of hydroxyl radicals being shifted towards re-
actions with sulfate radical species (Egs. 14, 16 and 19), thereby,
competing with the reactions of sulfate radicals with organics. Besides,
the reaction rate constants of organic compounds oxidation with SO%
were reported to be several orders of magnitude smaller than the ones of
peroxymonosulfate ions formation (Eq. 14) (Lee et al., 2020).

3.4. Identification of active radical species in UV/PS and PCD/PS
combinations

To identify the predominant radicals and better understand the re-
action mechanism of MTF and TMD degradation by the UV/PS and PCD/
PS combinations, scavenging studies were performed using two radical
probes. The experiments were conducted with the addition of t-BuOH,
which is a more effective scavenger for hydroxyl radicals (3.8 x 10° —
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7.6 x 108 M s'l) than for sulfate radicals (4 x 10°-9.1 x 10° M s'l),
and EtOH, reacting at comparable rates with hydroxyl radicals (1.2 x
10°-2.8 x 10° M s1) and sulfate radicals (1.6 x 10”7 —=7.7 x 10’ M'' s~
1) (Anipsitakis and Dionysiou, 2004). Therefore, the presence of hy-
droxyl radicals was identified by adding an excess of t-BuOH to the
studied combinations. The effect of sulfate radicals was assessed by
comparing the efficiency of inhibition of the target compound degra-
dation when an excess of t-BuOH and EtOH was added to the UV/PS and
PCD/PS systems.

The results presented in Table 2 showed that the addition of t-BuOH
reduced the MTF degradation efficiency by 11% and 41% in the UV/PS
and PCD/PS combination, respectively, indicating the presence of hy-
droxyl radicals in both systems. A similar trend was observed for TMD
degradation with 7% and 26% inhibition due to the addition of t-BuOH
to the UV/PS and PCD/PS systems. For both target compounds, the role
of hydroxyl radicals was more substantial in the PCD/PS combination.

The addition of excess EtOH substantially inhibited the decomposi-
tion of MTF in the UV/PS (32%) and PCD/PS (45%) combination, which,
in turn, indicated the participation of sulfate radicals in the decompo-
sition of the target compound. The remaining amount of MTF decom-
position after adding excess EtOH was most likely due to the presence of
other reactive oxygen species in the studied systems.

For TMD degradation in the UV/PS and PCD/PS combination, the
reduction in the oxidation efficacy due to the addition of EtOH was 12%
and 30%, respectively. It should be noted that in the case of the UV/PS
combination, the addition of both scavengers led to insignificant inhi-
bition, most likely due to the high efficiency of direct UV photolysis in
the decomposition of TMD (Fig. 4).

The findings of scavenging studies suggested that both hydroxyl and
sulfate radicals contribute to the degradation of MTF and TMD in the
UV/PS combination, while hydroxyl radicals turn out to be predominant
oxidative species in the PCD/PS combination.

3.5. Ecotoxicity of target compounds oxidation intermediates

The results of this study showed that, regardless of the applied
treatment process, complete mineralization of the target compounds
could not be achieved, and thus all treated solutions contain a certain
amount of by-products. For TMD oxidation by the studied systems, the
primary transformation products (TPs) were identified by LC-MS anal-
ysis (ESI in positive mode). In the case of MTF, by-products could not be
identified by means of the analytical tools used.

According to the results of the scavenging studied, the role of hy-
droxyl radicals was more prominent for the PCD/PS combination than
for the UV/PS system (Table 2). Nevertheless, the identified TPs were
similar for the studied activated PS systems. During the oxidation of
TMD in PCD and both studied combinations, hydroxylated TPs were
identified: mono-hydroxylated TP1 (m/z 280, CjcHasNOs3), di-
hydroxylated TP2 (m/z 296, C1gHasNO4) and tri-hydroxylated TP3
(m/z 312, C16H25NO4) (Antonopoulou and Konstantinou, 2016; Gulde
et al., 2021). Presumably, the observed hydroxylation of TMD occurred
in the cyclohexane and/or aromatic ring. More specific for the UV/PS
oxidation was the detection of N-demethylated TP4 (m/z 250,
C15H23N03), while its hydroxylation product TP5 (m/z 266, C15H23NO3)
was found in PCD, PCD/PS and UV/PS treatment of TMD (Antonopoulou
and Konstantinou, 2016; Gulde et al., 2021). Specific for PCD and
PCD/PS systems was the detection of TP6 (m/z 278, C;6H23NO3), indi-
cating the conversion of the methyl group in the amine moiety into an
aldehyde group. This by-product has also been found in ozonation and
photocatalytic oxidation of TMD (Zimmermann et al., 2012; Antono-
poulou and Konstantinou, 2016).

During prolonged treatment, these primary TPs further decomposed
into other low molecular weight conversion products, which could not
be identified using the analytical instruments used. However, the
observed removal of TOC (Figs. 4 and 6) confirmed the further degra-
dation of by-products and the formation of final TPs, mainly carboxylic
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Table 3
Bacterial luminescence inhibition (INH%) of 2-fold diluted MTF and TMD so-
lutions after a 2-h oxidation in UV, UV/PS, PCD and PCD/PS.

Target compound uv UV/PS PCD PCD/PS
MTF* 0% 98 % 37 % 51 %
TMD" 15 % 12 % 33 % 50 %

@ Experimental conditions: [MTF], = 60.4 uM, [PS]p = 302 uM, t = 2 h, un-
adjusted pH.

b Experimental conditions: [TMD], = 33.4 pM, [PS]o = 190 uM; t = 2 h, un-
adjusted pH.

acids, which are common final by-products of phenolic-type derivatives
oxidation (Ortiz-Gomez et al., 2008).

To evaluate the formation of toxic intermediates, the acute toxicity of
MTF and TMD solutions treated with UV photolysis, PCD, UV/PS, and
PCD/PS systems was studied. Accordingly, a Vibrio fischeri chem-
iluminescence inhibition assay was used to evaluate ecotoxicity and the
results of INH% of 2-fold diluted treated MTF and TMD solutions are
presented in Table 3.

The initial solutions of MTF and TMD were found to be non-toxic to
Vibrio fischeri. In turn, the oxidation of the target compounds by the
studied processes led to an increase in the toxicity of solutions (Table 3).
Thus, the application of PCD process resulted in INH% of 33% and 37%
for the treated solution of TMD and MTF, respectively, indicating the
formation of toxic by-products. The use of PCD/PS oxidation resulted in
INH% of ~50% for the by-products of both pharmaceuticals. Regarding
the application of persulfate photolysis, this treatment method turned
out to be more promising for the oxidation of TMD (with 5 pM unreacted
PS and INH% of 12%) than for MTF (with 34 pM unreacted PS and INH%
of 98%) in terms of lower residual ecotoxicity. The inhibition of Vibrio
fischeri bioluminescence by persulfate solutions was also studied to
evaluate the effect of residual PS concentration on the overall ecotox-
icity of pretreated samples. Accordingly, PS solutions with a concen-
tration of 5 and 34 pM showed INH% of ~0% and 52%. It should also be
considered that the degradation of TMD by direct UV photolysis led to a
slight inhibition of bacterial luminescence.

Overall, for persulfate-assisted treatment methods, the observed
increased residual ecotoxicity can be explained to some extent by the
toxic effect of residual PS concentration in these systems
(Moreno-Andreés et al., 2019). Therefore, PS dose control is required to
avoid secondary contamination of the water by unreacted oxidant, or, if
necessary, unused PS must be removed from the treated water before
being discharged into receiving water bodies.

3.6. Comparison of operating costs

To evaluate energy efficiencies of the treatment systems under the
scope, energy yields Egg at 90% conversion (Eg, g kW h!) of MFT and

Table 4
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TMD were calculated taking into account the energies applied and
consumed by UV radiation and PCD treatment together with the cost of
extrinsic PS. The calculation results are shown in Table 4, Figs. S6 and
S7. The PS cost of 1.5 EUR kg'1 is considered relevant including trans-
portation and taxation based on average wholesale prices on market (per
ton, 2021). The PS cost was converted to its energy expense of 12 kWh
kg considering the average European non-household electric energy
price of 0.125 EUR kW h'! (Eurostat, 2020).

In the 90-% removal of MTF and TMD, the highest energy efficiency
relative to the delivered energy was shown by unassisted PCD - 8.7 and
20 g kW h'l, respectively. These numbers exceed those observed in the
UV photolysis for a few times (Table 4). The lower energy efficiencies
observed in PCD/PS combinations are due to the additional cost of PS at
minor treatment efficacy improvement. Also, the PS additions did not
considerably affect the target pollutants mineralization thus being un-
able to compensate the energy efficiency loss from this side.

In the UV/PS system, the energy efficiency resulted in maximum
2.2g kW h? and 3.3 gkW h'! for MTF and TMD oxidation, respec-
tively. Contrary to the PCD/PS combination, the oxidation rate
demonstrated a substantial growth with the increasing PS dose. Mod-
erate energy efficiency changes, however, shown in Table 4, indicate a
substantial growth of expense on account of the PS additions. Notably,
TOC removal increased greatly from around 3-5% to over 60% with the
PS additions.

Summarizing, the non-assisted PCD process demonstrates high en-
ergy efficiency and reasonably efficient mineralization of the studied
compounds without the addition of a supporting oxidant, which makes
this process a promising alternative for the treatment of water
contaminated with persistent micropollutants. As for the less efficient in
target compounds removal UV/PS combination, its strength in miner-
alization of organic compounds offers an alternative under certain
conditions.

4. Conclusions

The application of UV/PS and PCD/PS combinations was proven to
be effective in degradation of aqueous metformin and tramadol phar-
maceuticals. Certain synergism of persulfate addition was observed in
the studied processes with exception of TMD treated by PCD/PS, where
sulfate radicals most likely were not utilized on the TMD degradation
due to the competing not-targeted reactions with hydroxyl radicals. This
assumption was supported by the results of radical scavenging studies,
which showed that both hydroxyl and sulfate radicals contribute to the
degradation of target compounds in the UV/PS combination, while hy-
droxyl radicals appear to be the predominant oxidative species in the
PCD/PS combination.

In the UV/PS combination, reaction rate constants and TOC removal
increased linearly with the applied PS doses under experimental

Comparison of energy efficiencies and TOC removal rates in MTF and TMD oxidation in UV/PS and PCD/PS combinations ([MTF] = 60.4 uM, [TMD], = 33.4 uM,

t = 2 h, unadjusted pH).

Process PS dose, uM MTF TMD
MTF TMD Eqp, TOC removal, % Eoo, TOC removal, %
gkwlh! gkw!h?
Consumed” Delivered Consumed Delivered
UV/PS 0 0 b b 4.5 2.5 7.9 3.2
302 190 21 4.0 45.7 3 6.5 29.4
604 380 2.2 2.9 61.2 3.3 5.3 64.9
PCD/PS 0 0 5.6 8.7 24.7 13 20 28.3
302 190 3.9 4.6 29.2 8.2 9.7 26.9
604 380 2.2 2.4 31.6 5.4 5.9 27.8

# Consumed UV energy takes into account the output-input ratio of the lamp 32%. Consumed energy in PCD treatment takes into account the output-input ratio of the

pulse generator 65%.

b Removal of 90% of the main compound was not achieved, removal did not exceed 10%.
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conditions studied for both MTF and TMD. Furthermore, the energy
efficiencies were rising with PS dose increase indicating an improve-
ment in the cost-effectiveness of this oxidation process.

As for the PCD/PS oxidation of MTF, the addition of PS noticeably
reduced the overall energy efficiency of treatment, although having a
positive but moderate effect on the degradation rate and mineralization
of the target compound.

The highest energy efficiency in respect of MTF and TMD showed in
PCD treatment achieved in terms of delivered pulsed energy 8.7 and
20.0g kwlhl, respectively. From the standpoints of energy efficiency,
chemical-free technology and the absence of secondary pollution, non-
assisted PCD treatment of neutral aqueous media appears a reliable
alternative to traditional water treatment methods. In turn, the high
TOC removal in the UV/PS process at carefully adjusted PS dosages
makes it highly promising in advanced water treatment.
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Abstract: Antibiotics are the most frequently detected pharmaceuticals in the environment creating
conditions for the development of resistant genes in bacteria. Degradation and mineralization of gly-
copeptide antibiotic vancomycin (VMN) were examined by UV photolysis, pulsed corona discharge
(PCD), and their combinations with extrinsic oxidants, hydrogen peroxide (HP), peroxydisulfate
(PDS), and peroxymonosulfate (PMS). Both combinations were effective in VMN degradation and
faster at pH 11 than in acidic or neutral media. Combined with the UV photolysis, HP showed a
higher oxidation rate than other oxidants, whereas PMS and PDS proved to be more efficient in
combinations with PCD. In contrast to low-to-moderate mineralization of VMN in the UV /oxidant
combinations, PCD and PCD/oxidant combinations appeared to be more effective, reaching up
to 90% of TOC removal in acidic/neutral solutions. Application of extrinsic oxidants resulted in
an energy efficiency of VMN 90% oxidation improved from 36 to 61 g kW~! h~1 in HP-assisted
photolysis, and from 195 to 250 g kW~ h~! in PCD with additions of HP and PDS, thus showing the
promising character of the combined treatment.

Keywords: advanced oxidation; energy efficiency; non-thermal plasma; persulfate

1. Introduction

In recent years, antibiotics, becoming the most frequently detected pharmaceutical
compounds in the environment [1], have created conditions for the development of resistant
genes in bacteria [2,3]. The resistant bacteria are of increasing concern due to their eco-
toxicological effects [4,5]. Vancomycin (VMN) is an amphoteric glycopeptide antibiotic
used to treat infections caused by Gram-positive organisms [6]. This antibiotic and its
modifications are considered as drugs of last resort, i.e., the world’s last line of defense
against resistant pathogens, making these of extreme importance from the environmental
point of view [7]. Vancomycin was detected in French rivers in concentrations reaching up
to 90 ng L™ [8], and in the effluents of the wastewater treatment plants (WWTPs) of Milan
and Varese, Italy, as high as 17.4 = 1.7 ng L' and 24.4 & 31 ng L™, respectively [9].

Incomplete removal of antibiotics and other drugs from wastewaters at WWTPs re-
quires alternative or supplementary approaches, such as, e.g., advanced oxidation processes
(AOPs) using reactive oxygen species (ROS), including atomic oxygen, hydroxyl, and other
radicals, able to degrade organic contaminants in water [3,10]. For example, the applica-
tion of UV/TiO, combination showed 89.5% degradation of VMN in 36 min at the initial
concentration of 58 mg L', TiO, dosage of 55 mg L', and temperature 40 °C [11].

Advanced oxidation methods include, among others, UV-induced oxidation and non-
thermal electric discharge plasma. Photolysis is used for the activation of extrinsic oxidants
such as hydrogen peroxide (HP), peroxydisulfate (PDS), and peroxymonosulfate (PMS) to
produce hydroxyl (HO®) or sulfate radicals (SO} ™) [12]. Compared with HO®, SO}~ possess
equal or even higher redox potential of 2.5-3.1 V and exhibits higher selectivity at longer
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half-life [13]. Numerous studies showed high efficacy in degradation and mineralization of
contaminants of emerging concern by UV/HP, UV/PDS, and UV /PMS processes [3,13-15].

Non-thermal plasma generates hydroxyl radicals in a variety of electric discharge
types [16]. The gas-phase pulsed corona discharge (PCD) is applied to the water dispersed
in the form of droplets, jets, and films in the discharge zone. This discharge surpasses other
plasma types in energy efficiency due to the formation of hydroxyl radicals at the surface
of the treated aqueous solution, i.e., in close vicinity of the target pollutants experiencing
negligible resistance in diffusion into the aqueous phase [17]. Except for hydroxyl radicals,
atomic oxygen, ozone, hydrogen peroxide, and other reactive species participate in PCD
oxidation. Previously, it showed high removal efficiency for pharmaceuticals such as
metformin, tramadol, and dexamethasone [18,19], as well as improved oxidation rates with
persulfate addition [20]. The use of persulfate additives is actively studied for other plasma
types, for example, double barrier discharge, achieving increased degradation rates for
different organic pollutants [21-23].

The current study aimed to evaluate the effect of extrinsic oxidants on the degradation
and mineralization of VMN in combination with UV photolysis and PCD. To the best of the
authors’ knowledge, no similar research has been performed, both in terms of the target
compound and the use of combinations. Operation parameters, pH, and extrinsic oxidant
dose were evaluated for cost efficiency according to the delivered energy and the cost of
extrinsic oxidants.

2. Results and Discussion
2.1. Effect of pH on VMN Oxidation in UV Photolysis and PCD Treatment

In blank VMN hydrolysis experiments at unadjusted pH without applying UV or PCD,
no significant changes (<5%) in concentration of VMN were observed in 2 h. In turn, the
application of direct UV photolysis and PCD treatment resulted in 90% removal at about
0.53 kWh m~3 and 0.09 kWh m~3 of delivered energy (Figure 1). Thus, the PCD oxidation
of VMN was a few times more energy efficient than in UV photolysis.

--0-- UV pH unadjusted
--o-- UVpH3

--0-- UVpHI11

—a&— PCD pH unadjusted
—e—PCDpH3
—e—PCDpHI11

C/Cy

0 01 02 03 04 05 06
Delivered energy, kWh m=

Figure 1. Degradation of VMN at different pH values in UV photolysis and PCD treatment
([VMN]y = 13.5 uM).

The effect of pH on the oxidation of organic molecules is often associated with their
dissociation or protonation. Due to its molecular structure containing numerous deproto-
nated moieties available for the electrophilic attack [24], the VMN molecule has several
dissociation constants making the increase in pH from 2.9 to 11.7, greatly improving its
oxidation rate. As shown in Figure 1, the effect of pH on VMN oxidation within acidic to
circum-neutral, i.e., the unadjusted conditions interval was negligible for both PCD and
UV photolysis processes. However, in alkaline solutions, both processes showed increased
oxidation efficacy providing >90% VMN degradation at energy doses lower than in acidic
media for 2.5 and 6.0 times in PCD and UV photolysis, respectively. The results of PCD
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oxidation are consistent with the study by Dodd et al. [24] where VMN degradation rates
in ozonation increased at alkaline pH. This may be also explained with decomposition
of ozone-forming hydroxyl radicals at faster rates. The change in pH may also affect the
light absorbance properties of the compound, improving it with increasing pH and thus
explaining the increased efficiency of UV photolysis at pH 11 [25].

Due to the negligible difference in oxidation rates between acidic and circum-neutral
pH, UV/oxidant and PCD/oxidant combinations were studied only in alkaline and neutral
solutions. In addition, unadjusted circum-neutral pH decreases during the treatment of
VMN solutions due to acidic by-products formation. In PCD treatment, nitrates are formed
with nitrogen oxidation [26].

2.2. VMN Oxidation in UV/Oxidant and PCD/Oxidant Combinations

Experiments with oxidants without application of UV irradiation and PCD showed no
effect on VMN. Figure 2, Figures S1 and S2 from Supplementary Materials demonstrate the
kinetics of VMN degradation in the pseudo-first-order reaction for UV and PCD treatment
with and without extrinsic oxidants (R2 > 0.98).

1 —o—UV Delivered energy, kWh m™
0 02 04 05 05
—a—UV/PDS [ . )
08 - ——PCD fia.
——PCD/PDS
o 06 1
g
You4 |
02 4
0 1 1
0 0.1 02 03 04 05 06

Delivered energy, kWh m™

Figure 2. Degradation of VMN in UV photolysis, PCD treatment, UV /PDS, and PCD/PDS combina-
tions ([VMN]y = 13.5 uM, [PDS]j = 67.5 uM, unadjusted pH).

For example, the addition of PDS in the amount of 67.5 uM, i.e., in the VMN/PDS
molar ratio of 1/5 to UV-irradiated VMN solution, showed synergetic growth of k; value
1.43 times from 4.7 to 6.7 m3 kW~! h—1. For the PCD treatment, the addition of PDS in the
same amount improved the reaction rate constant 1.57 times from 30.3 to 47.7 m3 kW~!
h~!. The enhanced VMN degradation may be attributed to the activation of PDS to strong
reactive species, HO® and SOZ‘.

Similar VMN degradation enhancement was observed with extrinsic HP and PMS
in combinations with UV and PCD (Figures S1 and S2 from Supplementary Materials),
showing, however, certain quantitative difference: in the UV photolysis, the addition of
67.5 uM of hydrogen peroxide resulted in ki = 8.8 m® kW~! h~! surpassing the combination
with PDS (6.7 m® kW~ h~1) and PMS (5.3 m3 kW1 h™1). The effect of PMS additions on
the UV photolysis was of minor importance (Figure S2 from Supplementary Materials),
although both oxidants, HP and PMS, exhibited a noticeable yet moderate synergy effect on
PCD oxidation (Figure S1 from Supplementary Materials). The reason for this difference is
most likely related to the different extrinsic oxidants” activation mechanisms: UV photolysis
activates the oxidants by the fission of the O-O bond providing a mixture of sulfate and
hydroxyl radicals (Equations (1)-(3)) [13,27]:

8,02~ ™ 2803~ ¢ = 211 M~'em ™! @ = 0.70 mol Einstein ! 1)

H,O, M OHO* ¢ =180M lem™! ¢ = 0.50 mol Einstein ! (2)
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HSO; ™ SO;"+HO® ¢ =140M lem™! ¢ = 0.52 mol Einstein ! 3)
where ¢ is the molar extinction coefficient at a wavelength of 254 nm, and ¢ is the quantum
yield for UV photolysis.

Activation of extrinsic oxidants in PCD proceeds via a complex action of electromag-
netic field, UV radiation, and formation of hydroxyl radicals and other reactive species
acting as activators. Contrary to UV photolysis, the activation in PCD occurs at the plasma—
liquid interface with a minor contribution of reactions in the bulk solution [28].

In PCD, UV light is emitted by the 311, — B3I_Ig electronic transition in the Nj
molecule and the reported wavelengths for pulsed corona discharge of point-to-plane
configuration are above 300 nm [29]. Considering the effective wavelengths activating
extrinsic oxidants from 200 to 310 nm, the radiation emitted by PCD most probably plays a
negligible role in their activation [13,30].

In water radiolysis experiments, a solvated electron (eaq ) rapidly activates peroxy-
disulfate anion (Equation (4)) [31]:

$05 +e,q — SO +S05~ k=11x10"M"'s! )

The presence of solvated electrons in atmospheric-pressure plasmas was confirmed
by Rumbach et al. [32]. They found an average penetration depth of electrons to water
of 2.5 £ 1.0 nm and noted that the kinetics of electron scavenging is similar, although not
identical, to the solvated electrons formed in water radiolysis. The extrinsic oxidants’
activation mechanism with solvated electrons is presumably the most important one since
the rate of PDS activation by ROS (Equations (5)-(7)) is several orders of magnitude
lower [22]:

$,02 +HO® — SO} +HSO, +050, k=8x10*M 15! ®)
$,03” + H* — SO} +S07 +H'  k=25x10"M !s! (6)
S,037+03~ — SO} +S03 +H'  k=24x10°M 1s7! @)

The reaction described in Equation (6) is less probable for hydrogen radicals being
scavenged at the gas-liquid interface by abundant oxygen. Sulfate radicals formed this or
that way, however, are more selective than hydroxyl radicals and may not be utilized in
reactions with organic compounds. Instead, sulfate radicals react with water molecules
forming hydroxyl radicals in reactions strongly dependent on pH (Equations (8)—(9)) [33,34]:

SO; +H0 — HSO; +HO*  k <2x10°M 's ™! (pH 5.5-7.0) ®
SO;"+HO™ — SO +HO®  k=65x10’ M~!s~ (pH > 11) ©)

The recombination of sulfate radicals and their reactions with other radicals are faster
(Equations (10)-(12)) making these more probable [35,36], hindering the actions of sulfate
and hydroxyl radicals:

SO 450 — S,02° k=31x10M1s7! (10)
805" +5,05” — SO; +5,05”  k=61x10°M's7! ()
SO}~ +HO® — HSO5 k=1x10"M1s7! (12)

The activation of peroxymonosulfate anions introduced with PMS or formed from
PDS in PCD presents another concern. The anion HSO; has an asymmetrical structure
with the O-O bond having the dissociation energy of 377 kJ mol~! vs. 92 k] mol~! of
peroxydisulfate anion [37], making the HSOj5 activation via direct cleavage of O-O less
probable than that of szog— (Equation (13)):

HSO; +e;q — HO® 4507 / SO} +HO™ k=84 x 10° M s~ (13)
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Nevertheless, Shang et al. [37] showed performance of PMS surpassing that of PDS
in accelerating oxidation of sulfamethoxazole by dielectric barrier discharge (DBD). They
supposed faster oxidation was contributed by the activation of PMS with dissolved ozone
(Equations (14)—(16)) [38]:

—03500" +05(aq) — —0350; — SO +05 k=22x10"*M's™'  (14)
2505~ — 2503 +0, (15)
SOz~ +03; — SO 420, (16)

Due to a relatively slow rate (Equation (14)), the reaction with dissolved ozone formed
in PCD [28] likely takes place in the bulk solution.

Concerning hydrogen peroxide, Tikker et al. [20] showed that PCD results in H,O,
formation in concentrations of up to 0.11 mM in acidic solutions in 1 h of treatment at the
pulsed power of 32 W. The H,O, formation is associated with the hydroxyl radicals’ recom-
bination (Equation (17)), which is produced from water molecules (Equation (18)) [37]:

HO® + HO® — H,0, k=55x10"°M ts! (17)
H,O+e  — HO®*+H®+e (18)

Sulfate and hydroxyl radicals may also react with HP producing hydroperoxyl radicals
(HO3) able to activate persulfate anion (Equations (19)-(21)) [33]:

SO;” +H,0, — SO +HO3 +H* k=12x10 M 1s! (19)
HO® + H,0, — HO3 +H,0 k=27x10"M's7! (20)
$02”+HO3 — SO; 4807 +0p+H" k=22x10*M s~ (1)

Notably, moderate amounts of ferrous cations form in the stainless steel PCD reactor
reaching Fe?* concentrations of up to 0.2 mg L' within 2 h of treatment. It makes the
Fenton reaction (Equation (22)) play a part, presumably minor, in the oxidation mechanism
of the target compound in the PCD process.

Fe** +H,0, — Fe’*4+HO™ +HO® k=53M1s! (22)

Activation of PDS and PMS with ferrous ions is actively studied (Equations (23)—(25)) [39]:
Fe’t 45,057 — Fe’*+S0; +S0;~ k=30M's™! (23)

Fe’' +HSO; — Fe’™+HO 480 k=3x10*M 's™! (24)

Fe?* +HSO; — Fe’™+HO® +S0;~ (25)

Shang et al. [22] reported somewhat accelerated p-nitrophenol (2.5 mM) oxidation in
the combination of DBD/PDS with the addition of 3.6 uM of Fe?*. A tenfold increase in Fe%*
dose modestly accelerated oxidation rate, which may be explained by rapid scavenging of
sulfate radicals with excessive ferrous ions (Equations (26)) [22]:

SO;™ +Fe?t — Fedt 4502~ k=46x10"M 157! (26)

Besides Fenton-like reactions, leaching iron may also catalyze ozone decomposition,
producing hydroxyl radicals (Equations (27)—(30)) [40]:

Fe’*+0; — Fe*t 403~ k=17x10°M 157! (27)
O3 +H' — HO® +0, k=59x10°M 15! (28)
Fe?*+03 — FeO* 40, k=82x10°M's7! (29)
FeO?" +H,0 — Fe**+HO® +HO™ k=13x102M !5~} (30)

2.2.1. Effect of Extrinsic Oxidant Dose on VMN Oxidation in UV /Oxidant Combinations

Figure 3 presents the effect of extrinsic oxidant dose, expressed as VMN/oxidant
molar ratio, and pH on the reaction rate constant k; and TOC removal in VMN oxidation
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by unassisted UV photolysis and the UV /oxidant combinations. In the UV photolysis,
the k; values in circum-neutral and acidic solutions were similarly low, while having
TOC elimination slightly increased with decreasing pH. At alkaline pH, the k; and TOC
degradation achieved the highest values of 29.8 m® kW1 h~1 and 24.1%, respectively.

m1/1 015 01/10 B1/5pH11 ¢TOC
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Figure 3. Effects of pH and VMN/oxidant molar ratio on the target compound UV photolytic
oxidation rate constant k; and TOC removal ([VMN]y = 13.5 uM, unadjusted pH*, treatment time for
TOC removal 2 h).

The performance of the combined treatment in unadjusted pH conditions was mod-
erately enhanced with the increasing extrinsic oxidant concentrations. For instance, the
PDS addition in the molar VMN/oxidant ratios of 1/1 (13.5 uM), 1/5 (67.5 uM), and
1/10 (135.0 uM) resulted in the k; value increased by 12.2%, 41.3%, and 89.2%, respec-
tively, compared with the unassisted UV photolysis. A similar trend was observed with
the UV/HP combination, while the addition of PMS showed low performance achiev-
ing only 37.8% in the best k; improvement at the 1/10 VMN/PMS molar ratio. These
results are consistent with the different molar extinction coefficients presumably resulting
in different amounts of produced radicals (Equations (1)-(3)): slower activation of PMS at
the fast degradation of VMN by unassisted UV photolysis resulted in a smaller effect of
PMS addition.

The VMN mineralization was also improved with extrinsic oxidants (Figure 3). The
UV /oxidant combinations showed an increase in TOC removal from 1.7% in unassisted UV
photolysis in circum-neutral solutions to 18.1%, 24.2%, and 7.9%, respectively, in UV /PDS,
UV/HP, and UV /PMS combinations at the oxidant concentrations of 135.0 uM. These
observations suggest hydroxyl radicals produced from H,O; are utilized in the oxidation
of degradation by-products more effectively for their unselective reactions.

At pH 11, the VMN degradation rate constant k; in the unassisted UV photolysis, and
UV/PDS and UV /PMS combinations at the VMN/oxidant molar ratio of 1/5 comprised
29.8m3> kW 1h™1,21.1 m® kW~ h~!, and 19.5 m® kW~! h™!, respectively (Figure 3). The
reason for lower oxidation rates in UV /PDS and UV /PMS combinations may be the absorp-
tion of the photons by persulfate or peroxymonosulfate anions preventing deprotonated
VMN direct photolytic degradation, which is faster than that proceeding via formation
of sulfate radicals. The use of the UV/HP combination resulted in k; being increased to
343 m3 kW1 h™!, which was probably due to the faster degradation of hydrogen peroxide
and production of hydroxyl radicals, thus overpowering their lower oxidation potential in
alkaline media [41]. The TOC removal also rose from 24.1% to 33.9% in UV-irradiated alka-
line VMN solution with HP addition, which is similar to the improvement at unadjusted
circum-neutral pH. The UV /PDS combination showed better performance in TOC removal
than UV/PMS, 42.6% vs. 33.0%, due to faster synergism of both VMN photolysis (Figure 1)
and PDS decomposition (Equation (5)) in alkaline conditions. The synergy is supported
by the persulfate anion activation with hydroperoxide anion-producing sulfate radicals
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contributing to the mineralization of VMN oxidation products (Equations (31) and (32)) [13].
Further transformation of sulfate radicals to hydroxyl radicals through Equation (9) may
also somewhat change the balance between ionic and molecular forms of VMN and its
oxidation by-products affecting further oxidation.

$,02"+H,O — 2502~ +HO, +H* (31)
$,03”+HO, — SO} +S0; +05 +H" (32)

The activation of PMS in alkaline solutions can also take place, producing hydroxyl
radicals, singlet ozone, and superoxide radicals. For example, the degradation of Acid
Orange 7 was observed for the alkali/PMS combination but not for the alkali/PDS [42].
One of the important steps of PMS activation at alkaline pH is the formation of hydrogen
peroxide and its hydrolysis to hydroperoxide anion, which further produces other ROS
(Equations (33)—(35)) [42]:

HSO; +H,O — Hy0,+HSO, (33)
H,0, — HO, +H* (34)
H,0,+HO™ — HO, +H,O (35)

For example, hydrogen peroxide formed in the reaction described by Equation (33) may
also be degraded by UV radiation forming hydroxyl radicals (Equation (2)), thus oxidizing
VMN and its degradation products. This hypothesis may be evidenced by mineralization
with UV/HP proceeding with efficiency similar to the one of PMS in alkaline solutions
(Figure 3).

2.2.2. Effect of Extrinsic Oxidant Dose on VMN Oxidation in PCD/Oxidant Combinations

In acidic media, the unassisted PCD treatment showed a somewhat decreased VMN
degradation reaction rate constant compared with the unadjusted circum-neutral pH, al-
though the TOC removal increased from 76.9% to 85.7% with decreasing pH (Figure 4).
The higher oxidational potential of hydroxyl radicals in acidic media [41] most probably
contributed to more effective oxidation, whereas selective reactions of more stable molecu-
lar ozone may be attributed to the lower oxidation rate of VMN in acidic solutions. These
contrary phenomena resulted in a decreased VMN oxidation rate, although the reaction
products, such as oxalate, are easier oxidized in acidic medium providing deeper mineral-
ization [20]. At alkaline pH, similarly to unassisted UV photolysis, the value of k; increased
t0 75.8 m3 kW1 h~ !, while TOC removal decreased by almost half to 48.8%. Similar results
were obtained by Tikker et al. [20] for oxalate mineralization in unassisted PCD treatment,
and the decreased TOC removal was explained by (i) the decreased hydroxyl radical oxida-
tion potential [41], (ii) scavenging of hydroxyl radicals by carbonates and/or bicarbonates,
and (iii) possible scavenging of hydroxyl radicals by ozone. Carbonates/bicarbonates are
accumulated in alkaline solutions due to absorption from the air (Equations (36) and (37))
and mineralization of by-products.

CO,+HO™~ — HCO; (36)
HCO; +HO™ — CO3 +H,0 37)
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Figure 4. Effect of pH and VMN/oxidant molar ratio on the target compound PCD oxidation
rate constant k; and TOC removal ([VMN]y = 13.5 uM, unadjusted pH*, treatment time for TOC
removal 2 h).

Table 1 shows the TIC concentration after 2 h of treatment in acidic/circum-neutral
and alkaline conditions. In alkaline media, the total inorganic carbon changed during the
treatment from around TICy =7 + 1.4 to 14 £+ 0.7 mg C L1 corresponding to 35 & 7.0 and
70 £3.5mg L1 of bicarbonate/carbonate, while at the starting circum-neutral pH, the final
concentration of bicarbonates did not exceed 4 mg L~! since the pH was reduced during
the treatment. The second-order reaction rate constants of radical scavenging reactions
with bicarbonates/carbonates are high enough to reduce the number of available hydroxyl
radicals and, also, interrupt the formation of ozonide ion radicals from superoxide radicals
responsible for the generation of hydroxyl radicals (Equations (38)—(41)) [34]:

HCO; +HO® — CO3 +H,0  k=85x10°M 157! (38)
CO% +HO* — CO3~ +HO™ k=39x108M 15! (39)
COj +03~ — COF 40,  k=40x10°M !5 (40)

03+05~ — 05 +0, k=15x10"M"'s7! (41)

Table 1. Concentration of TIC in VMN solutions in 2 h of treatment dependent on pH values
([VMN]y = 13.5 uM, [oxidant]y = 67.5 uM).

Combination TIC, mg CL-1
pH 3/Unadjusted pH pH11

Uuv 0.5 3.6
UV/PDS 0.8 5.8
UV/HP 1.3 43
UV/PMS 0.7 47
PCD 0.6 14.3
PCD/PDS 0.6 12.9
PCD/HP 0.6 14.6
PCD/PMS 0.5 13.5

At alkaline pH, ozone may react with hydroxyl radicals forming less reactive hydroper-
oxyl radicals (Equation (42)) [34]:

03+HO®* — HO3+0, k=10x10M's! (42)
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The dose of added oxidants directly affects the oxidation performance in tested combi-
nations, with excessive concentrations exhibiting a self-scavenging effect, whereas a lack of
oxidant shows a negligible effect. Previously, the optimum target compound-to-oxidant
molar ratio in DBD treatment of benzotriazole and sulfamethoxazole solutions was found
to fit into a 1/30-1/40 interval [23,43]. For oxalate, however, oxidation in PCD showed the
optimal molar ratio with PDS of 1/0.5, improving the energy efficiency of mineralization
for 1.7 times.

In this study, the performance of PCD/oxidant combinations in circum-neutral solu-
tions moderately improved with increased concentrations of extrinsic oxidants following
the descending order PCD/PDS > PCD/PMS > PCD/HP (Figure 4), suggesting more
effective production of radicals in the PCD/PDS combination. The moderate character of
oxidation enhancement is seen from, for example, a less than twofold increase in VMN
degradation rate when PDS was added in the amount of tenfold the VMN content: the kg
value at its maximum of 59.3 m® kW~1 h—! was achieved at the PDS dose of 135.0 uM at the
VMN/PDS molar ratio of 1/10 compared with 30.3 m3 kW~! h~! for unassisted PCD treat-
ment. The required time to degrade VMN decreased 2-fold from 4 to 2 min indicating that
contact with electrical discharges (Equation (4)) is the main mechanism of PDS activation be-
cause long-living oxidants, i.e., ozone, were at low concentrations [26]. The disproportional
but direct connection between the extrinsic oxidant dose and the reaction rate indicates that
sulfate radicals formed by PCD activation from PDS contribute to VMN oxidation. Further
oxidation of the VMN degradation products with sulfate radicals also showed an effect
compared with unassisted PCD; thus, TOC removal at the lowest PDS dose of 13.5 uM com-
prised 92.5%, whereas unassisted PCD removed TOC for 76.9% in circum-neutral solutions
(Figure 4). The increased PDS dose showed a negative trend in VMN mineralization with
decreasing the TOC removal to 82.1% at the maximum VMN/PDS ratio of 1/10, indicating
a scavenging effect of sulfate radicals (Equations (10) and (11)) and/or hydrogen peroxide
(Equation (19)).

Contrary to the PCD/PDS process, the PCD/PMS combination demonstrated improve-
ment with growing PMS dose in both the pseudo-first-order VMN degradation reaction
constant k; and mineralization of VMN oxidation products, reaching 56.4 m®> kW~ h~!
and 96.4%, respectively. The difference in activation pathways of PDS and PMS, as well
as in the types of active species, provides better performance of PMS in combination with
PCD. Furthermore, the activation of PMS with ozone (Equations (14)—(16)) and ferrous ions
(Equations (24) and (25)) may also play an important role in changing the tendency in the
oxidation rate and mineralization dependent on the extrinsic oxidant dosing. The activation
of PMS with aqueous electrons is two orders of magnitude slower than that of PDS due
to the higher O-O bond dissociation energy (Equations (4) and (13)), which makes the
number of radical species smaller, thus helping to avoid scavenging associated with sulfate
radical recombination seen for PDS (Equations (10) and (11)). Somewhat similar results
were reported by Shang et al. [37] for the degradation of sulfamethoxazole in DBD/oxidant
combinations: the increase in the reaction rate constant with PMS additions was higher
than that with PDS compared with unassisted DBD.

The use of PCD/HP combination resulted in the lowest effect on the k; value amongst
the studied extrinsic oxidants resulting in 46.1 m3 kW~! h™! at the highest dose of HP
(Figure 4). Since there is an accumulation of HP in PCD, its activation is slow, meaning that
PCD is a weak hydrogen peroxide activator. This is consistent with the rather low VMN
mineralization degree fluctuating from 71.8% to 76.5%. A large dose of HP did not improve
oxidation, which was most likely the consequence of radical self-scavenging reactions.

In alkaline solutions, the PCD/oxidant combinations demonstrated accelerated VMN
decomposition and decelerated mineralization compared with circum-neutral and acidic
media (Figure 4). The accumulation of TIC (Table 1), supposedly as carbonates at pH 11,
and associated oxidant-scavenging reactions were the reason for the lower VMN mineral-
ization. The PMS and HP additions showed neutral effect in mineralization compared with
unassisted PCD. In the PCD/PDS combination, however, the TOC removal increased from
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47.9% in unassisted PCD to 60.9%, which may be determined by the TIC content decrease
from 14.3 to 12.9 mg C L™! in the PCD and PCD/PDS combination, respectively, and the
increase in the number of reactive species possibly overpowering the scavenging effect
of carbonates.

2.3. Identification of VMN Transformation Products

In addition to the efficiency of degradation and mineralization of the target compound,
transformation products (TPs) were identified during the oxidation of VMN by the studied
UV- and PCD-based systems using LC-MS analysis.

The results obtained showed that in the case of UV-based systems, the predominant
transformation product was TP1 with 1/z 716, most likely formed during the dehydroxyla-
tion of the VMN molecule (proposed elemental composition CgsH73C1,N9Op3), which was
also previously identified by Furia et al. [44] in the oxidation of VMN with a Fenton-based
system. In addition, the formation of TP2 with m/z 733 (CgsH75C1N9Oy5) and TP4 with
m/z 741 (CesH75C1pN9gOy4) was observed, which suggests the hydroxylation of the VMN
molecule. For PCD-based oxidation, traces of TP1, TP2, and TP3 were also found, but TP4
with m/z 758 turned out to be specific and more abundant, which most likely indicates the
formation of a polyhydroxylated VMN molecule (CgcH77Cl3NgOsg).

2.4. Comparison of Operating Costs

To evaluate energy efficiencies of the treatment systems under the scope, energy yields
at 90% conversion of VMN (Egg, g kW~! h~1) were calculated as the ratio of the oxidized
VMN quantity to the energies consumed by the UV irradiation and PCD treatment together
with the cost of extrinsic oxidants [20]. The cost of oxidants was considered as EUR 1.0
kg1, EUR 1.5 kg~ !, and EUR 2.5 kg~! for HP, PDS, and PMS, respectively, including
transportation and taxation based on average wholesale prices on the market in 2022. The
cost of oxidants was converted to the equivalent energy expense considering the average
European non-household electric energy price of EUR 0.125 kW1 h—1[45] dependently on
the dose, and added to the total energy expenditure. The calculation results are shown in
Table 2.

Table 2. Energy efficiencies of VMN oxidation in UV /oxidant and PCD/oxidant combinations
([VMN]p = 13.5 uM, unadjusted pH).

Eogo, g kW-1h-1

uv PCD
pH3 36 146
Unadjusted pH 36 195
pH11 228 540
Molar ratio UV/PDS UV/HP UV/PMS PCD/PDS PCD/HP PCD/PMS
1/1 37 44 34 250 256 126
1/5 34 52 23 187 196 39
1/10 28 61 18 143 136 21
1/5,pH 11 58 173 40 243 248 40

In the unassisted processes at unadjusted circum-neutral pH, the PCD treatment
showed more than five times higher energy efficiency than UV photolysis. At pH 11,
PCD and UV processes achieved their highest energy efficiencies of 228 ¢ kW~ h~! and
540 g kW~ h~1, respectively.

The addition of extrinsic oxidants without substantial improvement in the oxidation
rate negatively affects the energy efficiency while also making the combined treatment
less convenient in terms of chemicals delivery, storing, and handling. However, some
combinations with PDS and HP demonstrated considerably increased Egy values dependent
on the applied oxidant dose; thus, at the lowest PDS and HP doses, combinations with PCD
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showed cost efficiencies exceeding the unassisted process for about 1.3 times, decreasing
with further extrinsic oxidant additions (Table 2).

The UV /PDS combination at the VMN/PDS molar ratio of 1/1 showed the VMN
degradation result similar to the unassisted UV photolysis, although noticeably improv-
ing TOC removal (Figure 3). Interestingly, in the UV/HP combination, the trend in the
treatment energy efficiency dependent on the HP dose is positive, showing the efficiency
increased from 44 g kW1 h~1 to 61 g kW~ h~! (Table 2). Showing the k; values similar
to the ones in the UV/PDS process, the UV /HP combination was more effective due to the
hydrogen peroxide cost being 1.5 times smaller than PDS.

Finally, being the most expensive and heaviest extrinsic oxidant (MW = 304 g mol™!),
PMS yields to other oxidants in energy efficiency compared with direct photolysis and
unassisted PCD (Table 2).

3. Materials and Methods
3.1. Chemicals

Vancomycin hydrochloride (CosH75ClaNgOo4 -xHCI, >99%), sodium persulfate (NaxS,Osg,
>99%), potassium peroxymonosulfate (Oxone®, KHSO5-0.5KHSO4-0.5K;S0,), hydrogen
peroxide (H,O,, PERDROGEN™, >30%), potassium iodide (KI, > 99%), sodium bicar-
bonate (NaHCOj3, 99%), and sodium sulfite (Na;SO3, >99%) were obtained from Sigma-
Aldrich, St. Louis, MO, USA and used without further treatment. Methanol (CH30H,
>99%), acetonitrile (CH3CN, LiChrosolv®), and formic acid (CH,O,, 99%) used as eluents
were obtained from Merck KGaA, Darmstadt, Germany.

3.2. Pulsed Corona Discharge Equipment

The PCD experiments were conducted in a device made by Flowrox Oy (Finland) with
characteristics given in Table 3. The device consists of a PCD stainless steel reactor with
the storage tank, pulse generator, and circulation pump with the frequency regulator used
to control the pump rotation rate (Figure S3 from Supplementary Materials). The plasma
reactor contains an electrode system consisting of high voltage wire electrodes positioned
horizontally between two grounded vertical parallel plates. The generator applies high
voltage pulses to the electrode system at the pulse repetition frequencies in pulses per
second (pps) controlled incrementally as shown in Table 3. The output-input ratio of the
pulse generator comprises 65%. Treated solution is dispersed through the perforated plate
positioned above the wire electrodes at a certain spray density determined as the flow rate
divided by the planar cross-sectional area of the plasma zone, m s~ . After passing the
plasma zone, treated solution falls to a storage tank, from where it is circulated back to the
top of the reactor.

3.3. Photochemical Equipment

Photochemical experiments were performed in batch mode in a 1 L cylindrical glass
reactor. A low-pressure mercury germicidal lamp (11 W, TUV PL-S, Philips, Netherlands)
placed in a quartz sleeve inside the reactor was used as a UVC source. The input-output
power of the lamp is approximately 32%. The incident photon flux at 254 nm of the lamp
used in VMN oxidation comprised 2.55 x 10~ Einstein s~! measured by ferrioxalate
actinometry. The lamp was turned on for 10 min before the trial to provide a constant
radiation output. A water-cooling jacket was used to maintain constant temperature in
the reactor.

3.4. Experimental Procedures

Experiments were carried out at an ambient room temperature of 21 £ 1 °C at the
VMN initial concentration of 20 mg L~ or 13.5 uM. The unadjusted water pH values were
5.8 + 0.2 and 6.8 & 0.2 for UV and PCD experiments, respectively. For acidic (pH 3) and
alkaline (pH 11) conditions, pH was regulated by adding H,SO,4 or NaOH in 0.1 to 5.0 M
solutions. The effect of PDS, PMS, and HP additions in both photochemical and PCD
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experiments were studied at concentrations of 13.5 uM, 67.5 uM, and 135.0 uM, providing
the oxidant-to-target compound molar ratio equal to 1, 5, and 10. In experiments with
the oxidant additions, the oxidation reaction in samples taken for HPLC-PDA analysis
was quenched by adding methanol at the sample-to-CH3OH volume ratio of 10. For the
TOC analysis, sodium sulfite was used at the Na;SOs3-to-oxidant molar ratio of 10. In the
UV /oxidant trials, the VMN solution in the amount of 0.8 L was prepared in bi-distilled
water and treated for 2 h with permanent stirring by means of a magnetic stirrer. After
the dissolution of the added oxidant, the preheated UVC lamp inserted into the reactor
initiated the oxidation.

Table 3. Technical parameters of PCD device.

Parameter Value

Reactor parameters

Reactor full volume, L 80
Perforated plate size, mm x mm 565 x 97

Number of perforations 24
Diameter of perforations, mm 3

Water flow rate, L min—! 2-18

Spray density, m s~ 0.002-0.0177
Plasma zone volume, m3 0.011
Contact surface area at flow rate of 1 m® h=1, m~! 130 *

Electrode configuration

High voltage wire length, m 12

Wire diameter, mm 0.6

Distance between electrodes and grounded plate, mm 17
Distance between high-voltage electrodes, mm 30

Generator characteristics

Pulse repetition frequency, pps 25, 50, 100, 200, 500, and 800
Output power, W 8-112
Peak voltage, kV 22
Peak current, A 290
Current pulse duration, ns 70
Pulse energy, | 0.14-0.16

* The gas-liquid contact surface was measured using a classical method of sulfite oxidation by air oxygen in the
presence of cobalt sulfate catalyst [46].

The stock solutions for PCD experiments were prepared in a 1 L volumetric flask
using bi-distilled water, followed by dilution to a total volume of 5 L by distilled water
in the reactor tank. Pre-selected amounts of the extrinsic oxidant were dissolved in a
100 mL volumetric flask and mixed with the treated solution in the tank before the start
of treatment. All PCD experiments were performed at a circulated water flow rate of
1 m3 h™! corresponding to the gas-liquid contact surface area of 130 m~! and the pulse
repetition frequency of 50 pps with the pulsed power input of 8 W. The plasma treatment
time comprised 2 h with a total energy dose of 2.4 kWh m~3 delivered to the treated
sample. For proper sampling, the treated solutions were circulated in the reactor for four
minutes after the pulse generator was turned off for equalizing the concentrations in the
reactor’s volume.

3.5. Analytical Methods

The concentration of VMN was determined using high-performance liquid chro-
matography combined with a diode array detector (HPLC-PDA, Shimadzu SPD-M20A,
Shimadzu, Kyoto, Japan) equipped with a Phenomenex Gemini (150 x 2.0 mm, 1.7 mm)
NX-C18 (110 A, 5 um) column. The analysis was performed using an isocratic method with
a mobile phase composed of 9% vol. of acetonitrile containing 0.3% of formic acid and
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91% vol. of 0.3% formic acid aqueous solution. The flow rate was kept at 0.25 mL min 1.

Samples injected in 75 pL volume were analyzed at a wavelength of 220 nm.

Samples from selected experiments were analyzed by high-performance liquid chro-
matography coupled with a mass spectrometer (HPLC-MS, Shimadzu LC-MS 2020, Shi-
madzu, Japan). Mass spectra were acquired in the full scan mode (scanning in the range of
100-1500 m/z). The instrument was operated in positive ESI mode and the results obtained
with the MS detector were processed using Shimadzu Lab Solutions software.

Total carbon (TC) and total inorganic carbon (TIC) were measured using a TOC
analyzer multi N/C® 3100 (Analytik Jena, Jena, Germany) in 20 mL samples with an
injection volume of 500 uL for each replicate. Solution pH was measured using a digital
pH/Ion meter (Mettler Toledo 5220, Mettler Toledo, Greifensee, Switzerland).

Utilization of persulfates was quantified iodometrically measuring residual concen-
trations in the treated samples by adding an excess KI and using a spectrophotometer
(Genesys 10S, Thermo Scientific, Waltham, MA, USA) at A = 352 nm [47]. The residual H,O,
concentration was measured spectrophotometrically at A = 410 nm with titanyl sulfate by a
H,O,-Ti** complex formation [48].

Due to different volumes of treated water and power input, photolytic and PCD
oxidation processes cannot be compared by observing the decrease in VMN concentration
over time, but only by the delivered energy doses calculated for the water volumes and the
delivered power in the time of treatment.

To evaluate the effect of extrinsic oxidant addition on the VNM degradation effi-
ciency, a pseudo-first-order reaction rate constant k; was calculated (Equation (43)) using
slopes of the straight lines by plotting In (C;/Cy) as a function of delivered energy dose D
(Equation (44)) through linear regression:

A g #3)
Pt
D (44)

where kj—pseudo-first-order reaction rate constant, m? kW1 h~1; C—concentration of
target compound; D—delivered energy dose, kWh m3, P—power delivered in PCD or UV
treatment, kW; and V—volume of treated solution, m>.

The energy efficiency Egy, g kW~! h~1, was calculated for 90% VMN degradation
using Equation (45):
AC-V
W
where AC—a decrease in target compound concentration, g m~3; V—volume of treated
solution, m®; and W—energy consumption derived from the generator power output and
the time of treatment, kWh.

Egp = (45)

4. Conclusions

The UV photolysis, PCD, UV/oxidant, and PCD/oxidant processes were found to be
effective in decomposing the aqueous pharmaceutical vancomycin. All studied extrinsic
oxidants demonstrated certain synergism with PCD and UV, accelerating oxidation. For
all combinations, with a minor exception for UV /PMS showing negligible improvement,
an increase in the dose of extrinsic oxidant resulted in a noticeable increase in the pseudo-
first-order rate constant. In the UV /oxidant combination, TOC removal increased mostly
linearly with the applied oxidant dose, although in the PCD/oxidant combination, the effect
of the oxidant dose on TOC removal showed variable deviations, with only the PCD/PMS
combination showing a positive trend at the highest removals. The TOC removal in the
PCD/oxidant combinations remarkably exceeds the one in the UV /oxidant treatment.

The direct UV photolysis and unassisted PCD demonstrated relatively high energy
efficiency of 36 g kW~ h™! and 195 g kW~! h~!, respectively. For all combinations, a
positive effect on the energy efficiency was observed only at the lowest oxidants doses,
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except for the UV/HP combination which almost doubled the energy efficiency at the
VMN/oxidant molar ratio of 1/10 compared with unassisted UV photolysis. In conclu-
sion, the application of UV/HP at higher oxidant doses and PCD/HP and PCD/PDS
combinations at moderate oxidant doses provide advantageous VMN degradation and
mineralization. On the other hand, the unassisted PCD treatment provides sufficiently high
energy efficiency as a chemical-free method.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/xxx/sl. Figure S1. Degradation of VMN in UV photolysis, PCD treatment,
UV/HP and PCD/HP combinations ((VMN]y = 13.5 uM, [HP] = 67.5 uM, unadjusted pH); Figure S2.
Degradation of VMN in UV photolysis, PCD treatment, UV/PMS and PCD/PMS combinations
([VMN]y = 13.5 uM, [PMS]y = 67.5 uM, unadjusted pH); Figure S3. Scheme of pulsed corona
discharge device.
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Ionic liquids (ILs) are salts with exceptional properties important for future development, although potentially
hazardous for humans and aquatic life due to their high aqueous solubility and toxicity. Biodegradation of ILs
depends on the anion nature and cation structure: many ILs are not readily degraded during conventional
wastewater treatment, thus requiring alternative cost-effective and energy-efficient solutions. In this research,
the degradation of aqueous imidazolium-based ILs by pulsed corona discharge (PCD) and UV photolysis com-
bined with persulfates was studied, using peroxymonosulfate (PMS) and peroxydisulfate (PDS) as extrinsic ox-
idants. 1-Ethyl-3-methylimidazolium chloride ([Emim][Cl]), 1-methyl-3-octylimidazolium chloride ([Omim]
[CI]), and 1-ethyl-3-methylimidazolium bromide ([Emim][Br]) were chosen as imidazolium-based ILs with
different alkyl chain lengths and anions in oxidation experiments under variable operation factors - pH, con-
centrations of persulfates, pulse repetition frequency in PCD. Pulsed corona discharge has previously shown high
energy efficiency in the degradation of micropollutants but has not yet been applied to ionic liquids. The
experimental results showed the ability of PCD, PCD/oxidant and UV/oxidant combinations to completely
degrade the ILs with the degradation rates in descending order [Emim][Cl] > [Omim][Cl] > [Emim][Br],
indicating an impact of both the alkyl chain length and the type of anion on the oxidation rate. The strong
activation of persulfates was observed in UV/oxidant combinations, whereas PCD demonstrated the effect of
persulfates addition between slight acceleration and moderate deceleration of oxidation dependent on the
concentration of extrinsic oxidants. The addition of the sulfate radicals’ scavenger, however, showed the pres-
ence of those in all combinations indicating a certain replacement of PCD-generated reactive oxygen species with
secondary reactants formed from persulfates. The unassisted PCD and UV/PDS combination demonstrated
similar energy efficiencies of about 54 and 26 mmol kWh 1 for [Emim][Cl] and [Emim][Br] degradation,
respectively, while for [Omim][Cl] the UV/PDS combination showed energy efficiency 1.42 times higher than
unassisted PCD.

1. Introduction

Tonic liquids (ILs) are organic salts with melting points below 100 °C,
composed of inorganic/organic anions and organic cations. Due to their
exceptional properties such as low vapour pressure, high thermal and
chemical stability, and tunability, ILs are becoming widespread in in-
dustry [1]. Although ILs do not evaporate and cannot cause atmospheric
pollution, they, being hygroscopic and water-soluble, may cause adverse
environmental effects if spilt or leaked [2]. At the beginning of their
development and usage, they were considered as ‘green chemicals’, but
further investigations of ILs’ life cycle revealed their toxic character
when released into the environment [3], several studies reported their
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bacterial toxicity and slow biodegradability [4-6].

Among the ionic liquids, imidazolium-based compounds have gained
attention becoming the most studied ionic liquids [7]. They are appli-
cable in numerous fields including extraction and separation processes,
including biomass and wood dissolution, electrochemistry (batteries,
fuel cells, supercapacitors), as plasticizers in the manufacture of plastics,
biodiesel production, advanced materials, carbon capture, and even
water treatment [1,7-9].

The toxicity of imidazolium-based ILs is of great concern being
mainly attributed to the alkyl chain, the length of which positively
correlates with toxicity [4,10]. For example, [Omim][Cl] and [Omim]
[Br] show acute toxicity to Vibrio fischeri (1o0gECso, pM) of 0.94 + 0.14
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and 0.63 + 0.06, whereas [Emim][Cl] is less toxic with 1ogECsg of 4.02
+ 0.14 [4]. Moreover, 1-octyl-3-methylimidazolium cation [Omim] ™
shows acute toxicity LDsq on mice at concentrations of 35 mg kg~ body
weight [11], whereas the 1-ethyl-3-methyl imidazolium cation [Emim]™*
shows negative impact on mice at an exposure concentration of 10 mg
mL ! [12].

The degradation of ILs by conventional wastewater treatment
methods is inefficient due to their poor biodegradability [13]. This
makes more potent methods, such as advanced oxidation processes
(AOPs) utilizing hydroxyl radicals (HO"), actively studied for different
recalcitrant compounds, including ionic liquids. The Fenton-based pro-
cess, electro- and photo-assisted combinations of oxidants have been
demonstrating their performance in the degradation of various ILs
[14-18]. Amongst AOPs, non-thermal plasma technology is getting
more interest in water purification due to its energy-efficient character
and rapid performance [19]. Previous studies showed the non-thermal
gas-phase pulsed corona discharge (PCD) being of higher energy effi-
ciency than other plasma types [19,20]: since PCD applicable to water
dispersed in droplets, jets and films forms the reactive oxidant species
(ROS) predominantly at the surface of the treated aqueous solution,
these meet little resistance diffusing into the aqueous phase thus uti-
lizing the short-living oxidants in reactions with aqueous pollutants
[21]. Except for hydroxyl radicals, atomic oxygen, ozone, hydrogen
peroxide and other reactive species participate in reactions. Besides,
enhancement of PCD energy efficiency is possible by partial utilization
of the discharge energy and a uselessly decomposing ROS in reactions
with extrinsic oxidants, like persulfate salts, added to the treated solu-
tions. This approach is actively studied for non-thermal plasma tech-
nologies [22]. Activated persulfate produces sulfate radical (SO3 ) that
has a longer half-life (30-40 ps) than hydroxyl radical (0.2 ns) [23].
Extending the lifetime of the ROS may enhance the efficient utilization
of oxidants in reaction with organic pollutants.

The authors failed to find a description of non-thermal plasma used
for ILs degradation [14]. This makes the study aimed at the evaluation of
the degradation of imidazolium-based ILs in unassisted PCD and UV
photolysis and in PCD/oxidant and UV/oxidant combinations. Perox-
ymonosulfate (PMS) and peroxydisulfate (PDS) were chosen as extrinsic
oxidants. The experiments were performed on 1-ethyl-3-methylimidazo-
lium chloride ([Emim][Cl]), 1-methyl-3-octylimidazolium chloride
([Omim][Cl]), and 1-ethyl-3-methylimidazolium bromide ([Emim][Br])
as model compounds with different alkyl chain and counter anion. The
impacts of the alkyl chain length and the type of anion on the ILs
degradation efficiency and rates were examined, together with the effect
of persulfate dosages. The applicability of the methods under the scope
was compared in their energy efficiencies (mmol kWh™!) at 90 %
degradation extent dependent on the oxidant dosing at its current cost.

2. Materials and methods
2.1. Chemicals

1-Ethyl-3-methylimidazolium chloride ([Emim][Cl], > 98 %) and 1-
ethyl-3-methylimidazolium bromide ([Emim][Br], > 98 %) were ob-
tained from Arcos Organics. 1-Octyl-3-methylimidazolium chloride
([Omim][Cl], > 97 %) was purschased from Alfa Aesar. Sodium per-
sulfate (NaxS20s, > 99 %), potassium peroxymonosulfate (Oxone®,
KHSOs5-0.5KHS04-0.5K2504), ethanol (C;HsOH, > 96 %), and tertbutyl
alcohol ((CH3)3COH, t-BuOH, > 99 %) were obtained from Sigma-
Aldrich. Acetonitrile (CH3CN, LiChrosolv®) and formic acid (CH202,
99 %) were obtained from Merck KGaA.

2.2. Pulsed corona discharge equipment
The PCD experiments were conducted in a device made by Flowrox

Oy (Finland) with characteristics given in Table 1. The device consists of
a PCD stainless steel reactor with a storage tank, pulse generator and
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Table 1

Technical parameters of PCD reactor.
Reactor parameters Value
Reactor full volume, L 110
Perforated plate size for water distribution, mm 500 x 30
Number of perforations 51
Diameter of perforations, mm 1
Water flow rate, L min " 2-28.5
Spray density, m s~! 0.002-0.0243
Plasma zone volume, m* 0.013
Contact surface area (at flow rate of 1 m? h’l), m! 91.9
Electrode configuration
High voltage wire length, m 20
Wire diameter, mm 0.5
Distance between high-voltage electrodes and grounded plate, mm 18
Distance between high-voltage electrodes, mm 30

Voltage pulse generator’s characteristics

Pulse repetition frequency, pps 50-880
Output power, W 9-123.2
Peak voltage, kV 18

Peak current, A 380
Current pulse duration, ns 100

Pulse energy, J 0.14-0.18

circulation pump with the frequency regulator used to control the pump
engine rotation rate (Figure S1). The plasma reactor contains an elec-
trode system consisting of high voltage wire electrodes, positioned
horizontally between two grounded vertical parallel plates. The gener-
ator applies high voltage pulses to the electrode system at the pulse
repetition frequencies regulated incrementally as shown in Table 1.

The output-input ratio of the pulse generator comprises 65 %. The
treated solution is dispersed through the perforated plate positioned
above the wire electrodes at a certain spray density determined as the
flow rate divided by the planar cross-sectional area of the plasma zone.
After passing the plasma zone, the treated solution returns to a storage
tank, from where it is circulated back to the top of the reactor.

2.3. Photochemical equipment

Photochemical experiments were performed in batch mode in a 1-L
cylindrical glass reactor. A low-pressure mercury germicidal lamp (11
W, Philips TUV PL-S) placed in a quartz sleeve inside the reactor was
used as a UVC source. The input-output power of the lamp is approxi-
mately 32 %. The incident photon flux at 254 nm of the lamp used in
oxidation comprised 2.55 x 107 Einstein s ! measured by ferrioxalate
actinometry. The lamp was turned on at least 10 min before the trial to
provide a constant radiation output. A water-cooling jacket was used to
keep the constant temperature in the reactor.

2.4. Experimental part

Experiments were carried out at ambient room temperature of 21 +
1 °C, at the initial concentration of ionic liquids of 100 uM. The unad-
justed pH values of [Emim][Cl], [Omim][Cl], and [Emim][Br] were 6.9
+0.7, 6.2 £ 0.8, and 6.0 + 0.7 (average for UV and PCD), respectively.
For acidic (pH 3) or alkaline (pH 11) conditions, pH was regulated by
adding H,SO4 or NaOH 0.1- to 5.0-M solutions. The effects of PMS and
PDS in both photochemical and PCD experiments were studied at con-
centrations of 50, 100, 250, and 500 pM, providing the oxidant-to-
substrate molar ratio from 0.5 to 5. In experiments with oxidants, the
oxidation reaction was quenched with ethanol added at the sample-to-
EtOH volume ratio of 10 for HPLC analysis.

In UV/oxidant trials, a solution with an IL (0.8 L) was prepared in
bidistilled water and treated for 2 h with permanent stirring using a
magnetic stirrer. After the dissolution of persulfate salt, the UVC-lamp
inserted into the reactor initialized oxidation.

The stock solutions for PCD experiments were prepared in a 100-mL
volumetric flask using bidistilled water, followed by dilution to a total
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volume of 10 L by distilled water in the reactor tank constantly stirred
with the circulation pump. Pre-selected amounts of persulfate salts were
dissolved in a 100-mL volumetric flask and added to the tank immedi-
ately before the start of the treatment. PCD experiments were performed
at a circulated water flow rate of 1 m® h™! corresponding to the
gas-liquid contact surface area of 91.9 m™! and the pulse repetition
frequency of 50, 200, and 880 pulses per second (pps) with the power
input of 9, 32 and 123.2 W, respectively. For proper sampling and
calculation of the energy efficiency relative to the volume of the treated
solution, the solutions were circulated in the reactor for four minutes
after the pulse generator was turned off to equalize the concentrations in
the reactor’s volume.

2.5. Analytical methods

The concentration of [Emim]" was determined using high-
performance liquid chromatography combined with a mass spectrom-
eter (HPLC-MS, Shimadzu LC-MS, 2020) equipped with a Phenomenex
Gemini (150 x 2 mm, 1.7 mm) NX-C18 (110 A, 5 pm) column. The
analysis was performed using an isocratic method with a mobile phase
composed of 10 % vol. of acetonitrile and 90 % vol. of 0.3-% formic acid
aqueous solution. The flow rate was kept at 0.2 mL min~! and the
injected sample volume was 20 pL. Mass spectra were acquired in full-
scan (scanning in the range of 50-500 m/z) and SIM (111 m/z) modes.
The instrument was operated in positive ESI mode, and the results ob-
tained with the MS detector were handled using Shimadzu Lab Solutions
software. The concentration of [Omim]™ was determined using HPLC
with the same eluent flow rate and chromatographic column combined
with a diode array detector (HPLC-PDA, Shimadzu, Japan). The isocratic
eluent mixture was composed of 25 % vol. of acetonitrile containing 0.3
% of formic acid and 75 % vol. of 0.3-% formic acid aqueous solution.
Samples injected in 60 uL volume were analyzed at a wavelength of 205
nm.

Solution pH was measured using a digital pH/Ion meter (Mettler
Toledo S$220). The residual hydrogen peroxide concentration in the
treated samples was measured spectrophotometrically at A = 410 nm
with titanium sulfate by a Hy0,-Ti*" complex formation [24].

Due to the different treated water volumes and applied powers, the
UV- and PCD-based oxidation may not be compared by the decrease of
an IL concentration in time. Delivered energy dose relative to the treated
solution volume and treatment time was implemented to compare the IL
removal results by the different treatment methods. To evaluate the
effect of oxidant addition on the removal efficiency, an energy-related
pseudo-first-order reaction rate coefficient k; was implemented (Eq.
(1) being calculated using slopes k; of the straight lines by plotting In
(C/Cp) as a function of delivered energy dose D (Eq. (2) through linear
regression:

49~ ke )
Pet
D= v 2)

where k; is the pseudo-first-order reaction rate coefficient, m®> kWh%; C
is the concentration of target compound; D is the delivered energy dose,
kWh m~3, P is the power applied in pulsed corona discharge or UV
photolysis, kW; V is the volume of treated solution, m°.

The energy efficiency E, mmol kWh™!, was calculated using the

equation Eq. (3):

ACeV
w

3)

where AC - a decrease of target compound concentration, mmol m3V
— the volume of treated solution, m®; W — energy consumption derived
from the generator power output and the time of treatment, kWh.
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3. Results and discussion
3.1. Degradation of ionic liquids in PCD-based treatment

Tonic liquids were degraded in PCD at pulse repetition frequencies of
50, 200 and 880 pps (Figures S2-54): comparisons of ILs* degradation
are shown in Fig. 1. Degradation of 90 % of [Emim][Cl] in PCD treat-
ment at a pulse repetition frequency of 200 pps was 1.54 and 2.4 times
faster than the degradation of [Omim][Cl] and [Emim][Br], respectively
(Fig. 1a), showing noticeable effects of the length of alkyl chain and the
character of anion on the oxidation.

Fig. 2 demonstrates the energy-related pseudo-first order reaction
rate constants of ILs’ PCD-degradation in aqueous solutions of 100-uM
starting concentration and unadjusted circum-neutral pH dependent on
the pulse repetition frequency. The reaction rate constants at 200 pps
were found to be 1.72, 1.03, and 0.68 m® kWh! for [Emim] [Cl],
[Omim][Cl], and [Emim][Br], respectively.

The difference in reaction rates of ILs of different structures may find
an explanation in the side-chain length and the nature of the anion. The
size of the octyl alkyl chain hinders the oxidation of the imidazolium
ring by screening off a part of the hydroxyl radicals utilized inefficiently
due to low reactivity towards saturated side-chains: these chains provide
certain surfactant properties to ILs, being oriented towards the gas phase
at the gas-liquid interface [25]. The longer side-chain of [Omim]™
provides its slower degradation compared to [Emim]* paired with
chloride.

Bromide anion affected the oxidation of imidazolium cations even
stronger: [Emim][Cl] is oxidized more than two times faster than
[Emim][Br] (Fig. 1). This observation may be explained by using in-
formation available in the literature. Accordingly, Grebel et al. [26]
reported that both anions may participate in reactions forming chlorine

1 a —[Emim][CI]
08 ——[Omim][Cl]
’ —O—[Emim][Br]
& 0.6
~
0 0.4
0.2
0 - T T T
0.0 1.0 2.0 3.0
Delivered energy, kWh m-3
1 b —O—[Emim][CI]

——[Omim][Cl]
—O—[Emim][Br]

-0.6
50.4
0.2 4
0 T T T T T |
0.0 1.0 2.0 3.0 4.0 5.0 6.0
Delivered energy, kWh m-3
1 —0-[Emim][ClI]

——[Omim][Cl]

0.8
206 4 —O—[Emim][Br]
00.4
0.2 4
0 T T T )
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Fig. 1. Degradation of imidazolium-based ILs in PCD oxidation ([IL], = 100
uM, pH unadjusted, pulse repetition frequency: 50 pps (a), 200 pps (b), 880
pps ().
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Fig. 2. Effect of pulse repetition frequency on the ILs energy-related degrada-
tion rate constant k; in PCD oxidation ([IL]o = 100 uM, pH unadjusted).

and bromine radicals (R1-R3):

HO' + X = XOH™ (kg =4.3 x 10°M's 7 kg, = 1.1 x 10" M~ s7H(1)

XOH™ + H' = X" + Hy0 (kg = 2.1 x 10" M s7! kg, = 4.4 x 101 M~!
sh @
X +X - Xy ®

Chlorine radical (CI") (Eg = 2.55 V) and dichlorine radical-anion
(Cl3) (Ep = 2.13 V) are highly reactive towards organic compounds,
while bromine radical (Br’) (Eg = 1.93 V) and dibromine radical-anion
(Bry) (Ep = 1.62 V) have lower redox potentials [26,27], thus not
contributing to the imidazole oxidation. However, the author’s previous
study did not observe acceleration of PCD oxidation reactions in the
presence of sodium chloride: salts addition only reduced the target
pollution oxidation rate due to a partial loss of the discharge energy in
conductive media showing no difference between chloride or sulphate
[28].

Differently from chloride, bromide is known to be oxidized by ROS in
acidic and neutral media to bromate via hypobromite [29,30]. Bromide
oxidation rate is fast enough to compete with the target reaction scav-
enging a substantial part of oxidants. Competitive oxidation of bromide
may thus contribute to the reduced [Emim]" oxidation. Supporting this
observation, there are data pointing to the oxidation of bromide to
hypobromite (R5) with subsequent reduction in reverse reaction (R6)
with hydrogen peroxide formed by recombination of hydroxyl radicals
(R4) [31]:

M sTh (4)
Hy0; + Br™ + H" - H,0 4+ HBrO (k = 1.5 x 10° M~ s71) )

HO' + HO -H,0, (k = 5.5 x 10°

Hy0; + HBrO — HyO + O + HY + Br (k=23 x 10° M7 's7)  (6)

Bromide thus degrades hydrogen peroxide possibly formed in re-
actions involving hydroxyl radicals contributing to all the oxidants’
waste [32]. The authors’ previous results showed the accumulation of
hydrogen peroxide in water during PCD treatment [33]. In this study,
the concentration of hydrogen peroxide reached 0.07 mM after a half-
hour treatment of [Emim][Cl], whereas no accumulation of hydrogen
peroxide was observed even after one hour of [Emim][Br] oxidation.
This provides indirect evidence of bromide playing a competitive role in
ILs’ PCD oxidation.

At a pulse repetition frequency of 880 pps, the degradation of ILs
showed similar trends with respect to the character of the hydrocarbon
chains and the nature of anions (Fig. 1¢): the degradation of [Emim][Cl]
was 1.41 and 2.86 times faster than of the [Omim][Cl] and [Emim][Br],
respectively, with the k; values 1.09, 0.77, and 0.41 m® kwh L
Compared to 50 and/or 200 pps (Fig. 2), the reaction rate constants
expectedly decreased with the pulse repetition frequency as observed
with other aqueous pollutants [33]. Given the similar energy-related
reaction rate constant values for the oxidation of target compounds at
50 and 200 pps, but faster reactions in the case of the latter conditions
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(Figures S2-54), 200 pps was chosen for further studies.

3.1.1. Effect of pH in unassisted PCD oxidation

The experiments on the degradation of ILs affected by pH were
conducted in acidic (pH 3), circum-neutral (pH unadjusted), and alka-
line (pH 11) media with detailed results given in Figures S5-S7. Fig. 3
shows the effect of pH on the energy-related reaction rate constant in
PCD treatment at 200 pps. Notably, the non-thermal plasma oxidation
resulted in noticeable decrease in pH at unadjusted initial pH conditions.
The latter can be explained by atmospheric nitrogen being oxidized to
nitrate in plasma [34].

One can see that higher reaction rate constants are observed at pH 11
for all ILs under consideration with ky comprising 2.71, 2.61, and 1.08
m® kWh™! for [Emim] [Cl], [Omim][Cl], and [Emim][Br], respectively.
The noticeable effect of alkaline pH can be explained by the fact that the
organic cation is a desirable target for nucleophiles such as hydroxide,
transforming the imidazolium cation to a neutral molecule with the
hydroxyl group. Further deprotonation of the molecule in the alkaline
medium enhances its reactivity with electrophilic hydroxyl radicals
improving degradation efficiency (Fig. 4).

The impact of pH on [Emim][Cl] and [Emim][Br] oxidation
appeared similar, improving it, if compared to the circum-neutral so-
lution, by the factor of 1.58 for both, although absolute k; values remain
remarkably different. The difference may point to a difference in charge
neutralization and deprotonation of the cation bond with different
inorganic anions. A stronger pH impact on the [Omim][Cl] oxidation
may indicate better charge neutralization of the long-chain cation in an
alkaline solution. Acidic media had a negligible effect on ILs PCD
oxidation.

It should be noted that hydrogen peroxide in alkaline solutions was
not detected indicating its possible fast decomposition (R7, R8) [35].

H>O; + HO™ — H,0 + HOy @)

2H,0, = 2H,0 + O, ®)

3.1.2. Effect of pH in PCD/oxidant combinations

The results of ILs oxidation at different pH values in the PCD/oxidant
combinations are shown in Fig. 5, where the energy-related reaction rate
constants are compared with the ones of unassisted PCD. The addition of
extrinsic oxidants at the IL/oxidant molar ratio of 1/1 inhibited oxida-
tion in more than half of the experiments due to, possibly, wasting active
oxidants in recombination and other reactions between each other
forming less reactive species.

No improvement was observed in the degradation of [Emim][Cl]
with additions of PDS and PMS, while the [Omim][Cl] with longer alkyl
chain degraded faster at pH 3 with additions of both PDS and PMS,
having k; increased from 1.12 m® kWh ! in the unassisted PCD oxida-
tion to 1.57 and 1.44 m® kWh ™, respectively. This observation may be
explained by longer-living sulfate radicals having higher redox potential

3 - OpH 3
EpH unadjusted

. 25 ¢ OpH 11
c 2+
g
- 1.5 r
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5 1 F
X
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Fig. 3. Effect of pH on the ILs energy-related degradation rate constant k; in
PCD oxidation ([IL]o = 100 uM, pulse repetition frequency 200 pps).
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Fig. 4. Transformation of 1-ethyl-3-methylimidazolium cation in alkaline solution.
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Fig. 5. Effect of pH on the ILs energy-related degradation rate constant k; in PCD and PCD/oxidant combinations ([IL], = [PDS]o = [PMS], = 100 uM, pulse

repetition frequency 200 pps).

in the acidic media thus contributing to a better oxidation. This, how-
ever, was observed only for the longer alkyl chain cation, having a
stronger inductive effect on the imidazolium moiety. With [Emim][Br],
in contrast to the other ILs under consideration, the addition of PMS
moderately improved the degradation at alkaline pH, and k; increased
from 1.08 to 1.38 m® kWh . This observation requires a more detailed
study for explanation: bromide is known not to be oxidized in an alka-
line medium thus having little impact on PCD reactions in the presence
of extrinsic oxidants [36].

3.1.3. Effect of persulfates dosage in PCD/oxidant combinations

Fig. 6 demonstrates the results of ILs degradation in the PCD/oxidant
treatment at unadjusted circum-neutral pH dependent on the IL/oxidant
molar ratio. The addition of persulfates at small molar ratios showed, for
example, for [Emim][Cl], a minor positive effect decreased with the
increased oxidant dosage. Persulfate ions and sulfate radicals in
increased concentrations compete for the plasma-generated ROS able to
oxidize [Emim][Cl], thereby reducing the overall effectiveness of
treatment [34,37]. The performance of the PCD/PDS combination for
[Omim][Cl] and [Emim][Br], in general, remained at the level of un-
assisted PCD. This also may point to the nearly equal substitution of the
discharge-generated ROS with sulfate radicals. The use of PCD/PMS

apPCD 0O1/0.5 ®1/1 0O1/2.5 ®m1/5

k;, M3 kWh-t

[Emim][CI] | LOmim][CI] | [Emim][Br] | [Emim][CI] | [Omim][CI]| [Emim][Br]

PCD/PDS PCD/PMS

Fig. 6. Effect of the IL/oxidant molar ratio on the ILs energy-related degra-
dation rate constant k; in PCD and PCD/oxidant combinations ([IL]o = 100 pM,
pH unadjusted, pulse repetition frequency 200 pps).

combination resulted in k; values for [Emim][Cl] fluctuating from 1.4 to
1.58 m®*kWh 1, i.e., being noticeably lower than that of unassisted PCD.
The activation of PMS (R9) may produce hydroxyl radicals, making it
different from the PDS one (R10). This may explain why PCD/PMS
shows better results compared to PDS at high PMS dosages [31,38].
Possibly, the formation of hydroxyl radicals from PMS prevails in re-
actions with [Emim][Cl], reducing the scavenging effect of the extrinsic
oxidant.

HSO5 +ezq — HO" + SOF/SO5 + HO™ (k = 8.4 x 10°M ™' s7)) (9)
$208” + egq = SOI™ + SOy (k= 1.1 x 10" M~'s7h) (10)

The increased PMS dose showed a small positive effect on the
oxidation efficiency of [Omim][Cl], the reaction rate constant k; ach-
ieved 1.1 m® kWh ™! at the IL/oxidant molar ratio of 1/5, exceeding the
value observed at the unassisted PCD oxidation. For the [Emim][Br], the
addition of PMS had no effect on the oxidation, only slightly reducing
the one at the highest IL/oxidant molar ratio of 1/5. The absence of
noticeable change in degradation may point to a compensatory oxida-
tion mechanism, in which PMS-derived secondary oxidation species
equally replace ROS reacted with PMS.

3.2. Degradation of ionic liquids in UV-based treatment

The UV photolysis of ILs was studied in the UVC light at a wavelength
of 254 nm. In 2-h irradiation, a near-zero removal of ILs was observed in
acidic and unadjusted circum-neutral pH, imidazolium cation showed
high stability to photodegradation. At alkaline pH, 2-h UV photolysis
resulted in 25 %, 5 %, and 30 % decomposition of [Emim][Cl], [Omim]
[Cl], and [Emim][Br], respectively. Faster degradation of [Emim]™
cations in an alkaline medium might be explained similarly to the PCD
oxidation, i.e., cations transformed to molecular form are more reactive.
Being degraded either by direct photolysis or oxidation with hydroxyl
radicals formed from water dissociation, ILs show different reactivity
dependent on their structure. The difference in removal of [Emim] " and
[Omim] " suggests the prevalation of photonic oxidation, since electro-
philic hydroxyl radicals should faster oxidize [Omim]-moieties for a
stronger inductive effect of longer side-chain.
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3.2.1. Effect of pH in UV/oxidant combinations

Contrary to PCD/persulfate combined treatment, the UV/persulfate
combination is a well-known process with prompt activation of persul-
fate salts by the fission of O-O bond with high-energy photons creating
sulfate and hydroxyl radicals (R11, R12). Activation of PDS is easier
than PMS for different dissociation energy of the O-O bond in these
molecules, 92 and 372 kJ mol ™}, respectively. The difference originates
from the asymmetrical structure of peroxymonosulfate anion (HSOs)
[31].

$,03” + hv — 2505~ 11)
HSO5 + hv — SO5 + HO' 12)

Fig. 7 shows the effect of pH on the energy-related degradation rate
constant k; at the IL/persulfate molar ratio of 1/2.5 oxidizing ILs with
UV-generated sulfate and hydroxyl radicals. At unadjusted circum-
neutral pH, [Emim][Cl] and [Omim][Cl] showed similar degradation
rates with k; values of 2.35 and 2.04 m® kWh ', respectively. For
[Emim][Br], the PDS concentration necessary to achieve 90 % degra-
dation was twice as high as the PDS concentration in experiments with
[Emim][Cl] and [Omim][Cl], i.e., 500 pM, thus showing k; value as low
as 1.46 m® kWh ! indicating the presence of bromide hindering oxida-
tion of the target cation. Additions of PMS demonstrated expectedly
lower oxidation rate with reaction rate constants of 0.86, 1.02, and 0.45
m? kWh ! for [Emim][Cl], [Omim][Cl], and [Emim][Br], respectively.
Besides higher O-O-bond dissociation energy, PMS is a triple-salt
introducing more ions participating in scavenging reactions. The dif-
ference between oxidative species formed from PDS and PMS may also
make a difference in reactivity: the formation of long-living sulfate
radicals from PDS may provide more efficient oxidation of ILs as
compared to sulfate and hydroxyl radicals from PMS. It is worth noting
that regardless of the UV/persulfate system studied, the unadjusted
initial pH value decreases during the oxidation process due to the for-
mation of acidic by-products and a certain acidity associated with
persulfates.

Compared to the circum-neutral medium, the acidic one showed
slightly increased oxidation efficiency with PDS for [Emim]*, while a
negative effect was observed with respect to [Omim] . This observation
points to the relative importance of the IL’s cation structure compared to
the sulfate radicals’ redox potential strengthened in an acidic medium.
Alkaline pH is known to activate persulfate salts enhancing the oxidized
pollutants removal (R13-R17, R7) [39,40]: oxidation proceeds in a two-
stage reaction with rapid full use of persulfate at the beginning with a
subsequent slow stage of the direct UV photolysis.

S,08” + Hy0, — 2803 + HO; + H* as)
$,03” + HO; — SO3™ + SOj + 03 + H' 14)
SO; + HO™ — SO}~ + HO® 15)
apH 3
61 BpH unadjusted
54 OpH 11
£ .
-
E 3
< 27
1
o1

.

[Emim][CI] [Omim][CI] [Emim][Br]| [Emim][CI] [Omim][CI] [Emim][Br]
UV/PDS UV/PMS

Fig. 7. Effect of pH on the ILs energy-related degradation rate constant k; in
UV/oxidant combinations ([IL]o = 100 pM, [PDS], = [PMS]y = 250 uM for
[Emim][Cl] and [Omim][Cl], [PDS]o = [PMS]o = 500 uM for [Emim][Br]).
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HSO3 + H,0 — H,0, + HSO; 16)

H,0, - HO; + H" 17)

In the ILs UV/PDS oxidation, the enhancement of reactions in an
alkaline medium was observed only for [Emim][Br] with no effect for
others. This observation is difficult to explain since neutralized ILs’
cations in alkaline solutions should present a desirable target for elec-
trophilic oxidants, sulfate and hydroxyl radicals. Possibly, reactions
scavenging active species, weakened radicals’ oxidation potential, or the
shift in oxidation stoichiometry may need a closer look in the UV/PDS
treatment. Showing low oxidizability compared to [Emim][Cl] in acidic
and circum-neutral media, [Emim][Br] may be oxidized faster due to
bromide indifference towards oxidation in alkaline media [36], thus
alleviating its impact on the reactions observed in acidic and neutral
media.

At the same time, PMS used in alkaline conditions greatly increased
the removal rate of all ILs compared to acidic and circum-neutral con-
ditions. The amounts of PMS, however, were not sufficient for the
complete degradation of ILs: PMS consumed within the first 10 min of
combined treatment, achieving around 90 % of ILs’ elimination; further
treatment was the slow direct photolysis. One more circumstance may
enhance the photoproduction of HO" and SO} in alkaline media — the
molar absorption coefficient of PMS increasing from 14.3 to 146.4 M
em ™! at pH 7 and 11, respectively, thus activating PMS at a greater rate
[41]. To explain the difference with the PDS behaviour, one can pay
attention to its molar absorption coefficient remaining in alkaline media
close to it at neutral pH (¢ = 20.07 M~ em™!) [42].

3.2.2. Effect of persulfates dosage in UV/oxidant combinations

The use of increased dosages of persulfates in the UV/oxidation
combination resulted in a pronounced impact on the energy-related
reaction rate constants (Fig. 8).

For example, additions of PDS at the [Emim][Cl]/PDS molar ratios
from 1/1 to 1/5 at circum-neutral unadjusted pH increased k; value
from 0.76 to 4.48 m® kWh™, i.e., for about six times. The UV/PDS
combination showed similar results in [Omim][Cl] oxidation resulting
in k; values increased more than seven times up to 5.40 m® kwh!
Degradation of [Emim][Br] was inhibited by the presence of bromide
ions with kj reaching only 1.46 m® kWh™! at the highest PDS dosage,
although the effect of the increased PDS dosage was also big exceeding
five times. However, the addition of PDS at an IL/oxidant molar ratio of
1/1 was insufficient for the 90-% [Emim][Br] degradation; persulfate
degraded faster than [Emim][Br] indicating disproportion in the reac-
tion stoichiometry.

Similar disproportion was observed in UV/PMS combinations at the
molar ratio of 1/1 for all ILs and even at the molar ratio of 1/2.5 for
[Emim][Br] (Figure S8). The addition of PMS at a concentration of 500
uM, i.e. in an IL/oxidant molar ratio of 1/5, showed about 2.5-fold lower
reaction rate constants than PDS addition, reaching 1.96, 2.1, and 0.44
m® kWh™! for [Emim][Cl], [Omim][Cl], and [Emim][Br], respectively.
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Fig. 8. Effect of the IL/oxidant molar ratio on the ILs energy-related degra-
dation rate constant k; in UV/oxidant combinations ([IL], = 100 pM,
pH unadjusted).
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Consistently with PCD experiments, the degradation of [Emim][Br] at
maximum PMS dose was four times slower than that of [Emim][Cl],
indicating the negative impact of bromide ions interacting with PMS and
oxidative species.

3.3. Comparison of UV- and PCD-based treatment

The rate of degradation of target ILs in oxidant-assisted photolysis
and PCD combinations follows the descending order: [Emim][Cl] >
[Omim][Cl] > [Emim][Br], clearly indicating the long alkyl chain and
bromide anion as moieties with decelerating impact on the oxidation.
The PCD-based treatment showed k; values up to 1.80 (PCD/PDS, IL/
oxidant molar ratio of 1/0.5), 1.10 (PCD/PDS, IL/oxidant molar ratio of
1/1), and 0.68 (unassisted PCD) m® kWh !, respectively for [Emim][Cl],
[Omim][Cl], [Emim][Br]. In turn, the UV/oxidant combinations
showed a pronounced dependence of the oxidation rate on the oxidant
dose achieving k; up to 4.48, 5.39, and 1.46 m? kWh™!, respectively,
with PDS addition at an IL/oxidant molar ratio of 1/5. It is worth noting
that unassisted PCD was also able to effectively degrade ILs, having the
addition of extrinsic oxidants in optimized quantities only slightly
improving the ILs’ degradation. Amongst factors reducing the oxidation
rate, recombination of hydroxyl radicals with subsequent degradation of
hydrogen peroxide in PCD should be mentioned. The negative effect of
bromide anion is seen in both studied oxidation methods, indicating its
involvement in competing reactions with oxidants and the interference
with ILs ionic dissociation reactions.

While the energy-related reaction rate constant k; takes into account
the energy dose required for oxidation, it does not count the cost of
extrinsic oxidant participating in the reaction, bringing certain incom-
pleteness to the methods’ comparison from an economic point of view.
Energy efficiency or energy yield Egp, mmol kWh™!, helping in the
applicability assessment, considers the energies consumed by the UV
irradiation and PCD treatment needed for 90 % conversion of ILs
together with the cost of extrinsic oxidants. The latter was considered as
EUR 1.5 kg ! and EUR 2.5 kg! for PDS and PMS, respectively, as
average wholesale prices on the market in 2023. The cost of oxidant dose
was then converted to the equivalent energy expense considering the
average European non-household electric energy price of EUR 0.21
kWh ! and added to the energy expense [43].

The addition of extrinsic oxidant to the PCD-treated ILs solutions
resulted in a small increase in the degradation rate at best, thus, the
added oxidant will inevitably make the process more expensive
(Table S1). Table 2 shows energy efficiencies of realizable unassisted
PCD at three pulse repetition frequencies and UV/oxidant combinations
at circum-neutral unadjusted pH. Energy efficiencies of PCD treatment
at 50 pps were similar to 200 pps and comprised about 51 and 40 mmol
kWh™! for [Emim][Cl] and [Omim][Cl] degradation, respectively.
However, the Egg of [Emim][Br] at 50 pps were 1.6 times higher than
that of 200 pps, but almost 2 times lower than [Emim][Cl] at 50 pps: the
long time between pulses contributed to the action of long-living oxi-
dants improving energy usage. Compared to 200 pps, PCD treatment at
880 pps proceeds about four times faster, although with a respective
decrease in energy efficiency for 28.5 %, 21.6 %, and 40.1 %. In the UV-
based treatment, the energy efficiency increases with the dosages of

Table 2
Energy efficiencies of unassisted PCD and UV/oxidant combinations in ILs
oxidation ([ILs]o = 100 pM, pH unadjusted, [PDS], = [PMS]o = 500 puM).

Process Conditions Eoo, mmol kWh™!
[Emim][CI] [Omim][CI] [Emim] [Br]
PCD 50 pps 48.3 41.9 27.8
200 pps 53.5 38.7 17.2
880 pps 38.2 30.3 10.3
UV/oxidant PDS 54.2 59.6 24.5

PMS 23.1 26.2 6.8
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persulfates (Table S1). Compared to PCD, a similar result was obtained
for the [Emim][Cl] and [Emim][Br] degradation in the UV/PDS com-
bination with Egg of 54.2 and 24.5 mmol kWh™'. In turn, the energy
efficiency of [Omim][Cl] surpassed PCD treatment by 29.7 %, making
the UV/PDS combination more energy efficient. Application of a more
expensive PMS oxidant with a small improvement in the oxidation rate
negatively affects the energy efficiency with approximately two- to
three-fold lower results. Unassisted PCD treatment thus provides suffi-
ciently high energy efficiency in the oxidation of recalcitrant ILs using
only electric energy without added extrinsic oxidants, i.e., being free
from chemicals delivery, storage, and handling. Overall, PCD presents a
viable alternative to other AOPs, such as highly effective persulfate
photolysis [44].

3.4. Hydroxyl and sulfate radicals contribution to ILs oxidation

To estimate the contribution of radicals in the ILs oxidation, the
study using ethanol (EtOH) and tert-butanol (t-BuOH) as radical scav-
engers was performed. EtOH reacts with hydroxyl radicals at the second-
order reaction rate constant from 1.2e10° to 2.810° M~ s~ and sulfate
radicals at 1.6e107 to 7.7e10” M~ ! s~ while t-BuOH is a more effective
scavenger for hydroxyl radicals with the reaction rate constant from
3.8010° to 7.6e10° M~ ! 57! than for sulfate radicals with much smaller
reaction rate, 4.0010° t0 9.110° M~ s™! [45]. Thus, the application of
both radical scavengers may allow distinguishing the inhibition extent
in ILs’ degradation: in the presence of an excess amount of +-BuOH, the
effect of hydroxyl radicals is seen, while the effect of sulfate radicals is
visible from the difference in inhibition caused with alternating excess
amounts of EtOH and t-BuOH.

For the PCD/oxidant combination, the results presented in Table 3
showed that the 25-mM addition of t-BuOH inhibited PCD oxidation of
all ILs compared to the absence of t-BuOH indicated as a reference
experiment. Slower oxidation of target compounds thus indicates the
scavenging of hydroxyl radicals. The strongest inhibition was observed
for [Omim][Cl] in PCD/PDS oxidation with the IL degraded for 32 %
against 86 % in the reference experiment. The experiment with [Emim]
[Br] showed the weakest effect of t-BuOH reducing degradation of the IL
in PCD/PDS combination only from 87 % to 70 %. Considering the
substantial inhibition of [Emim][Cl] oxidation with the PCD/PDS
combination from 83 % to 44 %, the weak effect of t-BuOH on the
[Emim][Br] oxidation may be explained by the substantial part of hy-
droxyl radicals consumed in reactions with easily oxidizable bromide
ions. This observation is consistent with the poor oxidation efficiency of
the brominated IL observed in the experiments (Fig. 5). The formation of
a smaller amount of hydroxyl radicals in the oxidation of [Emim][Br] is
less probable for their predominant formation at the gas-plasma inter-
face confirmed earlier, thus being consumed in the bulk of liquid [20].

Interestingly, the addition of EtOH dramatically, three to four times
inhibited the oxidation of all ILs (Table 3), pointing to the key role of
sulfate radicals. The contribution of sulfate radicals to the ILs’ degra-
dation is seen from the difference between the inhibition effects of t-
BuOH and EtOH and follows the descending order: [Emim][Br] >

Table 3

Results of hydroxyl and sulfate radical scavenging study in PCD/oxidant com-
binations ([ILs]o = [PDS]o = [PMS]o = 100 uM, [EtOH], = [t-BuOH]o = 25 mM,
pH unadjusted, pulse repetition frequency 200 pps).

Tonic liquid Extrinsic oxidant Tonic liquid degradation, %

Time, min Reference EtOH t+-BuOH
[Emim] [C1] PDS 30 83 24 44
PMS 30 85 16 48
[Omim][CI] PDS 40 86 26 32
PMS 40 87 11 38
[Emim] [Br] PDS 60 87 23 70
PMS 60 89 25 65
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[Emim][Cl] > [Omim][Cl] for both persulfates. The fact of substantial
presence of sulfate radicals in PCD/persulfate-treated solutions together
with the poor persulfate effect on the ILs degradation rate confirms the
hypothesis of the PCD-generated ROS consumed by persulfates pro-
ducing sulfate radicals as substitutes with little change in ILs degrada-
tion rate.

In the UV/oxidant combination, the addition of t-BuOH inhibited the
ILs degradation with a big difference in performance dependent on the
oxidant (Table 4).

In oxidation with PDS, the weaker inhibition was observed indi-
cating only a small amount of hydroxyl radicals being formed (R15) and,
thus, scavenged with t-BuOH. Accordingly, the UV/PDS combination
demonstrated a predominance of sulfate radicals in the oxidation of ILs:
the addition of EtOH dramatically inhibited the oxidation of all ILs
compared to both reference experiments and the oxidation with the t-
BuOH scavenger. Additions of t-BuOH to ILs solutions treated with the
UV/PMS combination resulted in a stronger inhibition of oxidation, than
with PDS confirming larger amounts of hydroxyl radicals produced by
the decomposition of PMS (R11 and R12). EtOH added to the UV/PMS-
treated ILs inhibited oxidation a few times compared to t-BuOH addi-
tions, showing thus also the substantial contribution of sulfate radicals
into ILs degradation, which corresponds well with the PMS excitation
reaction (R12).

4. Conclusions

Oxidation of aqueous imidazolium-based ionic liquids was success-
fully performed in PCD, PCD/oxidant and UV/oxidant combinations,
showing the ILs oxidized with rates in the descending order [Emim][CI]
> [Omim][Cl] > [Emim][Br] in all methods. Compared to [Emim][Cl],
the long alkyl chain of [Omim][Cl] had a low to moderate negative
impact on the oxidation efficiency, making the imidazolium cation more
recalcitrant towards degradation. Bromide anions greatly reduced the
oxidation efficiency of [Emim]* cation due to the noticeable reactivity
of bromide anions towards oxidation.

Oxidation of ILs PCD-treated in alkaline media proceeds with
increased degradation efficiency due to cations’ neutralization with
hydroxyl anions to neutral molecules preferable as targets for electro-
philic attacks of ROS, hydroxyl radicals and ozone.

Participation of ozone and, potentially, other long-living oxidants in
the oxidation of ILs is seen from the difference in oxidation efficiencies
at variations on pulse repetition frequency: lower frequency provides
higher efficiency on account of long-living oxidants realizing their
oxidation potential within longer pauses between pulses.

UV/persulfate combinations showed high efficiency in the degra-
dation of ILs, although it is worth noting that their complete degradation
was achieved only at increased dosages of the oxidant. The predominant
role of sulfate radicals in ILs oxidation in UV/PDS treatment was
observed in the experiments with the application of hydroxyl and sulfate
radicals scavengers. A noticeable role of hydroxyl radicals in parity with
sulfate ones in UV/PMS combination was observed.

For the PCD process, the effect of added persulfates ranged from a
slight improvement to some inhibition of the ILs degradation rate. The
fact that studies in the radicals’ scavenging showed the substantial role
of sulfate radicals in PCD/persulfate treatment at negligible or negative
impact on the efficiency, the substitution of primary ROS with sulfate
radicals may be considered proven.

The unassisted PCD and the UV/PDS combination showed the
highest energy efficiency reaching, for example, 53.5 and 54.2 mmol
kWh ™!, respectively, for the [Emim][Cl] degradation. Other ILs were
also effectively oxidized by these reliable and promising methods.
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Table 4

Results of hydroxyl and sulfate radical scavenging study in UV/oxidant combi-
nations ([ILs]o = 100 pM, [PDS]o = [PMS]o = 500 uM, [EtOH], = [t-BuOH], =
25 mM, pH unadjusted).

Tonic liquid Extrinsic oxidant Tonic liquid degradation, %

Time, min Reference EtOH t-BuOH
[Emim][C1] PDS 10 99 24 85
PMS 20 99 11 52
[Omim][Cl] PDS 10 99 38 90
PMS 20 98 17 60
[Emim] [Br] PDS 40 97 44 83
PMS 60 81 19 48
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