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The aim of the study was the strong reduction of facultative pathogenic bacteria (FPB), and clinically relevant
antibiotic resistance genes (ARGs) from secondary effluent. To evaluate the ARGs removal efficiency comparative
study of individual unit processes and combined AOPs has been performed. The present work investigated: i)
removal of selected ARGs, namely blargy, ermB, gnrS, tetM, five FPB as well as 16S rDNA and the integrase gene
intll involved in horizontal gene transfer; ii) bacterial regrowth potential after treatment; (iii) the removal of the
total genomic DNA content, by mono- and bimetallic TiOp-CuPd rutile photocatalysts under visible light radi-
ation in real secondary effluent. The nanoparticles were characterized by UV-vis, XRD, HRTEM, Raman and XPS.
TiO2-CuPd/VIS inactivation gives the highest (more than 2 log units removal) efficiency for almost all targets
(blatgy, ermB, tetM, intl 1, and 16S rRNA) compared to monometallic catalysts. The highest efficiency toward
blatgym was achieved after ozonation and TiO2-CuPd/O3/VIS (3.22 and 3.23 LRV, respectively). It was found that
despite similar FPB inactivation, lower DNA destruction was found after O3 compared to TiO2-CuPd/O3/VIS
treatment. The blargy and enterococci were completely removed during TiO,-CuPd/O3/Vis and TiO2-Cu/O3/Vis.
While, catalytic ozonation leads to only slightly blargy removal (0.64 and 0.44 LRV for TiO,-CuPd/O3 and TiO»-
Cu/O3, respectively). Photocatalytic ozonation with the application of TiO,-CuPd leads to significant removal of
FPB and ARGs due to synergistic effect between Pd and Cu, which leads to acceleration of ozone — catalysts
reaction. Photocatalytic ozonation has the greatest potential giving promising possibilities for eliminating AMR.

1. Introduction

The increased antibiotics concentration in effluents of wastewater
treatments plants (even up to 1 ug/L [1,2], due to extensive antibiotic
usage in medicine and veterinary has led to the appearance of various
antibiotic-resistant bacteria (ARB) and antibiotic resistance genes
(ARGs) [3-6]. Some of the ARB, even those not pathogenic, have the
ability to transfer their resistance genes to human pathogens, which pose
a potentially great risk to human health [5-8]. Some facultative

pathogenic bacteria are crucial in escalating resistance spreading,
known as ‘ESKAPE’ group (Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
and Enterobacter spp.) [9]. Since the ESKAPE group has been classified by
the WHO as a priority group for infection and carrier of ARGs, their
elimination during wastewater treatment is demanded for the efficient
removal of resistance.

ARGSs can be found in intracellular and extracellular DNA (iDNA and
eDNA), both contributing to the overall abundances of ARGs in
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wastewater compartments [10,11]. In addition, ARGs are often located
on mobile genetic elements (MGEs), which facilitate the dissemination
among taxonomically unrelated species [12]. Hence, antibiotic-resistant
and facultative pathogenic bacteria pose a growing threat to public
health and should therefore not be released into the environment. As the
last common barrier of the different emission sources, such as waste-
water from hospitals, nursing homes, slaughterhouses, private house-
holds, etc., the sewage treatment plant is a suitable place to centrally
minimise the spread of antibiotic resistance genes and facultative
pathogenic bacteria into the environment. There are no general and
overarching regulations for the reduction of these facultative pathogenic
bacteria and clinically relevant antibiotic resistance genes by waste-
water treatment plants and the individual processes as well as the mode
of operation of existing wastewater treatment plants are often not
optimised for the retention of these microbiological contaminants
[13,14].

It is well known that under stressed conditions, pathogens can enter a
Viable But Non-Culturable state (VBNC), in which, can remain alive for
long time and maintain their potential for virulence [15].

Advanced Oxidation Processes, especially ozonation and photo-
catalytic processes, gain attention due to their high efficiency in
micropollutant removal as well as possible light and reactive oxygen
species interactions. TiO2 due to several advantages (e.g. inexpensive,
and photoresponsive) is the best known photocatalyst. However, TiOy
have poor light utilization due to the broad bandgap and insufficient
charge separation caused by the quick recombination of photogenerated
charge carriers. To increase the photoactivity with visible light of TiO5
(Eg®"2t3s¢ 3 2 eV, Eg™€ 3.0 eV for wavelengths in the range of 390-410
nm [16]) several methods have been developed. One of the most
promising is modification with noble metals (efficient separation
of photo-generated electron-hole pairs, which prolong the lifetime of
excited electrons). Moreover, under visible-light irradiation TiO is
activated by the plasmonic properties of noble metals [17-20]. It has
also been suggested that the antibacterial qualities of noble metals
together with the high photocatalytic activity of modified TiO2 should
lead to a high inactivation efficiency. However, this strategy has only
seldom resulted in increased activity under solar irradiation. Moreover,
it was found that the rate-limiting reaction in environmental photo-
catalysis is the reduction of oxygen by photogenerated electrons
[16,21,22]. The kinetics of oxygen reduction at the photocatalyst sur-
face can be improved by depositing a cocatalyst that would catalyse the
transfer of photogenerated electrons to oxygen molecules. Decreased
recombination and improved charge separation would result from TiOy
ability to transport photogenerated electrons to oxygen molecules more
quickly and therefore it seems to be a very promising technique for
increasing photodegradation rates of TiO5 photocatalysis. It has already
been established that Cu decorated rutile photocatalysts show rapid
photogenerated electron transfers to Cu(Il/I) sites, which is followed by
increased oxygen reduction catalysis, associated with improved charge
separation and higher photocatalytic degradation rates [16].

The fundamental cause of photocatalysis low efficiency is charge
recombination [16,21,22]. Moreover, the reaction rate of ozone-
resistant pollutants limits ozonation [23]. Photocatalytic ozonation
overcomes these drawbacks. The synergism between ozonation and
photocatalytic oxidation with the application of TiO»-based catalysts is
well known to increase the oxidation rate and mineralization and
decrease toxicity during antibiotics decomposition [3,23-30]. The syn-
ergy between photocatalysis and ozone causes a generation of a signif-
icant amount of Reactive Oxygen Species (ROS), like O3, O3, 10,5, Hy04
and "OH but also holes (h + ) [24-29], that are responsible for high
efficiency toward pharmaceuticals and other organic micropollutants.

Photocatalytic processes have been proved to be the most efficient
for ARGs removal [4]. However, neither UVC, UVA nor visible light
photocatalysis is able to completely remove ARGs. Therefore, the pho-
tocatalytic ozonation process seems to be reasonable to enhance the
efficiency due to increase its photocatalytic activity by accelerating ROS.
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The use of an additional oxidant in combination with photocatalyst may
increase the removal rate and prevent regrowth. The application of
visible light or solar photocatalytic ozonation can be found as the most
efficient and cost-effective tertiary treatment for secondary effluents.

Main goal of the study was the strong reduction of facultative
pathogenic bacteria (FPB), and clinically relevant ARGs by catalytic-
ozone based posttreatment of biologically treated wastewater. Herein,
we report a new highly efficient rutile-based bimetallic catalyst. That
could be achieved by deposition of Cu redox cocatalysts for oxygen
reduction onto TiO, (in order to enhance the intrinsic light activity of
TiOy [16,31,32]) and improvement of visible light absorption ability by
Pd deposition. The latter forms a Schottky barrier between TiO-Pd
interface and transfers trapped electrons into adsorbed oxygen more
effectively than the bare TiO, surface [33,34]. To evaluate the ARGs
removal efficiency a comparative study of the individual processes and
combined AOPs has been performed. Therefore, the following photo-
catalytic based processes were applied, i) photocatalytic inactivation
with the application of mono- and bimetallic TiO»-CuPd rutile nano-
particles, ii) ozonation, iii) photolytic ozonation iv) catalytic and v)
photocatalytic ozonation. Hence, for the first time the problem of
inactivation of ARGs and FPB by several catalytic-ozone based processes
with the application of visible light photoactive monometallic and
bimetallic nanoparticles supported on rutile TiO, has been tracked.

This work provides an effective and alternative strategy for the ARGs
inactivation via photocatalytic ozonation under real conditions. More-
over, an insight into the mechanism underlying the process is provided.
Apart from the novelty regarding bimetallic TiO,- CuPd photocatalytic
ozonation, for which no data exist in the literature, the study sheds some
light on the regrowth potential of the bacteria conveying ARGs after
photocatalytic processes for which little is known. Although the pho-
tocatalytic ozonation process is widely applied for micropollutant
degradation, previous studies constantly stress that more research is
needed to determine the mechanism of its action [35]. Furthermore,
despite the well-documented capacity of photocatalytic ozonation to
remove contaminants of emerging concern, its application in Waste
Water Treatment Plants (WWTPs) as an advanced tertiary treatment, is
not systematically considered. Hence, targeting this key knowledge gap
isrelevant and timely. It is worth noting that the proved insusceptibility
of various bacterial species indigenously present in real waste water to
ozone may be overcome by the photocatalytic ozonation process. This
may have practical implications in designing processes for tertiary
treatment. From this point of view, the study of photocatalytic-based
processes by mono- and bimetallic (Cu and/or Pd) rutile loaded nano-
particles provides new information and adds important new knowledge
for further research.

2. Experimental part
2.1. Photocatalytic experiments

Photocatalytic inactivation experiments were carried out in semi-
batch mode in a glass-made reactor (0.25 L — working volume 0.2 L)
with magnetic stirring, provided with a gas inlet, a gas outlet and a
liquid sampling port. The reactor was placed in a solar simulator (Oriel
Sol3A™ ClassAAA Solar Simulator, Newport Corp., Irvine, CA) equipped
with a xenon arc lamp (1000 W, UV-cut off, visible light from 350 nm —
800 nm). The photon flux was measured as 448 W/m? by Oceans Optics
USB 4000 fiber optic spectrometer.

The experiments were conducted at the inherent solution pH, with
the catalyst dose of 200 mg/L for 2 h under air-equilibrated conditions
(photocatalytic inactivation). Photocatalytic ozonation were conducted
with the same catalysts dose. Additional ozone-based treatment was
performed to investigate possible mechanism of inactivation. In order to
investigate the effect of ozone-based technologies on the removal of
ARGs and FPB in WWTP effluent, additional bench-scale ozonation ex-
periments in semi-batch were conducted. An ozone generator (BMT 803
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BT, BMT Messtechnik GmbH, Germany) with a maximum ozone pro-
duction capacity of 8 g/h was used for the experiments. A stirred glass
reactor (0.5 L) was used to treat sample volumes of 0.4 L. Ozone con-
centrations in the in-gas and off-gas of the reactor were measured with
ozone gas phase analyzers. The in-gas was added at a gas flow rate of 0.4
L/min and an ozone concentration of 10 mg/L (specific ozone dose 1
g03/8DOC, kia = 0.72 1/min). Ozone balance profile and information
about calculation are presented in Text S1.
All process parameters are collected in Table 1.

2.2. Targeting of ARGs, facultative pathogenic bacteria (FPB) and
sampling procedures

The ARGs were chosen as follows: blatgy (resistance to beta-
lactams), ermB (resistance to macrolides), gnrS (reduced susceptibility
to fluoroquinolones), tetM (resistance to tetracyclines). ARGs were
quantified from metagenomic DNA extracts previously extracted from
wastewater samples using quantitative polymerase chain reaction
(qPCR) approach [8,14]. While taxonomic gene quantifications of five
FPB targeting were chosen and analysed by qPCR as follows: Escherichia
coli (yycT), Pseudomonas aeruginosa (ecfX), Klebsiella pneumoniae (gItA),
Acinetobacter baumannii (secE), and enterococci (specific 23S rDNA).
Moreover, eubacterial 16S rDNA and the integrase gene intll involved in
horizontal gene transfer were investigated. Primer sequences and qPCR
parametrs are listed in Table S1. The secondary effluent (CAS) samples
were taken from a municipal wastewater treatment plant (WWTP Neu-
reut, Karlsruhe, Germany, 875,000 population equivalents). The phys-
icochemical characteristic parameters of the secondary Neureut
effluents are given in Table S2. Samples are taken weekly from April
2021 to April 2022. Water samples were stored at 4 °C and were further
processed within 24 h. Effluent filtration and DNA extraction was ac-
cording to previous procedures [8,14]. Procedure of quantitative anal-
ysis of a sample is given in Text S2.

A differentiation of living and dead cells is a significant challenge in
efficiency evaluation of treatmet processes including inactivation. After
treatments, quantification based on DNA detection by amplification
technique can lead to an overestimate the risk of bacterial mtargets or
give false-positive results. Thus, propidium monoazide (PMA) is highly
recommended to be used in conjunction with a qPCR assay for detection
viable cells. This DNA-intercalating PMA agent enabling exclusive
detection of viable cells, which is achieved by entering injured or
damaged cells characterized by an affected cell membrane potential.

Table 1

Complete configuration options for the experiments, including parameters of
different approaches (matrix: municipal secondary effluent from a conventional
activated sludge (CAS) system; specific ozone dose: 1 g03/gDOC; Xenon lamp as
a light source, catalysts concentration: 200 mg/L).

Experiment Working Time, Light
volume, mL h
Photocatalytic inactivation Cat./Vis 200 1 +
2
3
Bacterial
Regrowth 200 24 -
Photocatalytic ozonation Cat./O3/Vis 400 2 +
(TiO,-CuPd)
Ozonation O3 400 2 -
Photolytic ozonation O3/VIS 400 2 +
Photocatalytic ozonation Cat./O3/Vis 400 2 +
(TiO5-Cu; TiO2-CuPd)
Bacterial 200 72 -
regrowth
Catalytic ozonation (TiO»- Cat./O3 400 2 -
Cu; TiO2-CuPd)
Bacterial 200 72 -
regrowth

Cat.— catalyst.
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Entered PMA molecules are covalently binding to cellular DNA, which in
consequence avert DNA amplification from dead or injured bacteria
[36,37]. A PMA concentration of 25 uM was used to suppress qPCR
signals from dead or injured cells without impacting viability of intact
bacteria.

Moreover, the regrowth potential of the bacteria and its influences
on ARGs abundance was investigated. After inactivation, the samples
were stored in the absence of light at room temperature for 24 h (pho-
tocatalytic inactivation) and 72 h (photocatalytic and catalytic
ozonation).

2.3. Photocatalysts

Photodeposition method was used to prepare modified mono and
bimetallic (Cu or/and Pd) rutile TiO5 nanoparticles for enhanced pho-
tocatalytic efficiency under visible light. Titanium dioxide P25 Evonik
(TiO2 (P25)) was used as a commercial photocatalyst standard as well.

Urchin-like TiO, in form of rutile was prepared according to our
previous article [38]. In brief, 68 g of TBOT was introduced to 60 mL of
concentrated HCl. After 10 min. of stirring the mixture was transferred
into a Teflon-lined stainless-steel autoclave and heated at 170 °C for 24
h. When the reactor cooled to room temperature, the reaction mixture
was washed several times with water and ethanol, dried at 70 °C, and
calcined at 300 °C for 1 h.

On the material prepared in as described above, mono and bimetallic
nanoparticles were deposited using the photodeposition method. An
appropriate amount of photocatalysts and metal precursor aqueous so-
lution (potassium tetrachloropalladate (II), copper diacetate mono-
hydrate) was mixed with 60 mL of ethanol. The mixture was transferred
to a quartz glass photoreactor with 80 mL of total volume. The final
mixture was mixed in the dark for 0.5 h and the headspace of the reactor
degasified with nitrogen for 1 h. After that, the reactor was irradiated
using Xenon lamp (Oriel, 1000 W) at 10 °C for 1 h. The product was
washed several times with water and ethanol and centrifuged at 6000
rpm. Finally, the product was dried at 60 °C for 12 h.

The abbreviations for various photocatalysts used in the present
study are listed in Table 2.

2.4. Photocatalysts characterization

Diffuse reflectance spectra were recorded on a UV-vis spectropho-
tometer (UV 2600, Shimadzu) equipped with an integrating sphere
using a BaSO4 reference. Phase composition was analyzed by pXRD
using a Bruker D8 Advance Eco diffractometer (Cu Ka) equipped with a
LynxEye-XE detector. The collected data were analysed by the Le Bail
method using HighScore Plus ver. 3.0e software. Morphology was
investigated by field-emission scanning electron microscopy (FE-SEM;
JEOL JSM-7610F). Raman spectra were carried out at room temperature
using a Thermo Scientific DXR Smart Raman spectrometer with a 532
nm laser. High angle annular dark-field scanning TEM (HAADF-STEM)
combined with EDXS was used to investigate the chemical composition
of the TiO3 — 0.5 wt. %Cu — 0.5 wt. %Pd nanoparticles (NPs). The ex-
periments are performed on a FEI Osiris ChemiSTEM microscope at 200
keV electron energy, which is equipped with a Super-X EDXS system
comprising four silicon drift detectors. EDXS spectra are quantified with

Table 2
Nominal compositions and abbreviation for photocatalysts tested in present
study.

Photocatalyst with nominal metal content Nomenclature
TiO, P25 nanoparticles TiO, (P25)
TiO, rutile nanostructure TiO, (rutile)
TiO rutile nanostructure modified by 0.5 wt% Cu TiO,-Cu

TiO, rutile nanostructure modified by 0.5 wt% Pd TiOo-Pd

TiO, rutile nanostructure modified by 0.5 wt% Cu and 0.5 wt% Pd ~ TiO,-CuPd
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the FEI software package “TEM imaging and analysis” (TIA) version 4.7
SP3. Using TIA, element concentrations were calculated on the basis of a
refined Kramers’ law model, which includes corrections for detector
absorption and background subtraction. For this purpose, standard-less
quantification, i.e. by means of theoretical sensitivity factors, without
thickness correction was applied. EDXS spectra obtained during scan-
ning of a rectangular area including inside a single NP are used to
determine the average chemical composition of nanoparticles. The
quantification of Ti-, Cu-, Pd- and O-content from EDXS area scans was
performed by using the Ti-K, Cu-K and Pd-L series, as well as, the O-K,
line. Besides the EDXS lines of the corresponding elements, i.e. lines of
the Ti-K, Cu-K and Pd-L series, as well as, the O-K, line, X-ray lines of:
Cu-L and Ti-L series from nanoparticles, which are not used in the EDXS
analysis, the Mo-K and Mo-L series from the clamp device, Al-K lines
from the anti-twist ring, Au-L and Au-M series from the grid and C-K,
line from the amorphous carbon substrate are also observed in all EDXS
spectra. Additionally, EDXS elemental maps of Ti (Ti-K, line), Cu (Cu-Ky
line), Pd (Pd-L, line) and O (O-K line) are recorded and used to inves-
tigate their distribution within the sample.

The analysis of the catalysts surface chemical composition and the
speciation of the existing elements was performed with X-ray photo-
electron spectroscopy (XPS) with the application of Kratos Axis Ultra
spectrometer with the Al Ka X-ray source (1486.6 eV). The spectra were
registered in regions characteristic for titanium (Ti 2p, 470-450 eV),
oxygen (O 1 s, 540-520 eV), palladium (Pd 3d, 350-330 eV), and copper
(Cu 2p, 970-910 eV), with a step width of 0.1 eV. The survey spectra
were also recorded in the binding energy range between 1200 and —5
eV, with a step width of 1 eV. The chemical composition was calculated
as an average value determined from three spots on the surface of the
samples. Spectra were subjected to background subtraction with Shir-
ley’s function and deconvolution with the Kratos Vision 2 software. All
components in the spectra were fitted with the Gauss-Lorentz combined
function (30:70). Moreover, spectra were recorded with the application
of the surface charge neutralizer.

The reusability of the bimetallic catalysts have been analyzed during
photocatalytic oxidation and photocatalytic ozonation of tetracycline
(more information can be found in SI). The metal content in the solution
(possible leaching) was determined by an inductively coupled plasma-
optical emission spectroscopy instrument (ICP-OES, Agilent Technolo-
gies, ICP-OES 5110, Waldbronn, Germany).
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3. Results and discussion
3.1. Characterisation of photocatalyst

Before evaluation of the photocatalytic inactivation activity of ob-
tained nanocomposites, the characterization of mono- and bimetallic
TiOz-metal photocatalysts in comparison to pure TiO, (P25) and
modified pristine rutile TiO, as a reference were performed.

Morphology of obtained pristine TiOy (rutile) and modified TiO,
photocatalysts is presented in Fig. 1. SEM images revealed that both
pristine and modified TiO2 had the same shape in form of spheres. Each
sphere was composed of plenty individual square rods, recalling this
way sea urchins. In each obtained sample, an average diameter of the
spheres reached 6.1 + 0.45 um. Individual rods showed dimensions
from 20 to 90 nm (square side length). Referring to reference TiO5 (P25),
from spherical to polygonal shapes with an average particle size of 25 +
4 nm were observed. Due to small size and homogeneity of samples, Pd,
Cu, and CuPd NPs could not be seen on SEM images.

To better characterize the distribution of Cu and Pd on the synthe-
sized particles HAADF STEM was used. Fig. 2 shows the images of TiO»-
CuPd with a formation of elongated TiO, particles decorated with quasi-
spherical CuPd particles. The contrast of HAADF-STEM images, which is
mainly related to the atomic number (Z) of chemical elements in the
material, besides the local thickness of particles, make them well-suited
to distinguish particles containing atoms with different Z. Accordingly,
the image shows a clear contrast difference between the quasi-spherical
particles consisting of heavier Cu and Pd elements with a bright contrast
and the elongated TiO; particles composed of light Ti and O elements
with a dark contrast (Fig. 2).

An elemental analysis also verified the inclusion of Cu and Pd in the
composites. As can be observed in Fig. S1, the EDXS spectrum of the
bimetallic catalyst had peaks for Cu, Pd, as well as C, Ti, and O. The
EDXS map of the Cu and Pd distribution indicates that quasi-spherical
particles with diameters D of 5 nm < D < 50 nm are composed of a
Pd-rich Pd-Cu alloy. Almost the entire Pd is contained within such
particles. Compared to that, only a small part of Cu can be found in
nanoparticles. Most part of Cu are distributed on the surface of the
elongated TiO; particles, as a fine distribution of very small CuPd par-
ticles with diameters of D < 2-3 nm, which are composed of a CuPd
alloy. EDXS area scan analysis of 93 different NPs confirms the forma-
tion of nanoparticles composed of homogeneous PdCu alloys. Moreover,
it shows that the Cu composition decrease (Pd composition increase)
with increasing the particle size for particle diameters D of D < 20 nm
(Fig. 2, Fig. S1). Larger particles with diameters D greater than 20 nm
have about the same composition.

Fig. 1. SEM images of pristine TiO; (rutile and P25) and modified TiO, photocatalysts.
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As determined by the XPS analysis, the surface of the catalysts con-
sists of Ti, O, Pd, and Cu. All spectra are presented in Fig. S2. The content
of titanium and oxygen in the samples is similar: 71.53 — 73.12 at.% of
oxygen and 25.65 — 28.11 at.% of titanium, respectively (Table 3). The
atomic ratio between O and Ti equals 2.54 — 2.85, which is a higher
value than the one for ideal TiO, namely 2. The slight excess of oxygen
can be attributed to the chemisorbed aerial moisture, which increases
the oxygen content. The remaining part of the chemical composition is
taken by the copper and/or palladium.

Titanium exists mainly at the + 4 oxidation state, which undoubtedly
can be assigned to the presence of TiOy. For TiO2-Cu and TiO,-CuPd

Table 3
Chemical composition determined with XPS (expressed in atomic %).
Sample Copper Palladium Titanium Oxygen o/ Cu/
Ti Pd
TiOy — Cu 0.36 £ Not found 28.11 + 71.53 £ 2.54
(0.5%) 0.3 0.46 0.26
TiO, - Pd Not 0.42 + 27.39 £ 72.19 £ 2.64
(0.5%) found 0.19 0.42 0.28
TiO, — 0.98 + 0.24 + 25.65 + 73.12 £ 2.85 4.08
CuPd 0.27 0.01 1.64 1.38
(0.5%)

samples titanium exists in this form only. In the case of TiO2-Pd the ti-
tanium is slightly reduced because the following titanium speciation was
found: 70.3 at.% of Ti*", 14.7 at.% of Ti®", and 16.0 at.% of Ti*". These
forms are represented by the components centered at 459.0 eV, 457.3
eV, and 455.9 eV at the Ti 2p3,5 XPS spectrum [39,40], respectively. All
studied Cu-containing samples comprise metallic copper (Cu®),
confirmed by the presence of peaks centered at 932.2 eV(Cu 2p3,3) and
951.8-951.9 eV (Cu 2p; 2) [41,42]. On the other hand, palladium exists
in Pd?* and Pd** oxidation states, assigned by the peaks in the Pd 3ds,;
spectra, near 336 eV and 338 eV [43,44], respectively. The forms are
most probably connected with the existence of PdO and PdOy,
respectively.

The XPS results suggest that the content of copper is ca. 4 times
higher than the content of palladium. EDXS maps showed that the
concentration of copper increases with the decrease of the CuPd nano-
particles distributed onto the rutile. Combining the conclusions from the
two methods one can conclude that copper is distributed mainly onto the
surface of the CuPd nanoparticles, whilst palladium is present mostly in
the deeper parts of the NPs. XPS probes the samples at the depth of
10-15 nm and an area of 700 x 300 um. Therefore, the chemical
composition shown in Table 3 should be considered as a description of
the surface of both phases: rutile and metallic nanoparticles.

Crystallographic analysis by Raman spectroscopy and X-ray
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diffraction confirmed the rutile phase of synthesized TiO» nanostructure
(Fig. S3). Pristine TiOy (rutile) as well as modified TiOp samples
exhibited identical spectral line shape (Fig. S3 left) with weak and strong
bands at 143 (B1g), 238 (two-photon scattering of rutile), 443 (Eg) and
608 (Alg) 1/cm assigned to active modes [45]. Raman spectra of TiO4
(P25) exhibited all the features typical of this form of TiO5 [46]. These
characteristic vibrational frequencies at 134, 382, 500, and 618 1/cm
confirmed the presence of anatase phase in P25. All diffraction peaks
observed for the pristine TiO5 (rutile) as well modified TiO5 samples are
derived from rutile phase of TiO (rutile) (Fig. S3 right). The strongest
signal at 20 = 27.3° is corresponding to reflection from the (110) plane.
The next diffraction peaks at 20 = 36.0, 39.1, 41.1, 44.0, 54.2, 56.6,
62.7, 64.0 and 69.0° correspond to (101), (200),(111),(210), (211),
(220), (002), (310), and (112), respectively [47]. Lattice parameters
of the rutile structure (P42/mnm) were estimated based on the Le Bail
method. For pristine TiO (rutile) and modified TiO5 samples the same
values were obtained, namely, a = 4.5955(1) Aandc = 2.9581(1) A.
These values were very close to those reported in the literature (a =
4.5924 A and ¢ = 2.9575 [o\) [48]. Importantly, deposition of Pd, Cu or
CuPd nanoparticles onto TiO5 did not change the crystal structure of
TiO;. In the sample TiO, (P25), in addition to rutile, the anatase phase
was found which is in line with the literature [49].

Diffuse reflectance UV-Vis spectroscopy was used to access the op-
tical properties of synthesized catalysts. Fig. 3A shows DRS UV-Vis
spectra of pristine TiOy (rutile and P25) and modified TiO, photo-
catalysts. The highest absorption of light was observed in the range of
250-420 nm, which agrees with the rutile phase (for pristine and
modified urchin-like TiO5). Decoration of urchin-like TiO2 by Pd, Cu and
CuPd nanoparticles allowed the absorption range to be extended into the
visible made it possible to extend the absorption of irradiation more
towards the visible range. In the cause of TiO,-Cu sample, extended
absorption in the 420-550 nm is due to direct charge transfer from the
valence band of TiO3 to Cu [50-52]. Loading of Pd nanoparticles on to
TiOy (rutile) or TiO,-Cu samples significantly affected the optical
properties in the visible range, which is related with the grey colour of
these samples [53,54]. Such observation was reported in the literature
previously [55,56].

The PL spectra (Fig. 3B) shows peaks in the range 2.71-2.81 eV
corelated with the excitonic e — h + recombination via oxygen va-
cancies; peak around 2.91 eV attributed to the recombination of free

A)
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excitons in rutile, but also greater than 3 eV that is ascribed the band-to-
band e -h" recombination [38,57] When compared to pristine TiO,
(rutile), the PL intensity of both TiO,-Cu and TiO,-Pd is significantly
quenched. When bimetallic catalysts are considered the PL intensity is
even lower then monometallic catalysts indicating an inhibition in
electron-hole recombination rate that may cause higher photocatalytic
activity. In all cases, the decrease in PL intensity suggests a diminished
radiative recombination also in the range typically attributed to surface
state-mediated recombination (2.1-2.7 eV) [16].

One of the most important practical aspect of photocatalytic based
processes is the catalysts stability. Thus, experiments of multiplate reuse
of TiO2-CuPd were carried out for photocatalytic oxidation and photo-
catalytic ozonation of tetracycline (Text S3, Fig. S10). After four cycles
of antibiotic degradation no significant changes can be observed, small
differences in pseudo-first order rate constant value are probably due to
catalyst weight loss during the recycling process. Moreover, the bime-
tallic catalysts did not exhibit Cu or Pd leaching during reaction, prob-
ably due to the formation of stable CuPd alloy nanoparticles.

3.2. Analysis of biological treated wastewater

The microbiological quality of the WWTP secondary effluent is
shown in Fig. 4. Based on analysis, it was found that FPB like entero-
cocci, E. coli, A. baumanni, K. pneumoniae, and P. aeruginosa can be
detected in high abundances (5.46 x 10° cell equivalents / 100 mL, 1.75
x 10° cell equivalents / 100 mL, 2.12 x 10° cell equivalents / 100 mL,
6.48 x 10° cell equivalents / 100 mL, and 3.33 x 102 cell equivalents /
100 mL, respectively). Moreover, four frequently detected antibiotic
esistance genes associated with WWTP effluents, i.e. blatgy, tetM, ermB,
and gnrS were analyzed. Herein the median of the genes blatgy (f-
lactam resistance) with 1.95 x 10* cell equivalents / 100 mlL, tetM
(tetracycline resistance) with 1.68 x 10 cell equivalents / 100 mL, gnrS
(quinolone resistance) with 2.06 x 10% cell equivalents / 100 mL, and
ermB (erythromycin resistance) with 1.17 x 10 cell equivalents / 100
mL are presented. As can be seen the abundance of ARGs and FPB was
not stable during the sampling campaign time. The statistic analysis
clearly shows that depending on the target the abundance could differ
by even more than 1 log unit. The higher fluctuation in abundance has
been observed during spring and summer season leading to increase
mean values (outliers data in Fig. 4). While in fall and winter abundance

B)
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Fig. 3. A) DRS UV-Vis spectra of pristine TiO, (rutile and P25) and modified TiO, photocatalysts, B) Photoluminescence spectra of synthesized catalysts (Aex =

315 nm).
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was more stable, which is represented by median values (Fig. 4). The
eubacterial 16S rRNA gene marker, as well as intll profiles indicate
stability in abundance during all year. 16S rRNA genes and intl1 fgenes
were present at an abundance of 1.35 x 10° cell equivalents / 100 mL
and 1.80 x 10° cell equivalents / 100 mL, respectively.

3.3. Efficiency of photocatalytic treatment

The photocatalytic performance has been evaluated for tetracycline
decomposition. The apparent quantum efficiencies are presented in
Table S3. It is indicated that the photocatalytic activity of the bimetallic
catalyst shows a quantum efficiency up to 11% higher compared with
monometallic catalysts (7.5% for TiO2-Pd and 3.8% for TiO5-Cu) under
visible light. Such photocatalytic behavior makes TiO3-CuPd a prom-
ising visible light photocatalyst. The catalytic activity of all synthesized
catalysts is highly improved, which is in agreement with their absorp-
tion in the visible range presented by diffuse reflectance spectra (DRS)
results compared to TiO5 (P25) (Fig. 3A) or PL spectra (Fig. 3B).

The photocatalytic inactivation with the application of all photo-
catalysts and the resulting regrowth are presented as cell equivalents of
ARGs per 100 mL of filtrated effluent in Fig. S4 and Fig. S5. The sum-
marized data of ARGs inactivation is given in Table 4.

3.3.1. Efficiency of pristine TiO, photocatalytic treatment

The comparison of pristine TiO, matrix (P25 and TiO; (rutile))
clearly shows that rutile form despite higher ability to absorb visible
light does not exhibit better removal properties toward ARGs or FPB
(Fig. S4A, B and Fig. S5A, B, respectively). Slightly lower blatgy and
ermB gene abundances were detected after treatment with TiO5 (rutile)
(1.23 and 2.78 Log Removal Value (LRV), respectively) compared to
TiOy (P25) (1.54 and 2.87 LRV, respectively) treatment (Table 4). A
stronger reduction difference was observed for gnrS between TiO, (P25)
and TiO (rutile) treatment (2.27 and 1.58 LRV, respectivly). Only in
case of tetM slightly better inactivation by TiO (rutile) treatment than
TiO4 (P25) was observed (1.78 and 1.30 LRV, respectivly). As previously
described the resistance gene blargy demonstrated to be a more resistant
or robust ARG for photocatalytic inactivation treatment, which might
depend on the carrier organism [24]. In addition, beside the blatgy the
inactivation of tetM gene was also much lower compared to gnrS and
ermB genes. Significant difference (1 log unit) was observed for intll
between TiOy (P25) (1.71 log removal) and TiOy (rutile) (0.70 log

removal) tratment. However, it should be noted that intl1 genes can even
increase after the treatment because intll can be easily acquired by HGT
[58]. The lowest inactivation was observed for 16S rRNA gene, however
slightly higher efficiency is obtained by TiO (P25) than TiOq (rutile)
(Table 4). In photocatalytic TiOy (P25) treatment ‘OH is the main
oxidant, while the rest ROS play a minor role (Text S4). When rutile-
based catalyst is considered, a different mechanism of action occurs.
The *OH radicals are predominantly reactive on the surface of the rutile
catalyst and their reactivity in the solution is rather low. Additionally,
other ROS are becoming more relevant since rutile has a lower capacity
than anatase to create "OH radicals through holes (Text S4). As a result,
rutile also favours the formation of 10, and promotes the production of
H20, (which involves Oy reduction and the subsequent oxidation of
superoxide) [59]. Despite much lower oxidation potential of 03, 10y,
H50, than ‘OH, TiO, (rutile) was rather successful in ARGs and FPB
removal leading that those ROS may cause significant DNA damage.

3.3.2. Efficiency of mono and bimetallic TiO, photocatalytic treatment

After metal modification by copper or/and palladium of rutile car-
rier, the catalysts give much higher ARGs inactivation efficiencies
(Fig. S4C-E; Table 4). Considering mono-metallic catalyst, TiO2-Cu
gives slightly higher ermB removal efficiency than TiO2-Pd (3.19 and
2.70 LRV, respectively). When tetM and gnrS were considered, TiO»-Pd
led to more than 1 log lower removal capacities compared to TiO,-Cu
(Table 4). The opposite trend was observed for blargy;, where slightly
higher inactivation was detected after TiO,-Pd rather than for TiO5-Cu
(2.08 and 1.89 LRV, respectively).

When monometallic catalysts were compared (Fig. S4C, D, Fig. S5C,
D, Table 4), TiO2-Cu resulted in higher removal than TiOy-Pd. The
higher efficiency of TiO,-Cu can be related to the higher antimicrobial
ability of copper rather than palladium [60]. However, the differences in
absorption ability (Fig. 3) and catalysts action are also relevant. As it
was shown, the TiO2-Pd catalysts are strongly activated in the visible
region and their action is mostly related to "OH formation. While TiO5-
Cu absorbance spectrum overlapped with TiOg (rutile) in the range
below 400 nm, and its ability to absorb visible light is much lower
(Fig. 3). However, the photocatalytic activity at a wavelength higher
than 500 nm can be attributed to the plasmonic effect of Cu nano-
particles, where only the excitation through the Cu plasmonic band
occurs [53]. Furthermore, acceleration in performance can be explained
by copper enhancement of migration of electrons from the conduction
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Table 4
Relative abundance and log removal values of ARGs, intl 1 and 16S rRNA after
different treatment strategies. Reduction higher than 2 log units are bolded.

Target treatment Abundance after treatment cell Log removal
equivalents / 100 mL values (LRV)
blarem TiO, (P25)  (1.21 + 0.21) x 10* 1.54
TiO, (2.47 £ 0.07) x 10* 1.23
(rutile)
TiO,-Cu (5.41 £ 1.78) x 10° 1.89
TiO,-Pd (3.41 + 2.35) x 10° 2.08
TiO,-CuPd  (2.63 + 0.26) x 10° 2.20
ermB TiO, (P25)  (8.55 + 1.17) x 10° 2.87
TiO, (1.04 + 0.57) x 10° 2.78
(rutile)
TiOy-Cu (4.08 + 1.17) x 10? 3.19
TiO,-Pd (1.26 + 0.36) x 10° 2.70
TiOp-CuPd  (2.47 + 1.77) x 10* 3.58
tetM TiO, (P25)  (3.91 + 0.99) x 10° 1.30
TiO, (1.29 + 0.59) x 10° 1.78
(rutile)
TiO,-Cu (3.87 + 0.77) x 10 3.30
TiOy-Pd (1.84 + 0.14) x 10° 1.63
TiOx-CuPd  (2.31 + 0.14) x 10 3.53
qnrS TiO, (P25)  (1.15 + 0.34) x 10° 2.27
TiO, (5.72 + 1.55) x 10° 1.58
(rutile)
TiOy-Cu (2.08 + 0.66) x 10* 4.01
TiO,-Pd (2.18 £ 0.34) x 10% 3.00
TiOx-CuPd  (1.64 + 0.36) x 10° 3.94
intl 1 TiO, (P25)  (8.01 + 0.82) x 10* 1.71
TiO, (8.15 + 0.95) x 10° 0.70
(rutile)
TiO,-Cu (7.17 £ 1.76) x 10° 2.76
TiO,-Pd (2.37 £0.18) x 10* 2.24
TiOp-CuPd  (9.77 + 0.46) x 10° 2.63
16S TiO, (P25)  (2.75 + 0.03) x 10° 0.49
RNA  TiO, (1.41 + 0.05) x 10° 0.37
(rutile)
TiO,-Cu (1.16 + 0.01) x 10° 0.87
TiOy-Pd (2.11 + 0.01) x 10® 0.61
TiO»-CuPd  (1.03 + 0.04) x 107 2.32

band (CB) of TiO5 to Cu by promoting separation of the e/h™ couples and
creating a potent electron-sink effect [61-63]. In the presence of copper
nanoparticles, O3 generated from reduction sites on can be also effec-
tively converted into HyOy [61]. Simultaneous generation of O3, 10,,
H203 and ‘OH in TiO,-Cu photocatalytic treatment, enhanced ARGs and
FPB removal compared to TiO,-Pd where its production is limited and
‘OH is the main pathway.

The photocatalytic inactivation with bimetallic catalysts TiO2-CuPd
gives the highest (more than 2 log units removal) efficiency for almost
all targets (blatgy, ermB, tetM, intl 1, and 16S rRNA). However, the ef-
ficiency for gnrS was similar to that obtained after TiO5-Cu (Table 4).

The synergistic impact of Pd and Cu is probably responsible for the
acceleration in ROS generation during TiO2-CuPd/VIS photocatalytic
treatment (Fig. S6A). When transition metal Cu serves as an electron
sink, encourages charge separation, and increases the amounts of
accessible electrons for reduction reactions [31,32,64], which leads to
05, 102, H20; generation. While plasmonic Pd broadens the range of
light absorption from the UV to visible region, which is advantageous to
charge creation that increases the “OH production. The enhanced ‘OH
generation and presence of another ROS result in higher inactivation
efficiency. The improvement of the treatment is observed especially for
tetM and ermB (5.53 and 3.58 LRV, respectively) in comparison to
palladium catalyst (1.63 and 2.70 LRV, respectively) and cooper catalyst
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(3.30 and 3.19 LRV, respectively). There is no significant difference for
qnrS between TiO2-Cu and TiO2-CuPd (4.01 and 3.94 LRV, respectively).
However, improvement is noticeable for TiO,-Pd (3.0 LRV). We can
suspect that gnrS favours the TiO,-Cu mechanism rather than a syner-
gistic mechanism of CuPd. As it was discussed above, blatgy was the
most resistant to photocatalytic inactivation. An improvement has been
observed for TiO,-Cu (1.89 LRV) and TiO»-Pd (2.08 LRV) and bimetallic
TiO2-CuPd (2.20 LRV) photocatalytic treatment compared to pristine
TiO4 (P25) (1.54 LRV) and TiO- (rutile) (1.23 LRV). Based on obtained
results it can be assumed that blargy is more susceptible to ‘OH action
than O3, 105, Hy0,, therefore remarkable improvement is not observed
when for TiO2-Cu and TiO,-CuPd are applied.

The photocatalytic inactivation (with application of modified cata-
lysts) was able to successfully reduce A. baumannii and P. aeruginosa
below the limit of detection (LOD) (Fig. S5). It can be suspected that
inactivation of A. baumannii and P. aeruginosa is strongly related with
high sensitivity toward visible light inactivation, that has also been
indicated by Hoenes [65]. Lower susceptibility of E. coli, enterococci,
and K. pneumoniae to visible light as well as photocatalytic inactivation
resulted in incomplete inactivation. [65] shows inactivation efficiency
strongly depend on light wavelength [65]. Under 405 nm irradiation the
highest inactivation was found for A. baumannii, P. aeruginosa, E. coli, K.
pneumoniae, and the lowest for enterococci. While under 450 nm the
inactivation efficiency has changed as follows A. baumannii,
P. aeruginosa, enterococci, K. pneumoniae, and E. coli. It is known, that
during photocatalytic inactivation the light impact plays an indirect
role, but predominant inactivation undergoes via photocatalytic action.
[66 66] demonstrated that E. coli is inactivated particular faster than
K. pneumoniae under photocatalytic inactivation. While, [7 7] showed
that enterococci are much more resistant toward photocatalytic inacti-
vation compared to P. aeruginosa, which agrees with our finding.

Despite quite good reduction efficiency for TiO»-CuPd and TiO»-Cu,
the abundances of each target increased after dark treatment due to
considerable regrowth of bacteria. Nevertheless, for ARGs the initial
abundance of the secondary effluent was never reached. The remarkable
antimicrobial effect of bimetallic catalysts can be also noticed in case of
regrowth experiment when 16S rRNA gene is considered (Fig. S4E). It
can be suspected that due to physical cell damage as well as light and
ROS action the proliferation does not occurred.

When the kinetics of inactivation is considered (Fig. 5A), it can be
seen that 1 h of treatment did not change the abundance of blargy and
enterococci at all. While, 16S rRNA gene abundance decreased by 2.86
log units. The high 16S rRNA gene removal confirmed that bacteria are
more susceptible to inactivation than ARGs. After 2 h of photocatalytic
inactivation the inhibition in 16S rRNA gene decay is noticed, while an
increased inactivation of blatgy and enterococci can be seen. Along
treatment times a decreasing trend is observed for blatgy, 16S rRNA
gene, and enterococci while in case of intll gene the abundance
decreased during first two hour and increased after 3rd hour after
treatment. It became obvious that the community marker genes like the
eubacterial 16S rRNA gene present in all bacteria as well as the general
intll gene involved in horizontal gene transfer are not qualified as an
indicator for any kind of treatment process including inactivation pro-
cesses of ARGs. A correlation among the specific kinetics of the selected
ARGs and FPB with these bacterial ribosomal or mobile gene markers
was not visible. The similar observation was made by Yang et al. [67]
after UV inactivation. The increase in intll abundance may suggests the
significantly higher accumulation of MGEs carrying ARGs [68], while
inactivation of ARGs were caused by a proper inactivation of hosts [67].

Fig. 5B and Fig. S7 present the relevance of PMA application for
evaluation of photocatalytic inactivation. The two different approaches
(with and without PMA) were investigated after 2 h of photocatalytic
inactivation with TiO,-CuPd indicated visible light irradiation: 1) vari-
able cell identification based on a viability-based qPCR technique
(VPCR) - DNA with PMA treatment and 2) and total gene copies detected
by qPCR - DNA without adding PMA. Comparing the total (without
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PMA) and living (with PMA) samples of the untreated effluent no sig-
nificant differences are observed for all targets (Fig. 5B and Fig. 7A, B).
However, the ratio between viable and non-viable cells caring ARGs is
critical for understanding the inactivation mechanisms and enables to
predict the risk of bacterial regrowth. The PMA treatment indicated
significant differences after photocatalytic inactivation for 16S rRNA
gene, enterococci, and intll gene. There were no relevant differences
between the total and viable cell targeting blargy;, indicating a more
challenging gene target compared to the removal of the other ARGs.
Noteworthy difference in abundances were observed for tetM, ermB
resistance genes as well as K. pneumoniae, E. coli taxonomic gene
markers, (Fig. S7A, B). Significant losses of viable cells were found for all
genetic targets under investigation.

3.4. Enhancement of catalytic inactivation combined with ozonation

Based on literature, ozonation is capable to remove FPB, but ozone
efficiency toward ARGs is less understood [5,8,10,69,70]. As it was
mentioned, the study performed by Alexander et al.; Hembach et al.; and
Savin et al. showed, that ozonation has a significant reduction efficiency
of 98.4 % against FPB [8-10]. Interestingly when 1 g O3/gDOC was
applied a lower susceptibility toward ozone treatments was found for P.
aeruginosa [10]. After application of an ozone system (75 g Os /Nm?,
contact time 15-30 min.) for FPB inactivation, nonsignificant reduction
in E. coli and enterococci was observed, whereas P. aeruginosa was
significantly reduced [9]. Iakovides et al., confirmed that E. coli is the
most resistant one for ozone treatment [5]. However, the ARB inacti-
vation increased with increasing ozone doses [5,69]. A very high effi-
ciency of FPB and ARG removal were achieved when 50 gO3 /Nm® was
applied [70]. The differences in efficiency clearly show that the waste-
water matrix has a strong impact on removal capacities. The attempt to
apply photocatalytic ozonation (50 gO3 /Nm® for ARG inactivation,
indicated that TiO,-coated glass Raschig rings and light emitting diodes
(LEDs, with dominant A = 382 nm) was not capable to remove suc-
cessfully them as well [23]. However, to the best of our knowledge the
wider visible light were never investigated for photocatalytic ozonation
inactivation regarding ARG inactivation. Considering that TiO2-Cu and
TiO2-CuPd catalysts gave the highest ARG inactivation efficiency, it is
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expected to be the most promising option for photocatalytic ozonation.

As a first step of the investigation, several ozone-based treatments
were applied for FPB, ARGs, 16S rRNA and intl1 gene removal compared
to TiO-CuPd photocatalytic inactivation (Fig. 6). The ozonation,
photolytic ozonation as well as photocatalytic ozonation were capable to
remove all FPB below LOD (Fig. 6A).

Considering ARGs inactivation, it was shown that ozonation (O3) led
to removal of tetM, gnrS and ermB below LOD. While, blatgy was
reduced by 3.22 log. The photolytic ozonation (O3/VIS) was also suc-
cessful in gnrS removal to the LOD. However, tetM, blatgy and ermB
genes were still detected (removal by 3.26, 1.98, 3.62 log unit, respec-
tively (Fig. 6B)). The photocatalytic ozonation (TiO2-CuPd/Os3) resulted
in highest inactivation efficiency. The tetM, gnrS and ermB were
removed under the LOD after photocatalytic ozonation. While, blatgm
was removed by 3.23 log unit. For all investigated treatments blargy was
the most resistant ARG. The highest efficiency toward blatgy was ach-
ieved after ozonation and photocatalytic ozonation (3.22 and 3.23 LRV,
respectively). While similar efficiency was observed for O3/VIS and
TiO2-CuPd/VIS (removal by 1.98 and 2.20 LRV, respectively). This can
be concluded that the blatgy gene is stronger inactivated by the direct
action of ozone than ROS.

When 16S rRNA gene is considered, the best performance was
observed for photocatalytic ozonation. The intll gene were removed by
3.55 log unit after TiO,-CuPd/O3/VIS. Interestingly, the removal of intl1
was higher (3.86 log unit) after O3/VIS than that obtained via ozonation
(1.07 log units).

The abundance of DNA measurements after treatments clearly shows
that TiO2-CuPd/O3/VIS and Os/VIS reduce DNA content to the LOD.
Photocatalytic inactivation (no matter 2 or 3 h of treatment) only
decreased DNA quantity (Fig. 6A insert). Despite, high ozonation effi-
ciency toward ARGs and FPB, the detection of DNA after ozonation may
suggest that some ARGs and ARG carrying bacteria are less susceptible
to ozone treatment. It was already found that hosts of the resistance
genes vanA, blayyy, sull, and tetG are also resistant or robust to ozone

[3].
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below detection limits (LOD).

3.4.1. Comparison of mono and bimetallic photocatalytic ozonation
treatment

In the next step of investigation mono- and bimetallic catalysts were
compared during catalytic based processes. The photocatalytic inacti-
vation was confronted with catalytic ozonation and photocatalytic
ozonation for copper and copper-palladium TiO, catalysts. For both
tested catalysts the photocatalytic ozonation gives the highest effi-
ciency. The blargy and enterococci were completely removed with this
process (for TiO2-CuPd/Og3/Vis and TiO2-Cu/Og3/Vis). At the same time,
catalytic ozonation leads to only slightly blagy removal (0.64 and 0.44
log unit removal for TiO2-CuPd/O3 and TiO2-Cu/Ojs, respectively).
However, it should be noted that in this case the treated secondary
effluent did have the lowest abundance of FPB and ARGs. Interestingly,
catalytic ozonation (without light) was able to reduce 16S rDNA (3.88

10

and 4.01 log unit removal for TiO2-Cu and TiO,-CuPd, respectively) to a
similar level compared to photocatalytic ozonation (4.11 and 4.29 log
unit removal for TiO2-Cu and TiO,-CuPd, respectively). Moreover, TiOg-
Cu/Og3 gives slightly higher intll gene removal than bimetallic catalysts
(2.51 compared to 1.91 log units). Surprisingly the light addition does
not accelerate intll gene removal when TiO»-Cu catalyst was used (2.50
log unit removal). While, photocatalytic ozonation in the presence of
TiO2-CuPd resulted in higher intl1 gene removal (3.94 log unit removal).
Performed studies confirmed that light plays an important role in ARGs
inactivation. Furthermore, despite quite well TiO,-Cu performance, the
regrowth experiments confirmed that joint action of Pd and Cu nano-
particles due to the different rote of action in the photocatalytic process
leads to synergy effects. These synergistic effects can be observed in case
of regrowth after photocatalytic inactivation and catalytic ozonation. As
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can be seen in Fig. 7 monometallic catalyst (TiO,-Cu) was not able to
inhibit the bacterial regrowth compared to bimetallic catalysts (TiO»-
CuPd). While, after photocatalytic inactivation as well as catalytic
ozonation with application of TiO,-CuPd and 72 h of dark storage, the
abundance of all targets were below the initial values. Again, the pho-
tocatalytic ozonation leads to the best performant and for both catalysts,
the regrowth was inhibited and achieved abundance much below initial
levels. The high efficiency of photocatalytic ozonation treatment with
bimetallic catalysts was proved for longer time treatment. When the
kinetics of inactivation is considered (Fig. S8), it can be seen that 3 h of
treatment caused completely removal of blatgy;, enterococci and intll.
While significant improvement was observed for 16S rRNA. Moreover,
even 1 h of photocatalytic ozonation treatment led to higher ARGs
removal compared to 3 h of photocatalytic treatment (Fig. 5A).

When photocatalytic ozonation mechanism is considered (Fig. S6B,
C), the stronger oxidation potential of O3 enables to get electrons from
Cu and Pd easier than molecular O,. Through this process, photoexcited
electron mobility is increased, and photoexcited electron and hole
recombination is decreased. Additionally, O3 would be converted to O3~
after receiving electrons from Cu which may result in ‘OH generation
[30]. At the same time, ozone may react directly or indirectly via the
production of ‘OH and Hy0,. As it is shown in Fig. S6C, O3, 10,, Hy0,
and "OH are generated during photocatalytic ozonation. It is known that
ROS can assault the cell membrane, damaging coenzyme A and
impairing or stopping cellular respiration activity, which can result in
cell death [71,72]. The holes can act not only indirectly leading to *OH

[l scc. Effluent

[ Cat/vis 7 Cat./VIS resrowth
[ ]cat/io, PZZcCat/o, oom
| cat/OoyVIS Cat./O,/VIS regovh

A)1011 T T T T T T T
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Fig. 7. Comparison between A) bimetallic TiO»-CuPd and B) monometallic
TiO,-Cu action during photocatalytic inactivation (Cat./VIS), catalytic ozona-
tion (Cat./O3), and photocatalytic ozonation (Cat./O3/VIS) and its impact on
bacterial regrowth.
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generation, but also directly as well as e” can also play important roles
in the photocatalytic bacterial inactivation [63,73]. It was proved that
during photocatalytic ozonation inactivation is caused by direct UVA
action and chain reactions involved in the process. The photocatalytic
ozonation involves O3 which induces DNA breaks and oxidative DNA
damage. Unlikely, O3 cannot be considered as a ROS responsible for
DNA damage due to limitations in crossing biological membranes [74].
Bearing in mind that O3 is generated in a very high amount in the
presence of Cu nanoparticles and can rapidly react with ‘OH on the
conduction band to generate 10, or can also react with H" or h™ on VB
to form 104, Moreover, O3 takes a part in HoO, generation as well. It is
well-known that 10, and H,0, are responsible for DNA damage [74].
Therefore, we assume that not only ‘OH, but also singlet oxygen can be
the key ROS responsible for ARGs and FPB inactivation when bimetallic
catalyst is considered. However, the superior role of H;O» can not be
neglected.

3.5. Comparition of different catalytic treatment — Regrowth approach

Under visible light, unmodified catalysts (TiO, (P25) and pristine
TiOg (rutile)) were able to reduce ARGs and FPB despite different
mechanism of action. It was found that insufficient removal of ARGs,
TiO2-CuPd photocatalysts can significantly remove FPB under visible
light conditions (Fig. 8A). After 24 h dark storage bacterial regrowth was
observed in case of all investigated catalysts (Fig. 8B). It was conclude
that, the presence of VBNC state may be responsible for regrowth after
photocatalytic treatment. It can be observed that after TiOy (rutile)
photocatalytic inactivation enterococci reach abundance higher than for
untreated effluents. Also E. coli abundance was close to initial value.

Application of photocatalytic ozonation resulted in complete FPB
and ARGs removal from wastewater effluents when bimetallic and Cu-
metallic catalyst was applied (Fig. 8A). Significant differences were
observed in bacterial regrowth between with TiO2-Cu and TiO»-CuPd.
Catalytic ozonation was not able to prevent the bacterial regrowth of
blatgy and ermB genes. The blatgy abundance after 72 h dark storage of
TiO2-Cu/O3 treated sampels was higher than initial values from un-
treated effluents (Fig. 8B). At the same time A. baumannii,
K. pneumoniae, and E. coli were found to regrowth as well. While, after
catalytic ozonation with application of TiO2-CuPd and 72 h of dark
storage, the abundance of all targets were below the initial untreated
values. The bacterial regrowth of K. pneumoniae, E. coli, and enterococci
was observed. Slightly higher abundance was also found for blatgy and
ermB genes.

For both catalysts the regrowth after photocatalytic ozonation was
inhibited and achieved abundance much below initial levels. From all
ARGs, only blargy was detected after photocatalytic ozonation. The
blatgy abundance was slightly higher after TiO,-CuPd/O3/VIS
compared to TiO,-Cu/O3/VIS. It should be noted that after bimetallic
photocatalytic ozonation only K. pneumoniae regrowth. While during
TiO2-Cu/03/VIS K. pneumoniae and E. coli were detected.

4. Conclusion

Our study strongly indicated that photocatalytic ozonation has the
greatest potential for the removal of facultative pathogenic bacteria and
antibiotic resistance genes. Especially, photocatalytic ozonation with
the application of TiO2-CuPd resulted in most significant removal of FPB
and ARGs. It is suspected that Pd nanoparticles increase the generated
charge carriers, while Cu nanoparticles prolonged their lifetime, which
leads to acceleration of ozone — catalysts reaction. Despite similar FPB
inactivation after ozonation and photocatalytic ozonation, ozone leads
to lower DNA destruction, leading possibility of transferring intact and
liberated DNA containing ARGs.

From all investigated targets qnrS and tetM genes seems to be the
most sensitive against photocatalytic and catalytic ozonation with TiO»-
CuPd and TiO,-Cu catalysts. Despite catalytic ozonation resulted in
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Fig. 8. Heat map of relative abundance of ARGs and FPB:A) after different treatment strategy, B) their bacterial regrowth after 24 h (photocatalytic inactivation) and

72 h (catalytic and photocatalytic ozonation) dark storage.

complete FPB and ARGs removal from wastewater effluents. When
bimetallic and Cu-metallic catalyst were used the regrowth for blatgy
and ermB genes were detected. Bacterial regrowth after photocatalytic
ozonation allowed to correlate blargy and K. pneumoniae. The compar-
ison between catalytic ozonation and photocatalytic ozonation, clearly
showed that light plays important role in the inactivation of ARGs and
bacterial regrowth. It can be assumed that enhancement by light is
caused by direct UVA action and chain reactions involved in photo-
catalytic ozonation process.

The blargy and K. pneumoniae showed the highest resistance toward

12

photocatalytic inactivation, therefore the efficiency of the photo-
catalytic based technology may rely on their inactivation.

The study demonstrated that superior photocatalytic ozonation ef-
ficiency may be attained under visible light, paving the way to the use of
sunlight rather than artificial UV lamps, which would significantly lower
the costs and expedite the implementation of the process. It is possible to
provide the most effective and economical tertiary treatment for the
secondary effluents after applying visible light-induced recyclable het-
erogeneous photocatalysis (reusable catalyst - elimination of catalyst
separation problem) combined with Os.
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