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Abstract: Although water contamination with drug residues is a threat to public health, there are
currently barely any effective methods of purifying water from pharmaceutical substances. In this
study, continuous-flow sonoplasma treatment was used for the complete degradation of tetracycline
and ciprofloxacin in polluted municipal water. The addition of CeO, nanoparticles as catalysts
significantly increased the degradation rate of the antibiotics, and a degradation degree of 70% was
achieved. The presence of reactive oxygen species in the CeO,-nanoparticle-containing sonoplasma-
treated system was experimentally proven for the first time using the chemiluminescence technique.

Keywords: drug residue contamination; active radicals; antibiotic; ceria; sonoplasma; advanced
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1. Introduction

Increasing economic growth leads to an increase in drug residue contamination in
groundwater. Antibiotics, hormones, anabolics and tranquilizers are common synthetic con-
taminants detected in the wastewater of pharmaceutical factories, urban wastewater treat-
ment plants, hospitals and landfills, as well as livestock and aquaculture industries [1-4].
Drug residues that accumulate in ground and surface waters are consumed by various
“intact” organisms (fish, animals and humans), which negatively affects the environment
and public health [1,2,4,5].

The growing volume of human-produced wastewater and more stringent environmen-
tal and water use regulations require the development of new approaches that can improve
the existing treatment methods [6-9]. The current research on water treatment is focused
on a group of methods named “advanced oxidation processes” (AOP). These methods
include the generation of OHe radicals by various techniques, such as photocatalysis, use
of ultrasound, microwaves, ozonation and others, as well as their combinations [6,9].

Wastewater ozonation has been widely used over the last century for disinfection, the
removal of organic contaminants and for the treatment of taste and odor issues [10,11]. The
redox potential of ozone is higher than that of oxygen and chlorine, and it has a higher
oxidative effect [12,13]. Ozonation treatment mechanisms include both direct oxidation
by ozone molecules and the reactions of ROS (atomic oxygen, hydroxyl radicals and
hydroperoxide radicals) that are formed in ozone decomposition processes [11,14]. Different
techniques can be combined with ozonation to promote radical formation.

Ozonation with simultaneous UV photolysis has been applied for the removal of sev-
eral organic species, including hormones, alkenes, phenols and aromatic compounds. In all
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cases, the complete mineralization of contaminants was achieved [11,14,15]. Nevertheless,
water must be sufficiently transparent for the effective use of UV /ozonation technology,
and the process is very difficult to use with heavily contaminated wastewaters.

However, the ozonation method is not free from disadvantages [6,9,11,14]. Ozone is a
toxic gas, and the strict observance of safety rules is required in treatment plants. Moreover,
the incorrect selection of ozone concentration or effluent treatment method often results
in toxic byproducts. Water that is saturated with an air-ozone mixture has high oxidation
activity and easily corrodes the materials in treatment equipment and reactors. Water
ozonation results in a high content of assimilable organic carbon, which is easily absorbed
by microorganisms, thus leading to the bacterial contamination of treated water.

Ultrasound treatment is an AOP, which involves the production of hydroxyl radicals
via the pyrolysis of water in cavitation bubbles. Although the decomposition of organic con-
taminants by ultrasound alone has demonstrated poor cost effectiveness, the combination
of ultrasound and other ROS formation methods is quite a promising approach [16].

Ultrasonic treatment can be combined with ozonation. The ultrasonic treatment of
a liquid medium causes cavitation and micro-turbulence, which promote the degrada-
tion of ozone and the formation of hydroxyl radicals [17-21]. Under ultrasound, ozone
consumption can be reduced by 60-70%. Such an approach has shown good efficiency
in the purification of water from aromatic compounds, textile dyes and in wastewater
treatment in distilleries. Combinations of ultrasound with photolysis and photocataly-
sis have also demonstrated good results in experiments with phenols, organic dyes and
antibiotics [16,22-24].

Plasma-based water purification methods provide the effective oxidation of organic
contaminants by OH" radicals (similarly to other AOP) and by other ROS formed at dis-
charge in air (i.e., ozone, singlet oxygen, the nitrate radical and super oxide) [25]. Currently,
many universities are conducting a cycle of research works on the use of plasma processes
for the purification of drug-contaminated waters [25-29]. When plasma is generated in
air or in water vapor, the efficiency of plasma treatment depends on the kinetics of radical
transfer from the gas phase to the water solution [25].

A unique combination of ultrasonic and plasma treatment (sonoplasma) has re-
cently been applied for flow-mode water treatment [30]. Simultaneous hydrodynamic
cavitation and plasma discharge treatment causes shockwaves via the action of collaps-
ing bubbles, ultraviolet radiation, hydroxyl radicals and plasma-induced ROS. The new
method has proven to be highly effective in the removal of the organic dye E132 and
E. coli disinfection [30]. The high rate of flow-mode sonoplasma treatment makes this
method potentially scalable for industrial applications. However, this very new AOP pro-
cess has been barely reported in the literature [30], and comprehensive research is needed
to develop approaches for the practical use of sonoplasma.

As mentioned earlier, the introduction of catalysts to wastewater can significantly
amplify the yields of hydroxyl radicals in several AOP. Homogeneous catalysts (metal ions)
and heterogeneous catalysts (insoluble metal oxides, etc.) are used to promote the formation
of reactive oxygen species during ozonation [15,31,32]. Semiconducting nanoparticles can
also act as sonocatalysts, generating electron-hole pairs under ultrasound, followed by the
formation of hydroxyl radicals in water solution [33-35]. Nevertheless, the catalyst itself
remains in the water after treatment and becomes a contaminator, which can affect living
organisms [6,11,24]. From this point of view, water-insoluble catalysts are preferable to
metal ions, and additional stages should be added to water treatment processes to remove
catalysts after AOP.

The objective of this work was to analyze the prospects of using the sonoplasma
process for cleaning antibiotics-contaminated wastewater. The efficiency of sonoplasma
treatment and the effect of a water-insoluble CeO; nanocatalyst added to the discharge
zone were investigated using common wastewater contaminants—the antibiotics tetracy-
cline and ciprofloxacin [36]. Antibiotics degradation efficiency and ROS production were
investigated by means of UV-vis spectroscopy and chemiluminescence measurements. The
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water treatment plant used in this work is potentially up-scalable to the industrial level
and allows antibiotics to be effectively removed in a flow-mode regime. The perspectives
of upgrading the plant with a membrane filtration module are also discussed.

2. Materials and Methods
2.1. Reagents

The following compounds were used to prepare water solutions: tetracycline (Biosin-
tez, Russia, Penza; medical grade), ciprofloxacin (Ozon Pharm, Russia, Zhigulevsk; medical
grade). Tetracycline and ciprofloxacin pills were dissolved, and the solutions were filtered
to remove the insoluble auxiliary components, such as cellulose, and then diluted to obtain
the desired concentrations of 40 mg/L and 50 mg/L, respectively. The solutions were
prepared using municipal water. A detailed analysis of water composition was carried
out. The analytical results are included in the supplementary materials, and the effects of
municipal water admixtures are described in the Results and Discussion section.

2.2. CeO; Preparation

CeO; was synthetized using a previously reported method [37]. To obtain the cerium
dioxide colloidal solution, ceric ammonium nitrate (Sigma-Aldrich) was dissolved in
distilled water to give a solution with a concentration of 0.1 M. An amount of 40 mL of this
solution was then placed in a 100 mL Teflon autoclave and treated at 230 °C for 24 h. Under
hydrothermal treatment, ceric ammonium nitrate hydrolyzes, and CeO, nanoparticles
precipitate according to the following equation (1):

(NH4)2C€(N03)6 + 2H,0 < 2NH4NO;3; + 4HNO;3 + \L CeO» (1)

After treatment, the autoclaves were cooled in air. In each case, the solid phase was
separated by centrifugation and re-dispersed in distilled water, forming electrostatically
stabilized CeQO, colloid solutions.

2.3. Methods of Analysis

The antibiotic concentrations were measured in the wavelength range 200-500 nm with
0.1 nm resolution using a SF-2000 (OKB Spectrum, Russia, Saint-Petersburg) spectrometer.
The absorption peaks at 320 and 375 nm were used to measure tetracycline and ciprofloxacin
concentrations in municipal water, respectively [22,38]. The intensities of these peaks
depend linearly on the concentration of antibiotics in the range of 5-100 mg/1.

The phase composition of the cerium precipitates was determined using X-ray phase
analysis on a Bruker D8 Advance diffractometer (Cu K-« radiation, Ni filter and LYNXEYE
detector) (Blue Scientific, United Kingdom, Cambridge). The diffraction data were collected
in the 20 angle range from 15 to 100° in 0.02° increments with accumulation time of
0.3 s/step.

Dynamic light scattering spectroscopy data were obtained using a Photocor Complex
multi-angle particle size analyzer (Photocor Ltd., Russia, Moscow) at a temperature of
20 °C and an accumulation time of 60 s.

Chemiluminescence analysis was performed at room temperature on a 12-channel
Lum-1200 chemiluminometer (llc “DISoft”, Russia, Moscow). A highly sensitive luminol
analog, L-012 (8-amino-5-chloro-7-phenyl-pyrido[3,4-d]pyridazine-1,4(2H,3H)dione), was
used as a chemiluminescent probe. L-012 is a chemiluminescent probe, which is sensitive
to the formation of free radicals, such as hydroxyl radicals, hydrogen peroxide, reactive
chlorine species, etc. [39—41]. Briefly, an aqueous solution of L-012 (5 uM) was added to a
plastic cuvette containing phosphate-buffered solution (100 mM, pH 7.4), and luminescence
was recorded for 30-60 s. An aliquot (100 pL) of the analyzed sample was then added to
the system without interrupting signal recording. Luminescence was registered for at least
10 min.
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2.4. Sonoplasma Experimental Setup

Figure 1 shows a laboratory setup for sonoplasma wastewater treatment with a ca-
pacity of 1 m®/h. This setup allows water to continuously flow through the cavitation
region where sonoplasma processing takes place (mark (4) in Figure 1). The hydrodynamic
emitter (mark (3) in Figure 1) effectively introduces acoustic energy into the liquid flow.
An alternating voltage with a frequency of 43 kHz and an amplitude of up to 8.6 kV was
used to excite discharge. In this mode, the plasma discharge was observed to burn stably,
and the current amplitude on the secondary winding of the transformer was 0.6 A. The
hydrodynamic radiator generates vibrations in a wide frequency range, from 0.3 to 60 kHz,
at a maximum intensity of 1.5-3.5 w/cm?.

1

Figure 1. Laboratory flow reactor (1 m?3/h) for sonoplasma wastewater treatment: (1) contaminated
water tank (CeO; catalyst is added to the water); (2) high-pressure pump; (3) hydrodynamic emitter;
(4) discharge camera; (5) treated water tank; (6) power supply.

The laboratory setup is potentially scalable and could combine hydrodynamic cavita-
tion and plasma in industrial plants for water treatment in the flow-mode regime.

2.5. Sonoplasma Treatment Procedure

Solutions of antibiotics in municipal water with concentrations of 40 mg/1 for tetracy-
cline and 50 mg/1 for ciprofloxacin were prepared as described above. Similar solutions
with the addition of a CeO, suspension, with a particle size of 100 nm and concentration of
5mg/1, were prepared. The obtained solutions were passed through the discharge chamber
of the sonoplasma experimental setup 1, 2 or 3 times.

The chemical analysis of municipal water was performed by the BWT BARRIER RUS
laboratory, Moscow, Russia, which was approved in accordance with the standards of the
International Organization for Standardization.

3. Results
3.1. Degradation of Tetracycline and Ciprofloxacin in a Sonoplasma Reactor

Antibiotic solutions were treated with sonoplasma in a flow reactor. The treatment
cycle (5 msec) was repeated several times, and water samples were taken after each cy-
cle. The concentrations of tetracycline and ciprofloxacin in water after treatment were
measured using absorption bands in UV-visible spectra (320 and 375 nm, respectively;
see Figure 2) [22,38].
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Figure 2. UV-vis spectra of tetracycline and ciprofloxacin.

It is necessary to note that antibiotics of medical grade were used for the experiment.
In the case of tetracycline, the tablet shell contains the dye E122 azorubine. However, its
absorption maximum is at 510 nm, meaning that it does not interfere with the tetracycline
absorption band. The concentration of azorubine is also very low compared to the antibiotic,
and its absorption bands are barely detectable [42,43].

The degree of antibiotic degradation depended on the number of treatment cycles
(passes through the discharge zone), as shown in Figure 3. The concentration of tetracycline
was reduced by 41% after the first cycle, whereas the concentration of ciprofloxacin was
reduced by 25%. After three treatment cycles, decomposition yields of 67% and 55% were
achieved for tetracycline and ciprofloxacin, respectively.

3.2. Mechanism of Action

The mechanisms of ROS formation in aqueous media under ultrasound cavitation
have been extensively investigated over several decades [44—46]. The collapse of cavitation
bubbles at high rates causes local energy excesses and plasma formation (ionization of water
molecules under high temperatures and pressures). The sonolysis of aqueous solutions
results in the dissociation of water molecules into H and OH' radicals (2). Further reactions
of OH" radicals lead to the formation of hydrogen peroxide (H;O;) and hydroperoxide
radicals (HO;') (3 and 4). Sonoluminescence at low acoustic intensities is generally related
to the emission of excited OH * radicals, which are formed in recombination reactions (5-7).

H,O — H +OH’ 2)

OH +OH — H;Oy 3)

OH + HO, — H,O+ HOy 4)
H+O+M — M+OH™* (5)
H +OH +0OH — H,O+OH™ (6)

OH* — OH + hv @)
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Figure 3. Change in the concentrations of tetracycline (A) and ciprofloxacin (B) in solution with the
number of sonoplasma treatment cycles.

The sonoplasma technique used in this work combines ultrasonic cavitation and
low-temperature plasma. Plasma was induced using alternating voltage at a frequency of
43 kHz directly in water media using cavitating bubbles as gas discharge microchambers.
This method allows the yield of reactive intermediates in cavitation bubbles to be amplified
and thereafter promotes the formation of ROS in the water volume at relatively low acoustic
intensities (1.5-3.5 W/cm?) and frequencies (under 60 kHz). The spectrum of the sono-
plasma produced in the equipment used was measured in a previous work [30]. Emission
at 280-330 nm with a peak at 310 nm was attributed to the excited OH * radicals [44,45],
and no continuum of blackbody irradiation was detected, likely because of the very low
acoustic intensities.

In ultrasound, degradation can occur via pyrolysis, as well as via the interactions
between the pollutants and the hydroxyl radical oxidation. The contribution of the pyrolysis
process to the overall degradation depends on the proximity of the pollutants to the
cavitation bubbles, with this proximity being determined by the hydrophobic character of
compounds [47]. Neither of the antibiotics studied showed any significant hydrophobicity,
meaning that this mechanism can be discarded.

The decreases in tetracycline and ciprofloxacin concentrations are principally caused
by oxidation with the ROS formed under the sonoplasma treatment. The mechanisms
of the photocatalytic and sonocatalytic decomposition of tetracycline and ciprofloxacin
have been studied in detail [24,33,34,48]. If we consider that the composition of the ROS
produced by different AOP in aqueous solutions (OH', H,O, and HO,') depends more on
the pH than on the method of water molecule decomposition (photocatalysis, sonolysis,
sonocatalysis and plasmolysis), we can assume that the reaction pathways of tetracycline
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A Relative concentfrations of tetracycline

and ciprofloxacin destruction are similar to those revealed in other works at the same
pH [9,24,33,34,48].

Ciprofloxacin degradation in an ultrasound process can take place via the cleavage
of C-N and C-C bonds [49]. The produced aromatic compounds transform into aliphatic
by-products via the cleavage of the aromatic ring by further OH™ radical attacks [34].
These by-products could then potentially be converted into H,O and CO, via further
mineralization.

A similar mechanism has been proposed for the ultrasound treatment of tetracy-
cline [50,51]. The generated radicals attack the parent molecule via either ring opening
or bond cleavage reactions to form intermediate species that are eventually broken down
into simple inorganic molecules. Several parallel degradation routes were proposed af-
ter a study of the LC-MS data. The tetracycline molecule may undergo deprotonation,
dehydroxylation, deethylation, addition and carboxylation reactions, and benzene ring
cleavage. However, all of the intermediate products finally mineralize into smaller inor-
ganic molecules, such as NH*, NOs~, H,O, CO,, etc.

The crucial difference in water treatment with sonoplasma is the higher rate of an-
tibiotic degradation compared to other AOP. This is evidently accomplished by the high
rates of ROS production and the highly homogeneous distribution of ROS in the water
volume. The typical halftimes of tetracycline and ciprofloxacin removal from water so-
lutions via adsorption [52], ozonolysis [38], photolysis [22,23], photocatalysis [24] and
sonocatalysis [33-35] range from tens of minutes to several hours, whereas sonoplasma
treatment provides a degradation of 40-75% antibiotics after one or two cycles (5 ms/cycle)
of exposure in the flow reactor. The degradation pathways of ciprofloxacin and tetracycline
under sonic and sonocatalytic treatment have been studied elsewhere with the use of MS
analysis of the treated solution [33,34,49-51].

The degradation of antibiotics continues for several days after sonoplasma treat-
ment. To study this prolonged degradation effect, plasma-treated samples were kept in
a dark place at an ambient temperature of 22 °C. The concentrations of tetracycline and
ciprofloxacin 24 h after one cycle of sonoplasma treatment were 48% and 59% of the initial
values, respectively (Figure 4). Similar prolonged degradation after initial sonoplasma
treatment has been described previously [30].

B Relative concentrations of ciprofloxacin

1.0 4 104
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Figure 4. Relative concentrations of tetracycline (A) and ciprofloxacin (B) in solutions before treatment
and 1 and 24 hours after the sonoplasma treatment, with and without CeO,. Antibiotics (tetracycline
and ciprofloxacin) and the CeO; solution were added in a 10/1 molar ratio.
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The concentrations of antibiotics measured 1-24 h after sonoplasma treatment repre-
sent the total effect of degradation due to reactions with short-lifetime ROS (i.e., OH" radi-
cals formed under sonoplasma action) followed by oxidation by stable ROS (i.e., hydrogen
peroxide formed under sonoplasma action, which remains in the water for several hours).
A rapid decrease in the antibiotic concentration occurs after the first hour of sonoplasma
treatment, and slower decomposition is observed over the next twenty-four hours (Fig-
ure 4). It would appear that reactions with unstable ROS have the most significant impact;
however, the experimental conditions do not allow this effect to be distinguished directly.

3.3. Effect of Co-Existing Admixtures in the Municipal Water Matrix

In real applications, the sonocatalytic process is affected by the presence of co-existing
water matrix chemicals. The presence of admixtures causes a decrease in pollutant removal
efficiency for the following reasons: (i) the adsorption of anions, leading to the filling of the
catalyst surface pores and reductions in both the adsorption capacity and surface catalytic
activity of CeOy; (ii) the quenching of free oxidizing radicals and, subsequently, their
transformation to less oxidative species. The composition of the municipal water used for
the experiments in the present work was investigated using methods recommended by the
national environmental protection regulations and the state standards of the Russian Feder-
ation for statistical methods of water quality control. Water hardness was 3.6£0.5 mg-equ/1
(titrimetric method), and the pH was 7.9+0.2 (potentiometric method). Detailed results of
water composition measurements are given in the Supplementary Materials (Table S1).

The concentrations of the most abundant cations were as follows: calcium—53+6 mg/1
(titrimetric method); magnesium—11.6+2.1 mg/1 (titrimetric method); iron—0.52+0.10 mg/1
(atomic absorption spectrometry). It has previously been shown that hardness ions might
decrease the efficiency of sonocatalytic pollutant decomposition [33]. The presence of
iron ions, on the other hand, makes a Fenton-like process possible. The mechanism of
Fenton-like reactions has been described in great detail elsewhere [53]. An increase in the
degradation rate in the Fenton oxidation process has been reported to occur when light
and ultrasonic irradiation are applied, either separately or simultaneously [54,55]. This is
an extension of the Fenton process, which takes advantage of UV-Vis light irradiation at
wavelength values above 300 nm. In these conditions, the photolysis of Fe3* complexes
allows Fe?* regeneration [56].

The anions in the solution act as radical scavengers. The presence of carbonates and
nitrates in the treated water can result in a significant reduction in the efficiency of pollutant
abatement, as has been shown in several studies [56-60]. For example, in the presence
of nitrate ions, the removal efficiency (%) of tetracycline in a sonocatalytic process over
45 min decreased from 87.6 to 66.2% [33]. The anions interact with OH" radicals, which
possess the highest oxidation potential, to form less reactive radicals, such as CIOH ~,
Cl’~, NO3~, CO3™, SO4~ and others. This is usually viewed as a negative effect, but
in this way, a prolonged action effect is achieved. The resulting radicals are longer lived
than OH' radicals, and we were thus able to detect the presence of ROS and, subsequently,
further pollutant degradation up to as late as 24 hours after treatment was observed.

3.4. Effect of CeO, Nanoparticles

The addition of solid catalysts to ultrasound systems improves the pollutant degra-
dation efficiency via the following two pathways: 1) the presence of solid particles can
provide a priority position for cavitation bubble nucleation, which is conducive to the
formation of cavitation bubbles and oxidation radicals (such as OH', HO, and O, caused
by the “hot spot” effect) [61]; and 2) the semiconductor sonocatalyst can be excited by
the “sonoluminescence” effect caused by the ultrasound to generate electron-hole pairs,
which further leads to the generation of oxidation radicals [33-35,62—-64]. Sonication and
catalytic degradation are known to provide a synergetic effect, as sonication increases the
effectiveness of the catalytic process. The mass transfer of the organic pollutant to the
catalyst surface is increased because of the deaggregation induced by ultrasonic irradiation.
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Catalyst particle aggregation in aqueous solution is prevented by the physical effects of
acoustic cavitation, which lead to an increase in the active surface area. The ultrasonic
waves continuously clean the catalyst surface to avoid the accumulation of pollutants
and the intermediates produced during degradation [63]. Combining ultrasound with
photolysis and photocatalysis has demonstrated good results in experiments with phenols,
organic dyes and antibiotics [16,22-24].

Although ZnO and titanium dioxide have been principally used as catalysts in pre-
viously cited works, these particles have recently been proven to be toxic [65]. CeO,, on
the other hand, is non-toxic, abundant and inexpensive. The sonocatalytic and photocat-
alytic activities of nanosized CeO, have been successfully evaluated for the degradation of
refractory compounds in aqueous solutions [66,67]. Moreover, cerium compounds have
already been successfully used in the decomposition of tetracycline [32]. In this research
work, CeO; (ceria) was chosen as the sonocatalyst for target pollutant degradation due to
its Ce*/Ce?*" redox transition property and good interfacial charge transfer. The character-
istics of the CeO, nanocatalyst colloidal solution are presented in Figure 5. According to
XRD studies, CeO, has a fluorite-type structure (PDF 34-394) with a coherent scattering
region at around 3 nm. Aggregation in water solution results in the formation of particles
with hydrodynamic radii of around 8, 40 and 120 nm. When CeO; is added to the reaction
system, it acts as a photocatalyst of ROS production under UV irradiation.

A

20 40 60 80
20, degree
151
a 1.0
054
0.0 , : : .
250 300 350 400 450

wavelength, nm

Figure 5. TEM image (A); XRD data (B); and UV-vis spectrum (C) of CeO, nanoparticles.
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The CeO; colloidal solution demonstrates strong absorption in the UV region with a
peak at around 290 nm (Figure 5C), which partly overlaps with tetracycline and ciprofloxacin
spectra. However, the antibiotics” spectra did not change after the addition of CeO, because
the nanocatalyst concentrations in the experiment were an order of magnitude lower than
the concentrations of the antibiotics.

To test the possibility of increasing the efficiency of the purification process with the
introduction of a nanocatalyst, we conducted experiments in which a CeO, colloidal solu-
tion was added to the antibiotic solution before treatment. Our experiments showed that,
with the addition of CeO,, the efficiency of the tetracycline and ciprofloxacin degradation
processes increased by 6% and 14% for tetracycline and ciprofloxacin, respectively, for the
first treatment cycle (Figure 3).

The addition of the CeO, colloidal solution promoted the effect of prolonged degrada-
tion after treatment; 24 h after one treatment cycle, the concentrations decreased to 30%
or 55% of the initial values of tetracycline or ciprofloxacin, respectively (Figure 4). This
indirectly confirms that the presence of ceria nanoparticles stimulates the formation of
stable ROS.

3.5. Chemiluminescence Studies

In order to investigate the effect of stable ROS on the contaminants in treated water,
L-012-activated chemiluminescence measurements were carried out [68-72].

The time dependence of chemiluminescence for untreated and plasma-treated water,
containing 5 mg/L and 50 mg/L of CeO,, is shown in Figure 6. The treatment of water
without the addition of CeO, resulted in a slight increase in chemiluminescence intensity.
The experiments with CeO, demonstrate a significant increase in luminescence intensity
with an increase in nanocatalyst concentration. It should be noted that 24 h after treatment,
the chemiluminescence intensity in water treated with the addition of a 50 mg/L CeO,
colloidal solution was slightly higher than that measured in water without the catalyst.
Based on the results of the chemiluminescence experiment, CeO, promotes the formation
of stable ROS, which provide long-term sonoplasma treatment effects.

0.40 (+100 ul of sample)

0.35 1
] 50 mg/l CeO,
0.30- 4
I sonoplasma
o _
O 0.251
= _
@ 0201 |=
g - 5 mg/l CeO,
£ 0.15- = +
] (e 5 sonoplasma
0.10 1 * e o, -'. .
] ] . h .. . f..d
0.05 g " =
0.00 | B S e e gt CONIO
0 2 4 6 8 10
time, min

Figure 6. L-012 chemiluminescence for the samples (from bottom to top): control (phosphate buffer);
municipal water; municipal water with 5 mg/L CeO,; municipal water with 50 mg/L CeO,. Chemi-
luminescence measurements were started 1 hour after one cycle of sonoplasma treatment.

It should be noted that chemiluminescence measurements represent the cumulative
effect of different radical sources on L-012. This estimation of the cumulative effect is
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important when wastewater that contains dissolved chlorides, nitrates, nitrogen, etc., is
treated with sonoplasma. Although the composition of stable ROS in the experiment is
dominated by hydrogen peroxide, other chlorine and nitrogen derivatives that are produced
under sonoplasma can also affect the organic contaminants.

3.6. Possible Modifications to Technological Setup

An analysis of the obtained experimental data suggests that the sonoplasma method
and membrane technologies can be effectively combined for wastewater treatment. Reverse
0smosis systems are a prospective solution for removing drugs from effluents [73,74]. In
reverse osmosis, the contaminated water is pushed through a semi-permeable membrane
from a more concentrated solution to a less concentrated one, in the opposite direction to
osmosis [75]. The membrane transmits pure water but does not transmit the dissolved
substances. Water is pushed through the membrane under high pressure, which is main-
tained by a pump (usually a multi-stage centrifugal or rotor pump). Two streams are
generally obtained as a result of the filtration process: the filtrate and the retentate [76].
A reverse osmosis unit is capable of removing particles as small as 0.001-0.0001 pm from
water. Reverse osmosis systems have many advantages:

e high water quality with low energy consumption,
e unlimited productivity at a comparatively small size,
e low OPEX.

Unfortunately, this is not currently a comprehensive method, meaning that it does not
meet all the requirements specified in the EU Directive [71]. The filtrate is usually water
treated to a degree that makes it suitable for the purpose of reuse in a technological process,
or, in the case of so-called clean water, for discharge into surface waters or the soil. The
retentate is water that contains all of the substances, including harmful/toxic substances,
which have been removed from the water in the filtration process. By volume, the retentate
is considerably smaller than the filtrate. However, the contamination load (i.e., the content
of harmful substances) is the same as, or very similar to, that of the raw wastewater load.
This means that the problem still remains, only in a highly concentrated form; something
needs to be done with this concentrated stream.

Sonoplasma can be effectively used in this technological process. Firstly, it is only
necessary to process the retentate in this case, meaning that the volume of the treated liquid
will be noticeably reduced. Secondly, the processed retentate, with its reduced antibiotics
content and enrichment in active radicals, can be mixed with a contaminated stream at the
entrance of the membrane complex. In this case, the active radicals will begin to affect the
pollutants even at the preliminary stage in the pipeline in front of the membranes, and the
process of their mineralization will begin. A similar technological scheme is capable of
significantly increasing the efficiency of the membrane unit.

The proposed scheme for a membrane filtration unit in combination with “sonoplas-
mic” discharge is shown in Figure 7.

In this case, it is necessary to be able to send the processed retentate back to the entrance
of the membrane reactor. The advantage of such a technological scheme is the possibility of
achieving pollutant concentrations that allow discharge into the environment, although
not necessarily in a single cycle of sonoplasma treatment. In this case, the discharge of the
purified retentate can only be carried out periodically. In addition, the above scheme makes
it possible to use the catalysts repeatedly as they will not penetrate the membrane. This
possibility can also significantly increase the efficiency of the technological process under
consideration. Of course, it will probably be necessary to select specific catalysts that are
capable of long-term activity in a plasma discharge for each type of contamination.
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Figure 7. A possible scheme for using “sonoplasmic” discharge in combination with reverse osmosis.

4. Conclusions

We showed herein that a flow-mode water treatment under simultaneous hydro-
dynamic cavitation and plasma makes it possible to effectively decompose tetracycline
and ciprofloxacin in very short times. The formation of reactive oxygen species during
sonoplasma treatment was shown experimentally for the first time. It is important that
the active radicals formed in the water continue to affect the antibiotics even after the end
of the plasma treatment. The efficiency of plasma treatment can be enhanced by a CeO,
nanocatalyst. Our experiments showed that the concentration of long-lifetime ROS signifi-
cantly increases with the addition of CeO,. This increases the efficiency of tetracycline and
ciprofloxacin decomposition. An improved experimental setup in which a retentate that
is formed in a reverse osmosis process undergoes subsequent sonoplasma treatment was
also proposed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr10102063/s1, Table S1. Composition of municipal water used
for the experiments (the methods used to analyze water comply with the national environmental
protection regulations and state standards of the Russian Federation for statistical methods of water
quality control).
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