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Abstract: Water quality and usability are global concerns due to microbial and chemical pollution
resulting from anthropogenic activities. Therefore, strategies for eliminating contaminants are
required. In this context, the removal and decrease in antibiotic activity (AA) associated with
levofloxacin (LEV), using TiO, and Ag/TiO, catalysts, with and without sunlight and peroxydisulfate,
was evaluated. Additionally, the disinfection capacity of catalytic systems was assessed. The catalysts
were synthesized and characterized. Moreover, the effect of Ag doping on visible light absorption
was determined. Then, the photocatalytic treatment of LEV in water was performed. The materials
characterization and EPR analyses revealed that LEV degradation and AA decrease were ascribed
to a combined action of solar light, sulfate radical, and photocatalytic activity of the TiO,-based
materials. Also, the primary byproducts were elucidated using theoretical analyses (predictions about
moieties on LEV more susceptible to being attacked by the degrading species) and experimental
techniques (LC-MS), which evidenced transformations on the piperazyl ring, carboxylic acid, and
cyclic ether on LEV. Moreover, the AA decrease was linked to the antibiotic transformations. In
addition, the combined system (i.e., light/catalyst/peroxydisulfate) was shown to be effective for
E. coli inactivation, indicating the versatility of this system for decontamination and disinfection.

Keywords: Ag/TiO, photocatalysis; antibiotic activity removal; disinfection; pharmaceuticals
degradation; persulfate; sunlight; water decontamination

1. Introduction

The presence of antibiotics in aquatic environments poses a significant risk by poten-
tially causing irreversible long-term changes in bacterial genomes, leading to the develop-
ment of antibiotic-resistant microorganisms, a serious public health concern. Levofloxacin
(LEV), a widely used antibiotic for treating various bacterial infections, exemplifies this
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issue. After consumption, approximately 87% of LEV is excreted unchanged, eventu-
ally reaching municipal wastewater treatment plants (WWTPs) [1]. However, due to its
strong antimicrobial properties, LEV resists degradation by conventional WWTP methods,
highlighting the need for more effective treatments to eliminate it from wastewater.

In parallel, Escherichia coli (E. coli) serves as a universal indicator of microbiological
water contamination and is commonly detected in wastewater and WWTP effluents [2].
The limitations of classical WWTP treatments in effectively addressing E. coli contamina-
tion underscore the necessity for alternative approaches. These could include advanced
treatments at primary pollution sources, such as hospital wastewater or even the urine
from patients harboring such bacteria, to mitigate the spread of resistant microorganisms
and safeguard public health. Therefore, seeking effective ways to deeply eliminate the
environmental risk caused by LEV and microbial contaminants is of great importance.

Heterogeneous photocatalysis has been widely studied to deal with chemical and
microbiological pollutants in aqueous samples [3,4]. Indeed, during the last five decades,
TiO, photocatalysis has been applied; it is a well-known system able to produce degrad-
ing/disinfecting species such as hydroxyl radicals. However, the application at large scale
of this system is questioned [5]. Despite this limitation of the TiO,-based processes, some
niche applications of the TiO;-based photocatalytic systems for treating small volumes of
polluted water (e.g., some tens of liters) could be found. Then, studies on fundamental as-
pects of photocatalytic systems for future developments and applications are still relevant.

Treatment methods based on photocatalysis with TiO; have been attractive, as they
can operate under UV radiation, including solar light. Interaction of UV light with
TiO, initiates a sequence of oxidative processes, generating reactive oxygen species, e.g.,
HO?®, (Equations (1)—(3)) that favors the degradation of recalcitrant organic pollutants (OP,
Equation (4)), including mineralization [6-8] (Equation (5)). However, photocatalysis with
TiO, has several drawbacks: (i) its relatively high band gap (3.2 eV for anatase), which
makes it active in the ultraviolet (UV) light region that constitutes only about 5-7% of
the solar spectrum [9], thus demanding the use of lamps that involves adjustments to the
configuration of the reactor, (ii) TiO, has a high recombination rate of the electron-hole pairs,
leading to low exploitation of the absorbed photons [10]. Therefore, strategies such as the
deposition of noble metal (e.g., Ag) on TiO, could enhance the photo-response of TiO, to
the visible light range (i.e., narrow band gap energy allows absorption of photons at lower
energy, near the visible region), due to the localized surface plasmon effects (LSPR) [11,12].
On the other hand, the presence of oxidants such as hydrogen peroxide or persulfates (e.g.,
S,0427) can enhance the performance of photocatalysis toward the degradation of pollu-
tants. Such an enhancement is associated with the production of extra radical species by the
interaction of the added oxidant with electrons of the conduction band (Equation (6), [13]);
which at the same time can also limit the hole-electron recombination.

TiO; + hv — TiO; (h* ... e7), (1)

h* + H,O — HO® + HY, 2)

e +0, = 0, 3)

h*, HO®, or O,*~ + OP — primary byproducts, 4)

h*, HO®, or O,*~ + primary byproducts ——— CO; + HO + inorganic ions,  (5)
e” + 95,0527 — S0,4°” + 50,27, (6)

Some previous works have studied the use of TiO,-based photocatalysis to degrade
LEV [14-18]. These works have tested the degrading efficiency (even some have shown
the disinfecting capability of the process) of TiO,/UV light systems, but they did not
report the incorporation of peroxydisulfate into the photocatalytic system to deal with
LEV and inactivate E. coli. Thereby, such topics were developed in this research. On the
other hand, it can be mentioned that sulfate radical-based advanced oxidation technologies
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(considering the peroxydisulfate activation) have been widely applied to organic pollutants
treatment due to their high degradation efficiency and eco-friendly nature. It must be
mentioned that the advanced oxidation processes based on peroxydisulfate have also been
used for bacteria inactivation [19,20]. These oxidation processes involve the generation
of sulfate radicals (504°7), a species with a high oxidation potential (2.5-3.1 V), and a
half-life of 3040 s, far longer than HO® (20 ns), the radical reference in advanced oxidation
processes [21]. Direct oxidation of organic pollutants by peroxydisulfate (PDS) alone is
difficult to occur and it needs to be activated to generate SO4°~. Typical activation strategies
comprise ultraviolet C (UVC) light, ultrasound (US), electrochemical oxidation, heat, alkali,
transition metals, carbon-based materials, and photogenerated electrons [21]. Hence, the
possibility of activating PDS through photocatalysts was explored herein.

In this work, TiO, and Ag/TiO, were initially synthesized and characterized by
TEM/EDS, XRD, XPS, SEM, and BET. Afterward, these materials were used under solar
light as photocatalysts and activators of PDS, to eliminate a model antibiotic (LEV) and to
inactivate a relevant microorganism (E. coli). The capability of the photocatalytic systems
to eliminate the antimicrobial activity was also assessed. Then, the degradation routes
(radicals involved in the process) related to the possible synergistic relationships between
the materials, sunlight, and PDS were determined. The role of the identified oxidizing
species (e.g., HO®) in the degradation of LEV and the inactivation of E. coli was discussed.
Furthermore, using theoretical tools, the moieties on LEV more susceptible to attacks by
the oxidizing species were identified, and the by-products were experimentally elucidated.
Also, the evolution of the AA was followed and linked to the LEV changes caused by the
photocatalytic treatment.

2. Materials and Methods
2.1. Reagents

Levofloxacin (LEV, purity > 99%) was provided by Chemo Laboratories. Formic acid
(98.0%), hydrogen fluoride (HF) (48 wt.% in HyO), dimethyl sulfoxide (DMSO) (97.0%),
silver nitrate (AgNO3) (99.9%), titanium tetraisopropoxide ([Ti(OCH(CHj3)z]4) (>97.0%)
were purchased from Sigma-Aldrich. Acetonitrile (HPLC grade) was supplied by Sharlab
(Europe); 2,2,6,6-tetramethylpiperidine (TEMP) (>98.0%) was acquired from Thermo Scien-
tific (Germany); 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) (>97.0%) was obtained from
Cayman Chemical (Europe) and potassium peroxydisulfate (PDS) (>99.0%) purchased
from ITW Reagents PanReac (Spain).

2.2. Catalyst Synthesis

TiO, was prepared using a volume ratio of titanium tetraisopropoxide/HF 25:4 v/v.
Then, such a solution was submitted to hydrothermal treatment at 200 °C for 24 h [22].
To obtain the Ag/TiO,, a suspension of the prepared TiO, sample was modified by silver
addition, using the AgNOj3 photo-deposition method under an inert atmosphere (N>).
Thereby, the appropriate amount of metal precursor was added to obtain 5% Ag nominal
loading from the weighted total of the catalyst. Photochemical deposition of Ag was then
performed by illuminating the suspensions for 2 h [22].

2.3. Reaction System

Experiments were carried out at a laboratory scale in a solar simulator (Hanau Suntest)
equipped with an air-cooled xenon lamp (1500 W) and proper filters to obtain a cutoff
at 300 nm. The illumination intensity for the UVA component was measured using an
LS126C radiometer (light intensity of 44.3 W m~2 was found). The temperature in the
reactor never exceeded 35 °C. The experiments were carried out in equilibrium with the air
under 360 rpm of agitation. Pyrex reactors of 500 mL were used for all tests with 200 mL
of the sample (distilled water containing the target compound or microorganism). The
addition of photocatalyst or PDS was conducted in a single dosage and the light source
was turned on to start the tests. Each experiment was carried out at least in duplicate to
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verify the reproducibility of the measurements. In the figures/plots, the average values
of the experimental replicates are reported, and the coefficients of variation for such
repetitions were lower than 5% in the case of LEV degradation were lower than 10% for the
microbiological tests.

2.4. Analyses

The catalysts were characterized by X-ray diffraction (XRD), N, adsorption (BET
measures), scanning electron microscopy (SEM), transmission electron microscopy (TEM-
EDS), and X-ray photoelectron spectroscopy (XPS). Also, the effect of Ag doping on the
visible light absorption of TiO, was determined by UV-vis diffuse reflectance spectroscopy
(DRS). XRD analyses were conducted using a Siemens D-501 diffractometer, equipped with
a nickel filter and copper Ko radiation (4 = 1.541874 A). Scanning was performed over a 20
angle range of 10° to 80°, with a step size of 0.05° and a total acquisition time of 1 second [22].
TEM-EDS analyses were performed with FEI Titan 80-300 kV FEG S/TEM equipped with an
EDAX EDX detector. The BET was measured via Nj physisorption at 77.35 K employing a
Micromeritics ASAP 2010 apparatus. UV-vis (UV-vis DRS) measurements were conducted
using a Varian spectrophotometer model Cary 100, which was equipped with an integrating
sphere, and BaSOy served as the reference compound. The band-gap value was determined
using the Kubelka-Munk F(Reo) function, which is proportional to the radiation absorption;
for these calculations, the graphical function was (F(Reo) x hv)!/2 vs. hv. The morphology
for all the samples was analyzed using a Hitachi S 4800 microscope field emission scanning
electron microscopy (FE-SEM). X-ray photoelectron spectra (XPS) were recorded on a
SPECS spectrometer working with a constant pass energy of 40 eV. The spectrometer
was equipped with an ultra-high vacuum (UHV) system operating at 5-6-10~'0 bar; the
instrument was equipped with a PHOIBOS 150 9MCD hemispherical electron analyzer,
using Al K (hpt) 1486.6 eV at 250W and 12.5 kV. Binding energy correction was performed
by fixing the C 1s level at 284.6 eV.

LEV transformation was monitored using an HPLC instrument from Waters (model
2695), featuring a C-18 superxcel reverse phase column (100 x 4.6 mm, 3 pm). Optimal
separation was achieved with an isocratic mobile phase consisting of 0.02% formic acid
and acetonitrile (85:15 v/v) at a temperature of 30 °C. UV detection at 280 nm was used
for quantification, with a flow rate of 1.0 mL/min and an injection volume of 10 pL.
Identification of transformation products was performed via UPLC/MS analysis using
a Waters Acquity instrument coupled with a Waters Acquity QDa single quadrupole
instrument. The chromatographic conditions were similar to those of the HPLC instrument,
with the eluent comprising water and acetonitrile doped with 0.1% formic acid (85/15 v/v).
The detector operated in positive ESI mode with a scan range of 130-1500 m/z.

The antibacterial activity (AA) was determined using the disk diffusion method.
Mueller-Hinton agar plates were prepared, and a suspension of Escherichia coli (ATCC
25922) with an optical density of 0.6 at 580 nm was evenly spread across the plates to
inoculate them. Filter paper discs containing the sample (5.0 uL) were placed onto the agar
plates, followed by incubation for 16-24 h. After incubation, the growth of microorganisms
was assessed, and the diameters of the inhibition zones were measured in millimeters to
assess the reduction in antibiotic potency during the treatments [23].

To determine the degradation pathways, analysis of the radical-trapping reaction
adducts by Electron Paramagnetic Resonance (EPR) was performed using an X-band
Bruker EleXsys E580 spectrometer (manufactured by Bruker Biospin, Ettlingen, Germany)
equipped with an ELEXSYS Super High Sensitivity Probehead, The HO® and SO4°~ trap-
ping reactions were performed using 5,5-Dimethyl-1-pyrroline N-oxide (DMPO, Cayman
Chemical, Europe). To trap 'Oy, 2,2,6,6-tetramethylpiperidine (TEMP, Thermo Scientific,
Germany) was used. The spin trap was mixed at room temperature with an aqueous
dispersion of the catalyst at final concentrations of 5.0 mmol L~! for DMPO or TEMP and
1.0 mg mL~! for the catalyst, in the presence or absence of PDS (final concentration of
1 mmol L™!). The mixture was transferred to a Petri dish and illuminated in the solar
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simulator. Subsequently, the sample was transferred to a glass capillary that was intro-
duced in the center of the spectrometer resonator. The EPR instrument was operated at a
microwave (mw) frequency of 9.84 GHz and an mw power of 19 mW. The magnetic field
was modulated at 100 kHz and the modulation amplitude was set to 0.1 mT after having
checked that no overmodulation effects were observed at this modulation amplitude.

The atomic charge calculation (ACC) provides an initial approach to the electron
density [24]. For LEV, the ACC was performed through the AtomicChargeCalculator II ©
freeware by uploading the structure of the antibiotic in an SDF format [25]. Predictions of
the antimicrobial biological activity of LEV and a representative degradation byproduct
were calculated using the PASS software (free online version), having structure-activity
relationships as conceptual bases [26]. To perform the theoretical calculations, the chemical
structure is uploaded to the PASS software in the SMILE format. Subsequently, the values
of the probability of biological activities (Pa) for the tested compounds are obtained.

Preparation and Enumeration of Escherichia coli

Disinfection experiments were performed with the Escherichia coli ATCC 25922 variant.
Strains that grow in aerobic conditions were routinely streaked from frozen stocks to
nutritive agar until their stationary phase by cultivation at 37 °C. The bacterial colonies were
suspended in distilled water, and the suspension concentration was controlled considering
the optical density of 0.35 at A = 625 nm, which generates a concentration of around
10° CFU mL ™!, from which test water spiking to an initial concentration of 10° CFU mL~!.
The samples collected during the experiments were quantified using the standard plate
counting method, involving serial 10-fold dilutions in sterile saline solution. Diluted
samples of 100 pL were then plated on MacConkey agar, and the colonies were counted after
incubation for 24 hours at 37 °C. If the bacterial concentration was below 10 CFU mL~!, the
samples underwent filtration method. A 10 mL sample was filtered using cellulose nitrate
membranes with a pore size of 0.45 um in a filtration ramp. The resulting membranes were
placed on MacConkey agar and incubated at 37 °C for 24 h. The detection limit (DL) of this
technique is 10 CFU 100 mL~!, the minimum disinfection level required by EU 2020/741,
the European regulation on water reuse for Class A treated municipal wastewater.

3. Results and Discussions
3.1. Characterization of the Materials

The synthesized TiO; and Ag/TiO, materials were initially characterized (Figure 1).
The study of morphological characteristics started with SEM and TEM analyses. From
Figure 1a,b, it was observed that both materials are nanoplatelets. Figure 1c,d show the
dimensions of materials; crystals measure nearly 70 nm in length, 80 nm in height, and
5-6 nm in thickness. In a previous study, 76% of {001} facet was reported for the TiO,
material [22]. This crystalline form favors the photocatalytic processes considering the
higher surface energy of {001} facets, which allows more efficient dissociative adsorption
of reactant molecules as compared with that of {101} facets [27,28]. Those aspects are
linked to the low atomic coordination numbers of exposed atoms, a high density of active
unsaturated coordination Ti atoms, and active surface oxygen atoms with wide bond angles
of Ti-O-Ti [29]. Moreover, 2D nanostructures enhance the efficiency of light collection
by multiple light scattering and also favor the electron transfer rates [30]. Therefore,
the synthesis of high-energy facets of TiO, composites is desired to improve the optical
properties and extend the catalytic applications. Furthermore, the TEM images of TiO; and
Ag/TiO; nanoparticles (NPs) revealed the presence and distribution of Ag nanoparticles
on the nanoplates of the TiO; structure. TEM image also evidenced the spherical shape of
Ag NPs, with a size range from 2 to 10 nm (Figure 1d).
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Figure 1. Images of the synthesized materials. SEM TiO, (a) and Ag/TiO; (b); TEM TiO; (c) and
Ag/TiO; (d); XRD patterns: TiO, (black) and Ag/TiO, (blue) (inset: amplification between 36° and
39.5° in the 26 angle (e) (For readers’ clarity, a zoomed-in version of this figure was added to the
Supporting Information as Figure S1d); XPS results after Ag metallization in TiO, (f) (more details
about XPS are provided in Figure Sle-g and Text S1); Pore size distribution of synthesized TiO, and
Ag/TiO; (g) and UV-Vis DRS for TiO, and Ag/TiO; samples (h).
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The EDS results for the synthesized photocatalysts are presented in Figure S1 (in
Supplementary Materials). These results confirmed that the surface of the prepared material
is composed of Ti and O in the case of TiO, (Figure Sla). In turn, Ag, Ti, and O are effectively
present in the Ag/TiO, surface (Figure S1b). In fact, the elemental distribution mapping
(Figure Slc) shows a heterogeneous distribution of Ag (red) deposited on the plates and
their sides. The XRD diffraction for TiO; (Figure le) shows signals at 26 values of 25°,
37°,38°, 48°, 55°, 62°, and 70°, that correspond to the characteristic peaks of anatase at
(101), (004), (112), (200), (211), (213) and (220) planes, respectively (JCPDS card file No.
021-1272). For Ag/TiO,, Ag nanoparticles (NPs) appear, having peaks at 20 of 38°, 64°,
and 77°, corresponding to (111), (220), and (311) planes of Ag, respectively (JCPDS card file
No. 04-0783). The graph amplification between 36° and 39.5° in the 20 angle of the XRD
diffractogram range indicates a noticeable alteration in the peak shapes of (Ag/TiO,) in
comparison to the untreated material (TiO;) (inset on Figure 1e) [31]. This alteration could
be linked to the presence of the primary plane (111) of cubic silver (JCPDS No. 087-0717).
Moreover, within this analyzed region, the planes associated with the anatase TiO, phase,
such as (103), (004), and (112), are also visible.

To identify the oxidation states of Ag, XPS analysis was performed for the surface of
the silver metalized catalyst. Figure 1f reveals a doublet of doublets in the deconvolution.
The first doublet showed the Ag 3ds5,, and Ag 3dj3,, signals at 368.5 eV and 374.5 eV,
respectively, which are attributed to Ag® deposits. Meanwhile, the second doublet, with
signals at 367.8 eV and 373.8 eV for Ag 3ds,, and Ag 3d3,,, typically corresponds to Ag+.
The presence of Ag+ possibly occurs due to precursor remnants or oxidized silver species
(Agr0O or AgF) [32]. These results could be associated with photo-deposition and change
of silver from Ag* to Ag’. As previously mentioned, there is a reducing face {101}, places
where the Ag® deposition could occur preferentially, while the silver precursor species
could be adsorbed on the oxidative face {001}. Other details about XPS regions of Ti(2p),
O(1s) and F(1s) and F (1s) in Ag/TiO; are pre-sented in Figure Sle-g and Text S1 [30,33].

Regarding BET, superficial areas of 56.80 m?g~! and 50.98 m2g~! were found for TiO,
and Ag/TiO,, respectively. The slight decrease in the surface area would correspond to the
obstruction of some pores on the TiO; by the incorporation of Ag particles. In fact, after
metallization, there is a decrease in the pore volume (Figure 1g) and, consequently, in the
specific surface area of the metalized sample concerning the non-metalized one. In turn,
UV-vis DRS analysis for TiO, (Figure 1h) shows an absorption in the UV range (A <400 nm)
associated with the intrinsic band-gap transition of the anatase-TiO, [34]. From Figure 1h,
it can also be noted that the presence of Ag nanoparticles on the materials leads to an
increase in the absorption in the visible light range (A > 400 nm). This is associated with an
LSPR effect, which facilitates an enhancement of the excitation of electrons at the material
surface. Furthermore, we should mention that noble metals (such as Ag) have unusually
high Schottky barriers (SBs). When noble metals are attached to semiconductors, the SBs
help to trap electrons and facilitate the separation of electron-hole pairs [11,35]. Therefore,
the lifetime of electron and hole pairs upon irradiation of Ag/TiO, could be increased,
which can enhance the photocatalytic efficiency. Thus, considering these characteristics of
the prepared materials, they were tested in a photocatalytic system to degrade LEV and
inactivate E. coli in water, as detailed below.

3.2. Degradation and Disinfection Using the Photocatalytic System

Figure 2a compares the photolysis and LEV elimination by the materials (TiO, and
Ag/TiO;) in both the presence (photocatalysis) and the absence of light (adsorption) and
under illumination alone. The LEV photodegradation by the sunlight alone is small (~10%
after 120 min). According to Albini et al., the main pathway of direct photo-transformation
of fluoroquinolones is the cleavage of the C-F bond [36]. However, this pathway is depen-
dent on the electron-withdrawing nature of the substituent in the meta position concerning
the fluorine atom. As the electron-withdrawing nature of the substituent is augmented, the
efficiency of the direct photodecomposition is increased. Thus, the photolysis of LEV is low,
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Figure 2. Evaluation of the photocatalytic activity of the materials. LEV degradation by the processes
(a,b). Note: Red dots (TiO;) and yellow diamonds (Ag/TiO,) in Figure 2a represent the LEV adsorption on the
catalysts. AA removal (c) and disinfection (d). Note: Ag/TiO; in dark achieved a reduction of the E. coli pop-
ulation of only 1.5-log units after 120 min, which is associated with adsorption or toxicity of Ag species in the ma-
terial. Experimental Conditions Figure (a-c): [LEV] = 0.05 mmol L1, [PDS] = 0.01 mmol L~1. [TiO,]
= [Ag/TiO,] =10.0 mg L™}, pH = 6.5. Figure (d). [E. coli] = 10° CFU L™}, [PDS] = 0.01 mmol L.
[TiO,] = [Ag/TiO,] = 10.0 mg L~1, pH = 6.5.

LEV underwent partial adsorption, with 15% and 30% adsorbed on TiO; and Ag/TiOy,
respectively (Figure 2a). LEV exhibits two distinct pKa values (6.0 and 7.5). In acidic
environments, it predominantly exists in its cationic form, while in basic conditions, it is
primarily in the anionic form. At the pH range of 6.0 to 7.5, LEV predominantly exists
in its zwitterionic form. Additionally, the measurements of the Point of Zero Charge
(PZC) of the materials show a lower value for TiO; (6.3) compared to Ag/TiO, (7.3).
Therefore, at the experimental pH of the solution (6.5), the LEV molecules may be attracted
differentially by the electrostatic interactions on the surface of TiO,, compared to the surface
of Ag/TiO,. Considering the experimental pH and PZC of both catalysts, the interaction of
TiO; (predominantly charged negatively) with LEV occurs through the positively charged
bulky methyl-piperazyl ring, whereas in the case of Ag/TiO; (which mainly has positive
charges on the surface), it interacts with LEV via the negative carboxylate group. Thus, as
the TiO, /LEV interaction occurs through a bulkier group than the interaction of Ag/TiO,
with LEV, the adsorption of the antibiotic is more favored on the second material.

According to Figure 2a, the two photocatalytic systems (i.e., Light-TiO, and Light-
Ag/TiO;) achieved a superior elimination of the pollutant. Moreover, the test performed
under Light-(Ag/TiO;) led to a higher removal of the antibiotic regarding the non-modified
TiO,. This can be explained by considering the plasmonic effects. Plasmonic nanomaterials,
such as Ag, have excellent electromagnetic field-concentrating properties [38]. Therefore,
they can enhance photoreactions by increasing the local field. Additionally, the plasmonic
particles can also enhance chemical reactions by increasing electron-hole-pair generation
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in a nearby semiconductor, which will then transfer the charge carriers to the available
states in the organic molecules (e.g., pollutants), inducing their transformation [38,39].
However, it is crucial to mention that factors such as the concentration of the contaminant,
its reactivity, as well as the concentration of the photocatalysts, the irradiation source, and
the pH among others, can play a significant role in the efficiency of the processes using TiO,
and Ag/TiO, [40]. Therefore, there is an interest in developing methodologies that allow
for improving the function of the materials in the removal of recalcitrant contaminants.

As a strategy to enhance the degrading performance of the photocatalytic processes,
the addition to both systems of PDS was assessed (Figure 2b). The direct action of PDS
toward LEV was also tested. Furthermore, another control test (PDS combined with solar
light) was evaluated. As seen in Figure 2b, after 120 min PDS alone was able to degrade
~36% of LEV by direct oxidation. Interestingly, the elimination of LEV under PDS and
sunlight demonstrates a fast degradation of the antibiotic. Around 80% of the antibiotic
concentration was removed after 10 min of treatment. The PDS/sunlight combination
could promote the formation of sulfate radicals, thus enhancing the degradation efficiency
regarding PDS alone [21].

From Figure 2b, it can also be noted that the PDS/light/ catalyst systems led to close
degradation percentages to the PDS/sunlight one. However, in the treatment of antibiotics,
it is very relevant to go beyond pollutant removal, because in some cases, despite the
antibiotic being degraded, the antimicrobial activity could remain, representing a risk for
the proliferation of antibiotic-resistant microorganisms. Thus, the removal of the evolution
of the antimicrobial activity (AA) was followed (Figure 2c). Despite the LEV degradations
being similar, the AA removal is faster by the action of the photocatalytic processes. These
last results suggest that different primary by-products, having different AA, could be
formed in the considered treatment systems [41]. Indeed, the PDS/light/(Ag/TiO;) system
was more efficient in removing the AA, indicating that this system could produce less
biologically active byproducts than those obtained by the other treatments.

In addition to the degradation of the target antibiotic and determination of the AA
evolution, the considered photochemical systems were used to deal with E. coli. The
corresponding control tests were also carried out (Figure 2d). It can be remarked that the in-
activating capability of the PDS/Light/(Ag/TiO,) system was superior to the PDS/sunlight
combination or simpler components (e.g., light alone). The best disinfecting action suggests
that in the PDS/light/(Ag/TiO,) system, diverse degrading agents (e.g., light and radicals)
could be involved [42,43]. It is important to mention that for materials such as Ag/TiO; in
aqueous media, the released amount of Ag is low (less than 4% of the initial load of silver in
the catalyst or equivalently ~20 ug L~1); however, some disinfecting effects by the leached
Ag are plausible, which complement the stronger inactivating action of other species (e.g.,
radicals) that are participating in the process. Therefore, all the above results show that the
Ag/TiO, material is a very versatile photocatalyst able to promote degradative processes,
elimination of AA, and bacteria inactivation.

3.3. Principal Degradation Routes and Transformations Involved in the Photocatalytic Systems

As a first approximation to the understanding of degradation routes that participate
in the PDS/Light/TiO, and PDS/Light/(Ag/TiO;) systems, Electron Paramagnetic Res-
onance (EPR) spectroscopy analyses were performed (Figure 3). Using the spin traps
DMPO and TEMP, oxidizing species generated in the PDS/Light/(Ag/TiO,) processes
were determined. DMPO was used to trap hydroxyl and sulfate radicals, and TEMP
was used to trap singlet oxygen. The DMPO results (Figure 3a, black markers) show
four characteristic signals of the DMPO®-HO adduct (AN = 14.8 G, Ay = 14.8 G) [44],
confirming the formation of HO® in both PDS/Light/TiO, and PDS/Light/Ag/TiO, sys-
tems. The six representative lines of the DMPO®-SO,~ adduct signals, marked with blue,
(AN =13.8G, Ay =10.1 G) are less pronounced and partially covered by radicals centered in
carbon (An = 15.8 G, Ay = 22.8 G), characteristics of DMPO interaction with radical species.
To confirm the presence of sulfate radicals, additional measurements were performed
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using Ag/TiO, photocatalyst and increasing PDS concentration, from 1 mM to 100 mM
(changing the DMPO:PDS ratio, from 5:1 to 5:100). As can be seen in Figure S2, radicals
DMPO®-504~ adduct signals appear in the experimental EPR spectrum and align with
the EPR spectrum simulation. Furthermore, across all measurements with DMPO, there
is a superior capacity of Ag/TiO, to activate PDS compared to the TiO, photocatalyst. In
turn, in the EPR spectrum using TEMP (Figure 3c), the three characteristic lines with high
intensity for the adduct of TEMP-'0, demonstrated the participation of singlet oxygen
during the degradation process [45]. As can be seen in Figure 3d, the intensity of the signals
for TEMP-'0;, is also lightly higher for PDS/Light/(Ag/TiO,), suggesting higher radical
adduct formation than in PDS/Light/TiO, under these conditions.

e HO*
SOs*-
° ° ° .
[ ] [ ]
PDS/Light (1 min)
PDS/TiO:2 (In dark)
A EDS/Light/TiQI@ (1. min),
3470 3490 3510 3530 3550 3470 3490 3510 3530 3550
Magnetic Field (G) Magnetic Field (G)

(a) (b)

o -

PDS/Light (1 min) l
PDS/Light/TiO, (1 min) PDS/Light /TiO, (1 min)
' ' ' PDS/Light/(Ag/TiO,) (1 min)

3470 3490 3510 3530 3550 ' ' '
Magnetic Field (G) 3470 3490 3510 3530 3550

Magnetic Field (G)
(0 (d)

Figure 3. EPR spectrum of adducts formed upon exposure of PDS/Light/TiO, and PDS/Light/
(Ag/TiOy) systems to sunlight with (a,b) DMPO, and (c,d) TEMP in water.

—

The results from the EPR can be used to rationalize the photocatalytic behavior of the
materials. Then, we can propose that the light with TiO, and Ag/TiO, generates electron-
hole pairs, and the photogenerated holes produce hydroxyl radicals from water oxidation
(Equations (1) and (2)). Consecutively, the electrons in the conduction band could interact
with PDS, leading to the formation of sulfate radicals (Equation (6)) [13]. Additionally,
nanoparticles and species of silver in the modified TiO, enhance the production of oxidizing
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species due to: (i) the plasmonic effect (which promotes better charge carrier separations),
which leads to superior hydroxyl radical formation; (ii) the diminution of electron-hole
pairs recombination, which also allows PDS to react more easily to produce sulfate radical
(Equation (6)); (iii) the oxidative and reductive cycle of silver species, which promote the
PDS activation through electron transference processes (Equations (7)—(10)) [46—48]:

Ag" + 5,087 — Ag?" + 50,40~ + 50,2~ )
SOse~ + H,O — SO4%>~ + e¢OH + H* (8)
Ag* + HyO — Ag® + eOH + H* 9)
Ag®" +5,08%" — Ag" +S,0ge ™ (10)

(iv) the higher lifetime of the electrons in the conduction band, which could have
more chance to interact with oxygen to produce superoxide radical anion and then singlet
oxygen (Equations (11) and (12)) [49,50]. Also, the UV components of the simulated solar
light induce the homolysis of PDS, yielding SO4*~ (Equation (13)). Then, the oxidizing
species (i.e., SO4*~, HO®, or 'O,) produced through the aforementioned pathways are
primarily responsible for the degradation of LEV and its AA removal.

e” +0p; - 0, (11)
hv+0,*” = 10y +e™ (12)
$,052~ + hv — 250,°~ (13)

In addition to the EPR analyses, theoretical atomic charges calculation (ACC) on LEV
was also carried out. Figure 4 shows the results of ACC for LEV. The ACC analysis allowed
us to identify the moieties of the target pollutant that are more susceptible to attacks by
the degrading species [41]. The ACC presents in red color the electro-rich atoms, while in
blue color are represented the electron-deficient atoms. The methyl-piperazyl group on
LEV had a predominantly red color, indicating that this region of the antibiotic is more
susceptible to the attack of hydroxyl radical, sulfate radical, or singlet oxygen. Also, the
methyl group attached to the cyclic ether and carboxylic acid could be attacked by HO® and
504°- generated in the photocatalytic process. The formation of primary transformation by-
products having modifications on the mentioned functional groups on LEV was evidenced
experimentally (the main stable primary degradation products were determined by LC-MS
analyses). Indeed, the information provided by the ACC analysis is consistent with the
primary transformations observed for LEV (Figure 5 and Table S1). In Figure 6, red labels
correspond to products generated using the PDS/Light/TiO, system, green labels were
only detected in PDS/Light/(Ag/TiO,), and underlined labels correspond to products
detected in both systems. Table S1 contains some details of these transformation products.

Methyl-
piperazyl
ring

Figure 4. Theoretical atomic charges calculation (ACC) for LEV. The ACC2 software: Version: ACC
II' was used (https://acc2.ncbr.muni.cz/ (accessed on 2 November 2023)), The ACC presents in red
color the electro-rich atoms, while in blue color are represented the electron-deficient atoms.


https://acc2.ncbr.muni.cz/

Water 2024, 16, 2434 12 of 17
o OH o o o o o 9
o 5 | . =

F Ho | HO | HO B b
| =
N NH - ¥ C N wi M, — h M
/L i kT/NH' ,J\ OH MH )\

b HL CH; “CH. HO HL THy
e CH, e o
B ™ P5 [366] P4[338] P7 [265]
\ T 2 DPW
o ﬁ 1 DPW
oH
H | o o
£ S HO' S i Ci
H%:/k-"o LC—H— ¢ | | o /\‘ mkft@[’:
g : N N
N OH
P3 [362] 4 DPW Hac/l\/c’ k/”‘mg
LEV [362] HETOR pqg [266]
l 3DPW T

o o
oo L L
M N N NH
Hzc/l\/O ONH H:C/I\/o EKCH: H-CJN\/O "

P9 [279]
P1 [348]

Figure 5. Primary transformation of LEV under the action of the photocatalytic processes. DPW
represents the suggested degradation pathways of LEV.
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Enzymes

Externa
biomolecules

Hole (+)
HO*, SO,*", and 'O,

Figure 6. Scheme of the possible interaction of the bacteria with light and oxidizing species generated
in the photocatalytic system.

The elucidated transformation products can be generated from four degradation
pathways (PDW). The first degradation pathway (1-DPW) consists of the breaking of the
piperazyl and morpholine rings, followed by hydroxylations, leading to the formation of an
intermediate product with m/z 312. The second route (2-DPW) occurs also as a consequence
of the opening of the piperazyl and morpholine rings, but with the subsequent loss of an
ethyl group and N-methylethanamine, generating the products with m/z 366, m/z 338, and
m/z 265, respectively. In turn, the products having m/z 348 (reported before in [51,52]),
m/z 336, m/z 279 (also finding in [51,53] ), and m/z 266 (described by [54]) were obtained
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through the successive loss of groups associated with the piperazyl ring (third pathway,
3-DPW); the last two products, shown in green color, owing to the superior formation of
reactive oxygen species, were only detected in the presence of PDS/Light/(AgTiO;). Finally,
the cleavage of the C-F bond followed by hydroxylation and cleavage of the piperazyl ring
(the fourth pathway, 4-DPW) generates the products with m/z 362 and m/z 344 (Figure 5).

On the other hand, the removal of AA can be linked to the transformations of LEV
by the photocatalytic processes. Indeed, structural modifications of moieties such as the
piperazyl ring (which controls the antibacterial potency, efflux inhibition, and the acid /base
speciation of the antibiotic) or the carboxylic acid (responsible for the antibiotic binding
to bacterial DNA topoisomerases or DNA gyrase) [55-57] can be associated with the AA
decrease. Thus, to better understand the removal of AA associated with LEV shown in
Figure 2c, theoretical estimations of the biological activity were performed for LEV and one
illustrative product (P9), m/z: 279, which is also very common in several photochemical
and photocatalytic processes [18,51,58]. Then, the probability of being active (Pa) for LEV
and the illustrative by-product were obtained (Figure S3). Pa values for biological activities
of topoisomerase II inhibitor, such as anti-infective substance, DNA synthesis inhibitor, and
antibiotic quinolone-like (i.e., the main antimicrobial action mechanisms of fluoroquinolone
antibiotics [59]) were calculated. Figure S3 contains the results, where a higher Pa value
means a higher probability of having the biological activity. From Figure S3, it can be noted
that the illustrative by-product had lower Pa values than the parent antibiotic.

This last aspect fits well with the decrease in the AA observed in Figure 2c. Ad-
ditionally, it is important to remark that the elimination of AA could have a positive
environmental impact. The AA removal can contribute to decreasing the interaction of
the antibiotic with bacteria in the aqueous medium, thus limiting the proliferation of
antibiotic-resistant microorganisms in the environment.

Regarding the inactivation of E. coli (Figure 2d), it can also be explained considering its
interaction with the oxidizing species identified by EPR analyses, in addition to the direct
action of the solar light on this microorganism (as schematized in Figure 6). It must be
mentioned that HO®, SO4*~, and 'O, (coming from the photocatalytic process) can induce
external damage on E. coli such as oxidation of the lipid membrane and cell-wall compo-
nents [60,61]. The formed ROS also are able to attack and damage internal cell components,
including organelles, proteins, enzymes, and DNA. Even the photogenerated holes on the
catalysts could also take electrons from the external biomolecules of the bacteria [62,63],
thus promoting the inactivation of E. coli. Furthermore, the UVA and UVB components of
solar light are able to induce damage inside bacteria [64]. For instance, the UVB component
promotes the alteration of DNA strains and deactivation of enzymes/proteins. Meanwhile,
the UVA component can lead to internal photo-oxidation reactions, plus the generation
of DNA dimers [65]. Furthermore, some disinfecting effects caused by Ag/TiO; in dark
and/or leached Ag are plausible, and these complement the inactivating action of the other
species (e.g., ROS) that are participating in the process. Thereby, we propose that all these
pathways address the water disinfection in the photocatalytic systems (i.e., PDS/light/TiO,
and PDS/Light/(Ag/TiOy)).

4. Conclusions

After performing this research, it can be concluded that two TiO,-based materials
were effectively synthesized. The presence of Ag on the surface of TiO, promoted “local
surface plasmon resonance”, and its effects significantly enhanced the absorption of light
at wavelengths greater than 400 nm compared to unmodified TiO, under the studied
conditions. The photocatalytic results showed that the Ag/TiO, material improved the
LEV degradation regarding TiO,. Moreover, the Ag/TiO; in the light presence enhanced the
PDS activation, leading to faster removal of the AA. The LEV degradation was associated
with the attacks of hydroxyl, sulfate radicals, and singlet oxygen (which were identified by
EPR analyses). Consequently, the AA was decreased, which was associated with attacks on
and changes of the methyl-piperazyl ring and carboxylic acid on LEV (the most electron-
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rich moieties according to the ACC analyses and the experimental results). Moreover, E.
coli disinfection can occur through the action of oxidizing species (HO®, SO4°*~, and 102),
in addition to the direct action of the solar light and the toxic effects of Ag/TiO; or the
leached Ag on this microorganism. We can mention that the good catalytic performance
of Ag/TiO, is favored by the role of Ag, which could act as a sink for the photogenerated
electrons, retarding electron-hole recombination, thus increasing the presence of diverse
degrading and disinfecting species in water. Finally, we suggest developing in future
research experimental tests of photostability and reuse of the Ag/TiO, in the photocatalytic
systems to degrade organic pollutants and inactivate microorganisms.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/w16172434 /s1, Figure S1: EDS analyses, XRD, and XPS results;
Text S1: Discussion of XPS results; Figure S2. EPR spectrum of radicals generated by the Ag/TiO,-
sunlight system, captured using DMPO. Signals: Black: experimental results, blue: simulated
DMPO-*OH and red: simulated DMPO-SO,. Test conditions: DMPO = 5 mM; PDS = 100 mM.
Simulation software: EasySpin in the MATLAB. (Exp. = in the experiment; Sim. = in the simulation);
Figure S3: predicted biological activity; Table S1: Characteristics of the identified by-products of
Levofloxacin (LEV).
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