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Abstract: Optimization of the efficiency of the photocatalytic degradation of organic and pharmaceuti-
cal pollutants represents a matter of fundamental and practical interest. The present experimental and
DFT study deals with evaluation of OH radical binding energy as a simple computational descriptor
of the catalytic activity of d-metal-decorated TiO, photocatalysts for the photodegradation of the
widely used antibiotic ciprofloxacin. Five d-metals commonly used in catalytic materials (Zr, Pt, Pd,
Fe, and Cu) were deposited on the TiO; surface, and the obtained photocatalysts were characterized
experimentally (XRPD, ICP-OES, and SEM) and theoretically (DFT). Attention was also paid to
the mechanistic insights and degradation byproducts (based on UV-Vis spectrometry and LC/MS
analysis) in order to obtain systematic insight into their structure/performance relationships and
confirm the proposed model of the degradation process based on OH radical reactivity.

Keywords: photocatalysis; ciprofloxacin; rutile TiO,; DFT calculations; metal decoration

1. Introduction

The usage of antibiotics for human and animal treatment is increasing, persistent,
and ubiquitous [1,2]. Ciprofloxacin is a widely used compound from the fluoroquinolone
class. Interest in the investigation of its removal from the environment has both practical
(high abundance), and fundamental (easily tracked model molecule, considerable chemical
inertness) significance [3-8].

UV-based photocatalysis, among other advanced oxidation process methodologies,
is a well-established method for the removal of antibiotics and organic pollutants in
general [9-13]. The main advantages of photocatalytic degradation are low cost, low
power consumption, and simple operability because it is performed at room tempera-
ture and pressure and uses atmospheric oxygen for oxidation. The process is considered
environmentally friendly because it does not require additional chemicals and the cata-
lysts are generally considered reusable [14-16]. Major disadvantages include the small
size of the reactors (laboratory use), limited potential to utilize sunlight, short lifetime of
photo-generated electrons, and potential toxicity of byproducts [17]. Research conducted
so far has shown that semiconductors like metal oxides (TiO,, SnO,, Fe;, O3, WO3, ZnO,
Ag304, NbyOs, CeOy, M00Os3, ZrO,), metal sulfides (ZnS, CdS), and g-C3Ny-based ma-
terials are promising photocatalysts [16,18-20]. The wide range of uses for TiO, can be
attributed to its excellent optical and electronic properties, high chemical and biological
stability, low cost and availability, non-toxicity, resistivity towards corrosion, and eco-
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friendliness [21-24], despite its large band gap and minimal utilization of the UV area of
sunlight [25]. Some experimental strategies used to reduce band gap are element doping,
coupling with other semiconductors, synthesis of nanostructures with particular morpholo-
gies, surface sensitization using organic dyes, and the use of metal-based structures [26-28].
Besides the metal doping modification of TiO,, research also shows that the deposition
of a thin layer of noble metals (Au, Ag, Pt, and Pd) onto the surface of TiO; can improve
photocatalytic properties and efficiency. Although there is a significantly smaller number
of studies on the metal decoration of TiO, compared to ion doping, the researchers agree
that metal atoms impede electron-hole recombination by trapping electrons. This approach
is further closely bound to single-atom catalysis and its remarkable perspectives [29-34].

The involvement of such a large variety of materials and sophisticated structural mod-
ifications in photocatalysis implies a need for the systematic understanding, control, and
prediction of material properties. Identification of simple computational descriptors that
determine catalytic performance accelerates the identification of materials with potentially
high photocatalytic efficiency. DFT descriptors are well established in the screening of
electrocatalytic materials [35,36]. However, to our knowledge, this approach has not been
used to describe photocatalysts, despite similarity between the molecular backgrounds of
the processes [37]. From the perspective of a fundamental understanding of the photocat-
alytic process, the correlation between bandgap and performance is well explored. On the
other hand, a small number of studies still deal with surface phenomena in photocatalysis,
including the chemical behavior of the reaction species involved in the process.

The aim of this study was to establish potential theoretical descriptors of the activity
of a d-metal-decorated TiO, photocatalyst by calculating the OH radical binding strength
on the surface and analyzing its effects on the catalytic process. A set of five d-metals
commonly used in the preparation of photocatalysts, each with different chemical and
electronic properties (Zr, Pt, Pd, Fe, and Cu), was deposited on TiO, surface, and the
obtained materials were employed for the photocatalytic degradation of ciprofloxacin. The
photocatalysts were modelled using density functional theory (DFT) calculations and char-
acterized experimentally (XRPD, SEM, ICP-OES) in order to verify their morphostructural
features and chemical composition. Ciprofloxacin degradation was monitored by UV-Vis
spectrometry. Additional attention was paid to the degradation products and the fate of
the ciprofloxacin when using the most efficient of the prepared photocatalysts. LCMS
tracking was used to verify the proposed structure/performance relationships and provide
additional mechanistic insights.

2. Results and Discussion
2.1. Establishing OH Radical Binding Energy as a Theoretical Descriptor of Photocatalytic
Reactivity

Establishment of valid theoretical descriptors comprises successful correlation of
the proposed calculable catalyst properties with experimentally measured performance
(i.e., degradation process rate and efficiency). In this work, the identification of potential
theoretical descriptors is based on the well-established mechanism of the photocatalytic
reactivity. The first step in the photocatalytic process is the formation of an electron—
hole pair:

hv - h' e (1)

The energy required for this step is the band gap energy. Regarding potential theo-
retical descriptors, this step can be evaluated if the DFT-calculated band gap energy Egap,
obtained from projected density of states (PDOS) calculations is correlated with experimen-
tally measured catalytic performance.

The subsequent reaction steps involve the formation, interaction, and desorption of
OH radicals. According to the approach proposed by Tran et al. [38], after the surface site (*)
is affected by photoexcitation, the immediate water splitting reaction is assumed to occur,
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so the amount of OH radicals generated on the surface is equivalent to the total number of

photoexcited sites:
[*] = [OH"] (2a)

The next step involves the reversible adsorption of the reactant R:
R+ OH" =R — OH" (2b)

Subsequently, adsorbed R-OH* form proceeds to desorption and degradation, leaving
a free active site to continue the process:

R—OH* —» Q+ * (20)

The contribution of the steps (2b) and (2c) can be evaluated if the DFT-calculated
adsorption energy of OH radical (E,4s o) is correlated with experimentally measured
catalytic performance. Based on the above considerations, we selected DFT-calculated
Eags,01 and band structure (PDOS) to be evaluated as potential reactivity descriptors of
TiO,(M) photocatalysts.

For DFT calculations, TiO,(M) catalysts were represented as the TiO,(110) surface slabs
with adsorbed metal atoms at a coverage of 0.5 ML, since TiO(110) is the most abundant
plane in all samples, according to the XRD measurements (for details, see Section 2.4.1).
Optimized model structures with adsorbed metals are represented in Table 1.

Table 1. DFT-optimized structures of the TiO,(110) surface with adsorbed metal at 0.5 ML coverage,
including preferential metal adsorption sites, metal adsorption energies (Etiop-M), and OH adsorption

energies on the top metal site (E,45 O1)-
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M adsorption site O-top Hollow O-top Hollow Hollow
Em-tio2/eV —3.93 —6.06 -3.99 —4.94 —3.93
Eags,01 —3.67 —5.59 -3.39 -3.21 —2.67

The adsorption energy of the OH radical on the M-top site is calculated on the geomet-
rically optimized TiO, (M) surfaces. On the optimized TiO, surface, Fe and Cu occupy O-top
sites while Zr, Pd, and Pt are in the hollow position. E,45 o is correlated with selected
experimental degradation performance indicators, which are the maximal degradation
efficiency and maximal rate constant for each TiO,(M) system. The maximum degradation
efficiency (rate constant) was selected as having the largest degradation extent (or highest
rate constant) among the 0.5%, 1%, and 2% TiO,(M) catalysts. Details of the degradation
experiment are provided in Section 2.3. The results are shown in Figure 1.
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Figure 1. Relation between DFT-calculated E,4s op and (a) maximum degradation efficiency and
(b) maximum degradation rate. In DFT input geometries, OH radical is put on the metal top site.
The maximum degradation efficiency (rate constant) was selected as having the largest degradation
extent (or highest rate constant) among the 0.5%, 1%, and 2% TiO,(M) catalysts.

From Figure 1, it is obvious that both degradation rate and efficiency increase with a
decrease in the adsorption strength of the OH radical on the investigated surface (weaker
OH radical binding means more-efficient degradation). The increase in degradation effi-
ciency and reaction rate upon a decrease in DFT-calculated E,45 op on the metal-decorated
TiO, surface confirms the crucial role of chemical surface properties and OH radical binding
strength in reactivity for ciprofloxacin degradation. According to the observed trend, the
weaker binding of OH radical accelerates the desorption (step (2c)). Moreover, according
to previous literature data on similar processes involving the adsorption and desorption
of oxygen-containing species [35,36], one could propose that the obtained dependence is
a branch of a broader volcano-shaped correlation, implying that there probably would
be an optimal value of OH binding energy for the best degradation performance. If the
binding energy of OH radicals further decreased below the optimal value, one could expect
a decrease of degradation performance due to the thermodynamical inability of the metal
active site to split water.

To evaluate PDOS structure as a potential catalytic descriptor, DFT-calculated PDOS
structures were represented for bare TiO, and all TiO,(M) surface models (Figure 2).

——FeTio,

ZrTio,

PDOS

PDOS

e A

L

Figure 2. PDOS structures of bare TiO,(110) and TiO,(110) with deposited metals Pt, Pd, Zr, Cu,
and Fe.
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In the majority of studies dealing with photocatalytic degradation by TiO,(M) materi-
als, the proposed improvements compared to bare TiO, are ascribed to the modification of
the optical properties of the catalyst (reduction of band gap energy leading to the more-
efficient generation of active sites) [39]. However, using the here-proposed model surfaces
with a rather high TiO,(M) ratio and a metal coverage of 0.5 monolayer (ML), no reliable
data on the systematic effect of metal deposited to the gap structure can be claimed. In
our model, the impact of metal introduction on PDOS is similar for all adsorbed metals,
involving new PDOS states appearing in the gap area upon metal deposition. Our model
generally suggests that the catalyst surface locally (in the vicinity of the large metal atoms
such as Pd and Pt or at high coverages of deposited metals) obtains a metallic character.

2.2. Additional Insights into TiO»(M) Structure: (Pt)TiO, and (Pd)TiO; as Single-Atom Catalysts

For the experimental measurement of degradation rate and efficiency, each TiO,(M)
catalyst was prepared at three input metal concentrations (0.5, 1, and 2 at% of metal). The
amount of metal deposited on the TiO, surface was measured experimentally by ICP-
OES and EDS. ICP-OES data were further used to estimate metal surface coverage (see
Supplementary Material S1 for detailed calculations). The results are represented in Table 2.

Table 2. Experimentally detected values of deposited metal level, calculated coverage, and
expected state.

TiO,(M) Fe Zr Cu Pt Pd
Highest detected metal 0511 1.602 1.731 0231 0111
level (mass %)
Highest estlmateci , 10-11 20 3 1-2 12
coverage (atom nm™*<)
Fe-Ox phase, Zr-Ox phase, Cu-Ox phase, . .
Expected state agglomerated agglomerated thin layer Single atom Single atom

1 ICP-OES measurement, 2 SEM-EDS measurement.

Despite very low coverages of Pd and Pt—only 1-2 atoms nm 2, even at the highest
input metal concentrations of 2% —these photocatalysts also exhibit the highest photocat-
alytic performance among all the catalysts investigated. The results are corroborated by
EDS spectra (Figure S1) and EDS maps (Figure S2). These emphasize the contribution of
single-atom sites as the crucial points where OH radicals are efficiently generated and
desorbed during the photocatalytic process. On the other hand, such results impose a
need to discuss the factors that determine the affinity of the metal to bind on the surface.
Toward this goal, the literature values of metal cohesive energies (E.op jit) are correlated
with DFT-calculated values (Enp-Tio2) and experimental data on metal coverage. The higher
Etiop-m (absolute value) is compared to E.,p,, the more stable deposit is expected to be.
When E_}, is higher than the absolute value of Etjop-Mm, the formation of metal agglomerates
is expected, and vice versa: when the absolute value of Etjop-\ is higher than E.g, the
formation of stable deposits and thin layers is probable.

The correlation between the literature values of cohesive energies [40] and calculated
Enm-Tio2 are provided in Figure 3a. Figure 3b represents the correlation of Etiop-m — Econ Vs.
ICP-OES detected molar concentration for the three input metal levels (0.5, 1, and 2 at%)
for each metal. The graph shows the trend of the increased amount of deposited metal with
the increase in Etio2-m — Econ and the initial metal concentration (with the exception of Pd,
a very low amount of which was deposited despite the positive value of Etiop-m — Econ)-
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Figure 3. (a) The dependence of DFT-calculated Entiop vs. literature E gp i on TiO,(110) for
investigated metals at a surface coverage 0.5 ML. Absolute values are shown for clarity. The red line
represents Eni.1iop = Econ dependence. (b) The dependence of experimentally detected metal level
(expressed as mol/100 mg) in the catalyst samples on the difference Etjop.\m —geon, for three input
metal levels (0.5, 1, and 2%).

The results generally confirm that the highly cohesive metals (such as Pt) will be
deposited at very low coverages and will weakly interact with the support, while those
with lower cohesivity and high affinity for binding to TiO»(110) (such as Cu) are expected
to form thin layers. However, independent of their surface states, the investigated metals
contribute to the catalytic activity of the materials in the same manner, via the above-
proposed modification of OH radical reactivity. This effect is most prominent in the case of
deposited Pt and Pd, single atoms with remarkable power for water splitting.

2.3. Measurements of Photodegradation Efficiency

Prepared photocatalysts—Pt-, Pd-, Zr-, Cu-, and Fe-modified TiO,—were applied
for the degradation of the ciprofloxacin over a duration of 240 min. The representative
UV-Vis adsorption spectra of the degradation process with 20 mg 1%(Pt)TiO,, degradation
curves, and their pseudo-first-order and pseudo-zero-order fits are provided in Figure 4.
All degradation spectra are provided in the Supplementary Material, Figure S3a.

The UV-Vis spectra confirm that the characteristic absorption maximum of ciprofloxacin
is at about 277 nm, which decreases with time due to the photodegradation. The appear-
ance of well-defined isosbestic points at about 215 and 260 nm indicate that the equilib-
rium process involving the depletion and formation of compounds occurs. The gradual
hypsochromic shift of the absorption maximum from 277 nm points to the formation of
degradation products that are structurally similar to ciprofloxacin but with lower ability to
donate an electron. The comparison with irradiated blank spectra (Supplementary Material,
Figure S3b) confirm that the process rate is negligible in the presence of UV light without
the catalyst, and the observed degradation originates principally from the processes on the
catalyst surface.
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Figure 4. UV Vis adsorption spectra of ciprofloxacin degradation on 1%(Pt)TiO, (a), degradation
curves (b), and their linearized pseudo-first-order (c) and pseudo-zero-order (d) fits of ciprofloxacin
commercial solution for the infusion within 240 min.

In this work, the degradation extent was measured by fitting of concentration depletion
(C/Cp) by pseudo-first order
C = Cge Mt (3a)

and pseudo-zero order
C=Cy—kpt (3b)

where Cj is the ciprofloxacin concentration at time t = 0, and k; (min~') and kg (mol L™!
min ') are a pseudo-first-order and pseudo-zero-order rate constants, respectively.

Calculated pseudo-first- and pseudo-zero-order rate constants and the final degrada-
tion efficiencies over 240 min are given in Table 3.

The observed increase in catalytic activity upon the deposition of d-metal is reflected
in the increase in the efficiency of ciprofloxacin degradation from 43 to 61%, as well as in
the increase in the rate constant of the degradation reaction by up to 1.70 times, depending
on the type of d-metal deposited on the TiO, surface.

The R? values confirm a better correlation for pseudo-first-order than pseudo-zero-
order kinetics for all materials except (Zr)TiO,, where R? values are similar for both types
of kinetics. The better applicability of the pseudo-first- compared to pseudo-zero-order
kinetics, in light of considerations from [38], points to the adsorption/desorption process
as the rate-determining step, which is also in a good agreement with the proposed model
and the DFT predictions regarding the crucial role of OH radicals in desorption.
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Table 3. Calculated pseudo-first- and pseudo-zero-order rate constants of CIP degradation and a
comparison of degradation rates and degradation efficiency (percentage of CIP degradation after

240 min).
Photocatalyst ki (min—1) x 103 R? ko (mol L 13m1n R R? k(TiO) CIP Degraded (%)
x 10 k((M)TiO3)

TiO, 2.27 0.994 1.74 0.988 1.00 43.74
0.5% (Cu)TiO, 3.28 0.981 2.20 0.938 1.44 56.30
1% (Cu)TiO, 3.20 0.994 223 0.971 1.41 54.16
2% (Cu)TiO, 3.06 0.985 2.16 0.976 1.35 54.81
0.5% (Fe)TiO, 191 0.980 1.09 0.959 0.84 37.26
1% (Fe)TiO, 2.01 0.981 1.58 0.974 0.89 39.21
2% (Fe)TiO, 2.45 0.991 1.86 0.973 1.08 43.63
0.5% (Zr)TiO, 2.01 0.997 1.58 0.993 0.89 39.26
1% (Zr)TiO, 1.96 0.996 1.56 0.993 0.86 38.78
2% (Zr)TiO, 1.78 0.995 1.44 0.994 0.78 35.09
0.5% (Pd)TiO, 3.42 0.998 2.31 0.979 1.51 56.64
1% (Pd)TiO, 3.63 0.996 241 0.992 1.60 59.67
2% (Pd)TiO, 3.21 0.998 2.19 0.982 1.41 52.00
0.5% (Pt)TiO, 2.96 0.993 2.08 0.970 1.30 51.72
1% (Pt)TiO, 3.87 0.997 2.44 0.930 1.70 61.36
2% (Pt)TiO, 3.40 0.997 2.31 0.972 1.50 55.83

To confirm the contribution of OH radicals to the oxidation process, the degradation
experiment on the most efficient 1%(Pt)TiO, photocatalyst was performed in methanol. In
the presence of methanol, OH radical catching contributes to the reduction in reaction rate
and efficiency. The results are provided in Figure 5.

1.0
094

—=—CIP+0M CH,0H

e —+—CIP+1 M CH,0H

o —+—CIP +2 M CH,0H
S 07+
0.6
05-
0.4

T T T T T T T T T 1
0 50 100 150 200 250

t (min)

Figure 5. The degradation curve of ciprofloxacin on 1%(Pt)TiO; in the presence and absence of methanol.

Figure 5 confirms that the degradation efficiency has been reduced from 61.5% to 46.5%,
1

followed by a reduction in the degradation rate constant from 3.87 to 2.51 x 1072 min~1.
2.4. Morpho-Structural Characterization of Prepared Photocatalysts
2.4.1. XRPD Analysis of Catalyst Powders

The XRPD pattern of the prepared TiO, powder is presented in Figure 6a. All re-
flections have been indexed within the rutile (PDF card no. 21-1276) and anatase (PDF
card no. 21-1272) phase. Based on the relative ratio of intensities of all peaks and I/Icor
(a.k.a. RIR [41]) coefficient values for the proposed PDF cards, the fraction of anatase has
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been estimated to be no more than 5 weight%. The XRPD patterns of the respective metal-
decorated TiO, powders are displayed in Figure 6b. There are no additional reflections
that have been detected, probably due to the very small loading of deposited metal and/or
poor crystallinity of any related phase. The size of crystallites of TiO, support has been
estimated from the full width at half maximum FWHM of the (110) line of rutile using
the classical Scherrer equation [42]. In Table 4, one can see that metal deposition does not
produce any significant change in the structure of TiO, support.

S Zr L l J SN LL
—— TiO,: Rutile (95 wt%) Pt S B ks
o Anatase (5 wt%) —
I * Rutile KB peaks S
S Pd | I
>
£ .
- u
= P g . )
Fe J | .
o, | . 4
T r i . ! Y ; AN DL L L B B B B BN RN
10 20 30 40 50 60 70 5 10 15 20 25 30 35 40 45 50 55 60
20 (°) 260 (°)
(a) (b)

Figure 6. XRPD pattern of TiO, support powder (a) and the metal-deposited powders (b).

Table 4. The cell parameters of the TiO, support (rutile; tetragonal s.g. P4, /mnm no. 136) and its
crystallite size.

Cell Parameters

Photocatalyst - - Xs (nm)
a(A) c(A)

TiO; 4.595 2.960 71
(Cu)TiO, 4.591 2.958 72
(Fe)TiO, 4.594 2.959 73
(Pd)TiO, 4.594 2.959 68
(Pt)TiO, 4.595 2.960 66
(Zr)TiO, 4.594 2.960 71

Photocatalytic reaction does not induce any noticeable change in the crystal structure
of TiO, support powder, as evidenced by the ex situ XRD measurements (Supplementary
Material, Figure S4).

2.4.2. SEM Analysis

The SEM micrographs of bare TiO, and TiO, decorated with Pt, Pd, and Zr are
represented in Figure 7. The micrograph of bare TiO, confirms the existence of larger
agglomerates of nanoparticles about 1 micrometer in size, with expressed finer struc-
ture features on the surface, in the size range of 20-100 nm-diameter spheres (Figure 7).
The EDS spectra are provided in the Supplementary Materials (Figure S1). In summary;,
morpho-structural characterization reveals no crucial features that could affect catalytic
performance, confirming that observed differences in performance originate exclusively
from the chemical properties that are tuned by d-metal deposition onto the catalyst surface.
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1 um 1 % (Pt)TiO»

Figure 7. SEM images of representative catalysts (a) TiO,, (b) 2% (Zr)TiO,, (c) 1% (Pd)TiO,, and
(d) 1% (Pt)TiO, at magnification 25.000x. The percentage 1% or 2% refers to the input molar
metal level.

2.5. Analysis of Degradation Products

The degradation products were analyzed for the most efficient catalyst, the 1% (Pt)TiO,
photocatalyst. A bare CIP solution subjected to photocatalytic degradation was analyzed
by LC-MS/MS. In order to identify degradation byproducts, the sample obtained after
60 min of CIP photocatalytic degradation was selected for mass spectrometry analysis.
In the resulting mass spectrum, six degradation products stood out (P1-P6, Figure 8).
The precursor ion of each degradation product was then subjected to MS/MS analysis in
order to determine the most intensive fragment ion. These fragmentation reactions were
subsequently applied for reliable identification of CIP and its degradation products in the
samples. A mass chromatogram obtained by LC-MS/MS analysis of the photocatalytic
degradation sample after 60 min is shown in Figure S5 of the Supplementary Materials. A
mass spectrum with the identified P1-P6 products is shown in Figure 8. A complete list of
the identified degradation products P1-P6 with mass spectra, detected fragment ions, and
m/z ratios is provided in Figure S6 and Table S1 of the Supplementary Materials.
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Figure 8. Mass spectrum of the sample after 60 min of CIP photocatalytic degradation. Identified
products P1-P6 are represented along with the mass spectrum, while the CIP structural formula is
provided as insert (in the blue rectangle).

In addition, the LC-MS/MS signal of P1-P6 was tracked during 240 min of degradation
to qualitatively access their formation and depletion trends. The results are represented
in Figure 9.
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Figure 9. LCMS/MS signal of CIP and degradation products P1-P6 over time.

LCMS/MS data confirm the 100% degradation of CIP within the first 120 min of
the reaction, while the identified degradation products P1-P6 appear in the degradation
mixture within the process course. The increase and decrease in signal is most obvious for
P4, confirming that the degradation products are subjected to further depletion.

According to previous literature reports, further degradation is expected to undergo
defluorination, oxidation, and cycle breaking off, producing highly oxidized aliphatic
compounds with many conjugated double bonds, and finally, CO, [43-47]. However,
in our study, the mixture of residual ions after 180 min of degradation still includes a
significant amount of a variety of ions in the m/z range of 207-362, with the most intensive
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signal at m/z = 279 (see data in Supplementary Material, Table S2), explaining the residual
absorbance in the UV-Vis spectra. The similarity of residual UV-Vis spectra to ciprofloxacin
and the significant abundance of species with an m/z ratio over 220 implies that the most
resistant structural feature of the degradation products is the fluoro-cyclopropyl-quinoline
backbone. Despite the significant depletion of UV-Vis and LC/MS signals, there is no
reliable evidence in the present study to indicate the breaking of the fluoro-cyclopropyl-
quinoline structure. This is in good agreement with the observation that OH radicals are a
main oxidizing species in the system. To achieve the breakage of the structure up to the
aliphatic compounds by engaging stronger oxidizing species, one should probably consider
using a higher-power lamp and higher-UV energy, introducing additional non-atmospheric
oxygen, or using combined methods such as photoelectrodegradation [48]. The proposed
reaction mechanism is depicted in Scheme 1.
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Scheme 1. Proposed mechanism of the photodegradation of ciprofloxacin and the proposed residual
products after 240 min.

The detected degradation products P1-P6 identified by LC-MS were analyzed by
CompTox chemicals dashboard software (version 3.0.5) [49]. The collected LCsy (96-h
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fathead minnow) and LDsq (oral rat), along with developmental toxicity and Ames muta-
genicity test values, are represented in Table 5.

Table 5. CompTox values of LCsq (96-h fathead minnow), LDs (oral rat), developmental toxicity, and
Ames mutagenicity test for detected byproducts of ciprofloxacin photodegradation.

Developmental

Component Fathead Minnow LCsy Oral Rat LDsy Toxicity Ames Mutagenicity Toxicity Class
Label
¢ (n:()lf ﬁ};il) mg-kg—1 (1;013 i}gql) mg-kg! Value Result Value Result EPA GHS
CIP 6.24 0.19 1.88 4344 1.09 True 0.62 True I \%
P1 6.16 0.18 2.38 1099 1.06 True 0.48 False I v
P2 6.36 0.13 2.62 691 1.02 True 0.47 False I v
P3 6.35 0.14 2.05 2699 1.01 True 0.39 False I A%
P4 6.39 0.13 2.43 1251 1.06 True 0.40 False I v
P4 6.11 0.26 2.32 1591 121 True 0.39 False I v
P5 6.32 0.17 1.95 3887 0.96 True 0.63 True I \%
P6 6.04 0.33 1.96 3953 0.76 True 0.43 False I \%
Pe’ 6.07 0.31 n.a. n.a. 1.22 True 0.58 True n.a. n.a.
fi (m/z = 288) 6.05 0.26 1.99 2912 0.83 True 0.60 True I v

The observed results point out that the toxicity of some transition products surpasses
CIP. The lowest LDsj (691 mg/kg) was observed for P2—a compound that contains amide
groups, and is classified into Class III of the US EPA classification used for pesticides [50].
Also, the Ames mutagenicity test shows decreased mutagenicity compared to CIP for all
detected compounds except P5, which shows the same value as CIP. In summary, despite
the proven possibility of tuning the kinetics of the process via the deposition of d-metals,
the degradation byproducts in the photocatalytic process driven by OH radicals persist as
a concern due to the limited ability to break the fluoroquinolone backbone. The risk of the
formation of small molecules such as formamide and acetamide during the degradation
of the piperazine ring also persists as a general concern in AOP applications for the
degradation of organic molecules with N-heterocycles. Accordingly, an additional in situ
toxicity study is desirable prior to the wider application of the presented methodology. On
the other hand, the concentrations of all detected byproducts were much lower compared
to the initial ciprofloxacin concentration, and there were no highly toxic products detected
by LC-MS/MS analysis.

The mineralization extent was measured with a TOC analysis (Table 6) at the end
of the degradation process, for both the ciprofloxacin mixture (used for UV-Vis tracking)
and bare ciprofloxacin solution (used for LC-MS/MS). After 240 min of photodegradation
with 1% (Pt)TiO,, the TOC results show that 24% of the organic carbon was mineralized
for the ciprofloxacin solution, and a 16% decrease in organic carbon for the ciprofloxacin
mixture was observed. This is in good agreement with previous considerations regarding
the stability of the aromatic structures in the CIP molecule in oxidizing conditions.

Table 6. Results of TOC analysis.

Initial TOC mg L1 Final TOC mg L1

20 mg 1% (PH)TiO, TOC Removal (%)

(t =0 min) (t =240 min)
CIP mixture 12.41 10.42 16
CIP solution 8.75 6.63 24

2.6. Comparison of Current Work to Literature Data

Table 7 shows the results of other studies that have investigated ciprofloxacin’s pho-
todegradation with similar photocatalysts. As can be seen from Table 7, the majority of
the studies have used high catalyst dosages (200-1500 mg L~ !), long degradation times,
and high-power lamps to achieve degradation extents in the range of 75-100% [14,51-54].
On the other hand, in the present study, a low-power lamp (0.8 W m~2) has been used,
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and it was designed to assure the reliable UV-Vis tracking of degradation kinetics and to
minimize uncontrolled external factors such as chamber heating. Photodegradation with
20 mg of bare TiO, showed an efficiency of around 42% based on the UV-Vis results. Overall,
the results are in reasonable agreement with the available literature data on similar catalytic
materials, considering the low amount of catalyst compared to the pollutant concentration,
the power of the lamps, and the degradation duration.

When centered on metal-modified TiO,, the majority of studies presented in Table 7 deal
with doped materials and the potential to alternate bulk properties and band gap width.

Some of the works emphasize the multipurpose applicability of the photocatalysts for
photocatalytic degradation and hydrogen production, pointing to the need to generalize
the knowledge on catalytic processes on the material surface and develop common com-
putational descriptors [37]. Lee et al. [34] have provided an extensive computational and
theoretical study of single-atom Cu/TiO,, which boosted CO, photoreduction by 66 times.
The study emphasizes the catalytic power of single atoms and their ability to tune catalytic
activity via the modification of the adsorption energies of reacting species. Our study
leans on the above two studies and is the first to deal with the energetics and reactivity
of OH radical in photocatalytic degradation, assessing the possibility of tuning it via the
deposition of d-metals and showing how noticeable the effects it bears are.

Regarding the reaction kinetics, data in the literature offering generalized insights are
still lacking—the majority of studies focus on the final efficiency of the process. Our results
lean on and corroborate the model of Tran et al. [38], which assumes first-order kinetics for
catalytic process where the adsorption/desorption process is the slow step and zero-order
kinetics in cases where further depletion processes occurring in the solution are slow. The
complexity of the process kinetics was elaborated by Zelkind and Rytwo [55], who reported
that the fitted pseudo-order of the photocatalytic degradation of ofloxacin (between 0.26
and 1.20) depends on the input pollutant concentration and the final degradation extent.

Table 7. Comparison of current work to literature data.

Initial CIP

Catalyst Catalyst lzgsage Concentration UV-Irradiation Time (min) I'{e:movalo Reference
(mgL—-1) 1 Parameters Efficiency (%)
(mg L1
. 24 W
TiO, 700 80 A = 254 nm 600 89 [14]
) 125 W
TiO, 1500 33 A = 365 nm 60 98 [52]
) 100 W
TiO, 120 20 A = 365 nm 60 75 [53]
. 500 W Xenon lamp
TiO, 250 160 (CEL-LAX500) 360 96 [56]
) 125 W
TiO, 400 500 A = 254 nm 30 100 [51]
) 15W
Cu/TiO, 20 20 A = 254 nm 240 50 [24]
Cu-doped 7W
AC/TiO, 320 100 A = 254 nm 120 95 [57]
. 15 W UV-C
Cu- TiO, 500 30 A = 254 nm 90 100 [47]
Cu-TiO, 250 80 500 W Xenon lamp 240 97 [53]
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Table 7. Cont.
Catalyst Dosage Initial CI.P UV-Irradiation . . Removal
Catalyst 1 Concentration Time (min) . . o Reference
(mgL-1) 1 Parameters Efficiency (%)
(mgL—1)
10W
. 0
TiO, P25/Fe 1000 30 A = 254 nm 60 95 [58]
. 12W
Fe-N-TiO, 20 1000 LED visible light 360 68 [59]
. 50 W
Pty /TiO, 1000 5 A = 450 nm 210 56 [60]
. 50 W
Pty 47/TiOy 1000 5 A = 450 nm 210 86 [60]
PM-TiO,-Pd 500 20 10 W LED lamp 240 92 [61]

3. Materials and Methods
3.1. Preparation of TiO;

Titanium (IV)-isopropoxide (Ti(OCH(CH3),)4) (Sigma-Aldrich, St. Louis, MO, USA,
97%) was dissolved in isopropanol (Centrohem, Stara Pazova, Serbia, 99.5%) and stirred on
a magnetic stirrer at room temperature. After 10 min, deionized water (pH = 6) [62] was
added dropwise over 3 h. The molar ratio of titanium(IV)-isopropoxide:isopropanol:water
was fixed at 5:3:10 [63]. The as-prepared precipitate was washed using ethanol (Reahem,
Novi Sad, Serbia, 70%) and dried overnight at 100 °C to remove the moisture and other
solvents. Then, it was calcined at 700 °C for 5 h and left in the oven to cool down overnight
to attain the rutile phase [64].

3.2. Preparation of Zr-, Pt-, Pd-, Fe-, and Cu-Modified TiO,

A measure of 500 mg of prepared TiO, nanoparticles was added to 50 mL of deionized
water and dispersed using an ultrasonic bath at 90 °C for 30 min. Then, the required
amounts (0.5, 1, and 2 at% compared to TiO,) of Zr(NO3)4 (Merck, Darmstadt, Germany,
60% and 40% ZrO;), PtCly (Standard solution, Spectrosol, London, UK), PA(NO3), (Stan-
dard solution, J.T.Baker, Phillipsburg, NJ, USA), FeCcH507-5H,0 (The British Drug House,
London, UK, 98%), and Cu(NO3),-3H,0 (Merck, Darmstadt, Germany, 99.5%) and 12.5 mg
of solid NaOH (Hemos, Belgrade, Serbia, 99.6%) were added to the mixture and stirred. A
measure of 5mL (0.5,1,and 2 g L1 for 0.5, 1, and 2% molar ratio, respectively) of NaBHy
solution (The British Drug House, London, UK, 95%) was added dropwise to the reaction
mixture and stirred at room temperature for 2 h. The suspension was washed, centrifuged,
and dried overnight at 100 °C.

3.3. Photodegradation of the Ciprofloxacin Infusion Mixture

To start, ciprofloxacin commercial solution for infusion (Marocen®, Hemofarm, Serbia),
which contains 100 mg of the ciprofloxacin lactate in 10 mL of the solution, was diluted up
to the final concentration of 4.75 x 107> M (20 mg-L~!). For LC/MS analysis, ciprofloxacin
solution of the same concentration was prepared from pure ciprofloxacin lactate powder
(Dr. Ehrenstorfer, Augsburg, Germany, 99%).

The photodegradation procedure was carried out with 20 mg of every catalyst for
the ciprofloxacin commercial solution. The volume of the degraded solution was 50 mL.
The reaction mixture was stirred for 30 min in the dark, alongside a blank (ciprofloxacin
solution without catalyst), and subsequently irradiated under a UV lamp (Philips TUV
15W, with emission maximum at 254 nm, UVC Disinfection, Sroda Wielkopolska, Poland)
for 4 h. The measured power of the lamp in experimental conditions was 0.8 W/m?2. A
magnetic stirrer was used throughout the whole degradation period to assure homogenous
distribution of the catalyst in the mixture.
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Aliquots of 4 mL volume were taken over in intervals of 15-60 min. The photodegra-
dation process was monitored by UV-Vis spectrometry (LLG Labware, Detroit, ML, USA),
by recording the UV-Vis spectra in the wavelength range from 190 to 500 nm. To determine
ciprofloxacin concentration from UV-Vis absorbance, a calibration plot is recorded and
represented at a wavelength of 315 nm (Figure S7, Supplementary Materials, equation:
C =0.1692-A315 — 0.013). Degradation efficiency at a given time (t) was calculated from the
depletion of ciprofloxacin concentration following the equation:

Ce=0) — Cy)

% 100% (4)
C(t=0)

Degradation efficiency (%) =

3.4. XRPD Analysis

The X-ray powder diffraction (XRPD) measurements were conducted on Philips PW
1050 X-ray diffractometer using Ni-filtered Cu radiation and Bragg-Brentano focusing
geometry. The diffraction intensities were recorded in the 5-70° 20 range with a step size of
0.02° and a counting time of 6 s per step. Qualitative and semi-quantitative phase analysis
has been performed in Difracc. Eva software V7. The unit cell parameters have been
extracted from the recorded XRPD patterns by means of Powder Cell software 2.4 [65]. For
the estimation of crystallite size, the classical Scherrer method has been applied [42].

3.5. SEM-EDS Analysis

Scanning electron microscopy with energy-dispersive spectrometry (SEM-EDS analy-
sis) was performed using a JEOL (Tokyo, Japan) JSM-7001F field emission scanning electron
microscope, coupled with an Oxford Instruments (Abingdon, UK) Xplore 15 energy dis-
persive X-ray spectrometer, in high-vacuum mode (approx. 10~* Pa). The samples were
previously coated with a 15 nm thick electrically conductive gold coating. For the SEM
imaging, an accelerating voltage of 30 kV, a probe current of approx. 0.5 nA, a working
distance of 5 mm, and magnifications of 25,000 and 50,000 x were used.

3.6. TOC Analysis

Total organic carbon (TOC) was measured on a TOC-LCPH analyzer (Shimadzu Co.,
Kyoto, Japan). Mineralization efficiency was calculated from Equation (5):

TOCinitial — TOCfinal

Mineralization efficiency (%) = TOC
initial

x 100% (5)

3.7. LC-MS/MS Analysis

Liquid chromatography was performed using a Dionex UltiMate 3000° LC system
(Thermo Fisher Scientific, Waltham, MA, USA). A reverse-phase Zorbax Eclipse® XDB-
C18 column, with 75 mm X 4.6 mm i.d. and 3.5 pm particle size (Agilent Technologies,
Santa Clara, CA, USA), was used for the separation of the compounds. In front of the
chromatographic column, the pre-column was installed, with 12.5 mm x 4.6 mmi.d. and
5 um particle size (Agilent Technologies). The mobile phase consisted of deionized water
(A), methanol (B), and 10% acetic acid (C) (v/v), and the flow rate was set at 0.6 mL min~".
The mobile-phase gradient started with 20% B and 1% C and increased to 40% B within
15 min. The column was then rinsed with 100% B for 5 min, and initial conditions were
reestablished within 5 min. Mass spectra were obtained by the LTQ XL (Thermo Fisher
Scientific) linear ion trap mass spectrometer. Electrospray was used as the ionization
technique in the positive mode. The optimal source parameters were as follows: source
voltage, 5 kV; sheath gas, 43 au (i.e., 43 arbitrary units in the 0-100 range defined by the
LTQ XL system (Thermo Fisher Scientific, Waltham, MA, USA)); and capillary temperature,
220 °C. Helium was used as a collision gas. Mass spectra were recorded in the m/z range of
100-500.
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3.8. DFT Calculations

For DFT calculations, a pwscf code of the Quantum ESPRESSO package (version 7.2)
was used [66]. Ultrasoft pseudopotentials based on GGA-PBE approximation [67] with
a plane wave kinetic energy cutoff of 50 eV were implemented, while the charge density
cutoff was 900 eV. Optimized rutile bulk parameters were a = 4.639 A and ¢ = 2.968 A. In
the DFT screening of the adhesion of different d-metals, the TiO, surface was modelled as a
(110) slab in a 4-layer 1 x 1 (17-atom) cell. There was at least a 25 A vacuum between slabs,
and the dipole correction was employed to avoid interaction between periodic images [68].

All calculations were spin polarized. Hubbard correction (GGA + U) was used in a
simplified version of Cococcioni and de Gironcoli’s work [69,70]. An effective U value of
3.0 eV for the Ti-d states, was taken from the literature data [71], and U-corrections were
also used for Zr 4d (2.0 eV) and Fe 3d (4.0 eV). The k-point grid was sampled through
a Monkhorst-Pack scheme [72], using 4 x 4 x 1 k-points. Electronic and ionic force
convergence criteria were 107® Ry and 10~* Ry/Bohr, respectively. The structures are
presented in XcrysDen version 1.6.2-4 [73]. The adhesion of metals was investigated at
high-symmetry bridge and top sites. The adhesion energy on the TiO,(110) surface was
calculated according to Equation (6):

Eadh = Esurf+M - Esurf —Ewm (6)

where Eg ;¢ is the total energy of the surface with adhered metal, Eq ¢ is the total energy
of the bare TiO,(110) surface, and Ey is the total energy of the isolated metal atom.

3.9. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

A measure of 0.1 g of photocatalysts was dissolved in aqua regia, heated, diluted
to the concentration 10 g =1, and filtrated. The obtained solutions were analyzed using
a Thermo Scientific iCAP 7400 duo ICP-OES. For data acquisition and processing, the
Thermo Scientific Qtegra Intelligent Scientific Data Solution (ISDS) software 2.53 was
used. For the calibrations, external standards were used, prepared via the dilution of
commercial standards (1000 mg L1 Multi-element ICP Standard solution, Chem-Lab,
Zedelgem, Belgium; 1 mg-L’1 Pd Standard solution, ]J.T.Baker, Phillipsburg, NJ, USA;
1 mg-L_1 Pt Standard solution, ].T.Baker, Phillipsburg, NJ, USA).

4. Conclusions

In the present experimental and DFT study, the preparation and optimization of TiO,
photocatalyst decorated with a set of d-metals commonly used in catalytic processes (Zr, Fe,
Cu, Pd and Pt) have been performed in order to drive out calculable theoretical descriptors
that can be used in the design of photocatalysts. Based on the proposed reaction models,
the experimentally measured degradation rate and efficiency was successfully correlated
with the strength of OH radical binding on the metal active site. Accordingly, the high
efficiency of (Pt)TiO; and (Pd)TiO,, was attributed to their optimal ability to split water and
generate easily reacting OH radicals. The total absorbance depletion was raised from 43 to
61%, and the degradation rate increased by almost double compared to non-modified TiO,.
The state of the deposited metals on the surface was analyzed experimentally (ICP-OES)
and theoretically, revealing that the metal coverage depends on the intrinsic properties of
the metal and its input atomic %. Interestingly, the most efficient catalysts, (Pd)TiO; and
(Pt)TiO,, had low metal coverage of only 1-2 atoms per nm? (single-atom catalysts), further
emphasizing the contribution of surface OH radical reactivity and water splitting ability to
the photocatalytic performance. The proposed oxidation mechanism via OH radical was
confirmed by radical catching experiment in methanol. The understanding of this aspect of
photocatalytic degradation opens up novel possibilities for the advanced computational
design of catalytic materials.

The analysis of degradation products has revealed a TOC removal of up to 24%. LC-
MS/MS analysis confirmed the 100% depletion of ciprofloxacin within the first 120 min.
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At least six degradation products were detected, and among them, no toxic compounds
have been identified. On the other hand, the breakage of the aromatic backbone of the
molecule and the formation of aliphatic products has not been evidenced in our experiment,
confirming the inability of OH radicals, as the driving oxidant, to attack these highly
resistant structures.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms252111844 /s1.

Author Contributions: Conceptualization, M.K., S.Z.,and D.V.A,; methodology, M.S., S.7Z., MM,
L.TS., and D.V.A,; validation, M.S.,, M.M., D.R,, and D.V.A; formal analysis, M.K., M.S., and L.T.S.;
investigation, M.K., S.Z., M.M., and D.V.A_; resources, M.S., S.Z., L.T.S., and D.R.; data curation,
M.K,; writing—original draft, M.K., M.M., and D.V.A_; writing—review and editing, M.S. and D.R.;
visualization, M.K., M.M., and L.T.S.; supervision, S.Z., DR, and D.V.A,; project administration,
D.V.A.; funding acquisition, S.Z. and D.R. All authors have read and agreed to the published version
of the manuscript.

Funding: The research was funded by the Ministry of Science, Technological Development and
Innovation of the Republic of Serbia through institutional funding (University of Belgrade—Vin¢a
Institute of Nuclear Sciences, National Institute of the Republic of Serbia, contract number: 451-03-
66/2024-03/200017; University of Belgrade—Faculty of Chemistry, contract number 451-03-66/2024-
03/200168; Institute of Technical Sciences of SASA, contract number 451-03-66/2024-03/200175;
Innovation Centre of the Faculty of Technology and Metallurgy, 451-03-66/2024-03 /200287).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data are provided in the manuscript or Supplementary information.
Additional data will be provided by the authors on request.

Acknowledgments: The authors are grateful to the Ministry of Science, Technological Development
and Innovation of the Republic of Serbia for the financial support to the research through institutional
funding (University of Belgrade—Vinc¢a Institute of Nuclear Sciences, National Institute of the
Republic of Serbia, contract number: 451-03-66/2024-03 /200017; University of Belgrade—Faculty
of Chemistry, contract number 451-03-66/2024-03 /200168; Institute of Technical Sciences of SASA,
contract number 451-03-66/2024-03/200175; Innovation Centre of the Faculty of Technology and
Metallurgy, 451-03-66/2024-03/200287). The authors would like to thank Svetlana Gruji¢ for her help
in analyzing the results of the LC-MS/MS analysis. Last but not least, we would like to thank Marina
Radenkovi¢ and Ana Lazi¢ for their help in ICP analysis.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

Aravind kumar, J.; Krithiga, T.; Sathish, S.; Renita, A.A.; Prabu, D.; Lokesh, S.; Geetha, R.; Namasivayam, S.K.R,; Sillanpaa, M.
Persistent organic pollutants in water resources: Fate, occurrence, characterization and risk analysis. Sci. Total Environ. 2022, 831,
154808. [CrossRef] [PubMed]

Kordbacheh, E; Heidari, G. Water Pollutants and Approaches for Their Removal. Mater. Chem. Horiz. 2023, 2, 139-153. [CrossRef]
Kutuzova, A.; Dontsova, T.; Kwapinski, W. Application of TiO,-Based Photocatalysts to Antibiotics Degradation: Cases of
Sulfamethoxazole, Trimethoprim and Ciprofloxacin. Catalysts 2021, 11, 728. [CrossRef]

Mancuso, G.; Midiri, A.; Gerace, E.; Biondo, C. Bacterial Antibiotic Resistance: The Most Critical Pathogens. Pathogens 2021,
10, 1310. [CrossRef]

Lee, H.-J.; Kim, D.-W,; Kim, C.; Ryu, H.-D.; Chung, E.-G.; Kim, K. Concentrations and Risk Assessments of Antibiotics in an
Urban-Rural Complex Watershed with Intensive Livestock Farming. Int. J. Environ. Res. Public Health 2021, 18, 10797. [CrossRef]
Maghsodian, Z.; Sanati, A.M.; Mashifana, T.; Sillanp&a, M.; Feng, S.; Nhat, T.; Ramavandi, B. Occurrence and Distribution of
Antibiotics in the Water, Sediment, and Biota of Freshwater and Marine Environments: A Review. Antibiotics 2022, 11, 1461.
[CrossRef]

de Ilurdoz, M.S.; Sadhwani, ].J.; Reboso, J.V. Antibiotic removal processes from water & wastewater for the protection of the
aquatic environment—A review. J. Water Process Eng. 2022, 45, 102474. [CrossRef]

Kenyon, C. Concentrations of Ciprofloxacin in the World&rsquo;s Rivers Are Associated with the Prevalence of Fluoroquinolone
Resistance in Escherichia coli: A Global Ecological Analysis. Antibiotics 2022, 11, 417. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms252111844/s1
https://www.mdpi.com/article/10.3390/ijms252111844/s1
https://doi.org/10.1016/j.scitotenv.2022.154808
https://www.ncbi.nlm.nih.gov/pubmed/35341870
https://doi.org/10.22128/mch.2023.684.1039
https://doi.org/10.3390/catal11060728
https://doi.org/10.3390/pathogens10101310
https://doi.org/10.3390/ijerph182010797
https://doi.org/10.3390/antibiotics11111461
https://doi.org/10.1016/j.jwpe.2021.102474
https://doi.org/10.3390/antibiotics11030417

Int. J. Mol. Sci. 2024, 25, 11844 19 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Abramov, V.; Abramova, A.; Bayazitov, V.; Kameneva, S.; Veselova, V.; Kozlov, D.; Sozarukova, M.; Baranchikov, A.; Fed-
ulov, I.; Nikonov, R; et al. Fast Degradation of Tetracycline and Ciprofloxacin in Municipal Water under Hydrodynamic
Cavitation/Plasma with CeO, Nanocatalyst. Processes 2022, 10, 2063. [CrossRef]

Abdulrahman, S.A.; Shnain, Z.Y.; Ibrahim, S.S.; Majdi, H.S. Photocatalytic Degradation of Ciprofloxacin by UV Light Using
N-Doped TiO; in Suspension and Coated Forms. Catalysts 2022, 12, 1663. [CrossRef]

Zhu, J.; Wang, H.; Duan, A.; Wang, Y. Mechanistic insight into the degradation of ciprofloxacin in water by hydroxyl radicals. J.
Hazard. Mater. 2023, 446, 130676. [CrossRef] [PubMed]

Golmohammadi, M.; Hanafi-Bojd, H.; Shiva, M. Photocatalytic degradation of ciprofloxacin antibiotic in water by biosynthesized
silica supported silver nanoparticles. Ceram. Int. 2023, 49, 7717-7726. [CrossRef]

Jayavelu, Y.; Maharana, G.; Rajender, G.; Muniramaiah, R.; Divyadharshini, S.; Baby, B.H.; Kovendhan, M.; Fernandes, ].M.; Joseph,
D.P. Defect-mediated time-efficient photocatalytic degradation of methylene blue and ciprofloxacin using tungsten-incorporated
ternary perovskite BaSnO3 nanoparticles. Chemosphere 2024, 351, 141128. [CrossRef] [PubMed]

Akter, S.; Islam, M.d.S.; Kabir, M.d.H.; Shaikh, M.d.A.A.; Gafur, M.d.A. UV/TiO, photodegradation of metronidazole,
ciprofloxacin and sulfamethoxazole in aqueous solution: An optimization and kinetic study. Arab. J. Chem. 2022, 15, 103900.
[CrossRef]

Jiang, D.; Otitoju, T.A.; Ouyang, Y.; Shoparwe, N.F; Wang, S.; Zhang, A.; Li, S. A Review on Metal Ions Modified TiO, for
Photocatalytic Degradation of Organic Pollutants. Catalysts 2021, 11, 1039. [CrossRef]

Dharma, H.N.C.; Jaafar, J.; Widiastuti, N.; Matsuyama, H.; Rajabsadeh, S.; Othman, M.H.D.; Rahman, M.A; Jafri, N.N.M,;
Suhaimin, N.S.; Nasir, AM,; et al. A Review of Titanium Dioxide (TiO,)-Based Photocatalyst for Oilfield-Produced Water
Treatment. Membranes 2022, 12, 345. [CrossRef]

Armakovi¢, S.J.; Savanovi¢, M.M.; Armakovi¢, S. Titanium Dioxide as the Most Used Photocatalyst for Water Purification: An
Overview. Catalysts 2023, 13, 26. [CrossRef]

Varma, K.S.; Tayade, R.J.; Shah, K.J.; Joshi, P.A.; Shukla, A.D.; Gandhi, V.G. Photocatalytic degradation of pharmaceutical and
pesticide compounds (PPCs) using doped TiO, nanomaterials: A review. Water-Energy Nexus 2020, 3, 46—61. [CrossRef]
Etacheri, V.; Di Valentin, C.; Schneider, J.; Bahnemann, D.; Pillai, S.C. Visible-light activation of TiO, photocatalysts: Advances in
theory and experiments. J. Photochem. Photobiol. C Photochem. Rev. 2015, 25, 1-29. [CrossRef]

Yadav, A.A.; Kang, S.-W.; Hunge, Y.M. Photocatalytic degradation of Rhodamine B using graphitic carbon nitride photocatalyst. J.
Mater. Sci. Mater. Electron. 2021, 32, 15577-15585. [CrossRef]

Krakowiak, R.; Musial, J.; Bakun, P.; Spychata, M.; Czarczynska-Goslinska, B.; Mlynarczyk, D.T.; Koczorowski, T.; Sobotta,
L.; Stanisz, B.; Goslinski, T. Titanium Dioxide-Based Photocatalysts for Degradation of Emerging Contaminants including
Pharmaceutical Pollutants. Appl. Sci. 2021, 11, 8674. [CrossRef]

Lena, J.-B.; Jackson, A.W.; Chennamaneni, L.R.; Wong, C.T,; Lim, F; Andriani, Y.; Thoniyot, P.; Van Herk, A.M. Degradable
Poly(alkyl acrylates) with Uniform Insertion of Ester Bonds, Comparing Batch and Semibatch Copolymerizations. Macromolecules
2020, 53, 3994-4011. [CrossRef]

Elgohary, E.A.; Mohamed, Y.M.A_; El Nazer, H.A.; Baaloudj, O.; Alyami, M.S.S.; El Jery, A.; Assadi, A.A.; Amrane, A. A Review of
the Use of Semiconductors as Catalysts in the Photocatalytic Inactivation of Microorganisms. Catalysts 2021, 11, 1498. [CrossRef]
Kovacevi¢, M.; Zivkovi¢, S.; Ognjanovié, M.; Mom¢ilovié¢, M.; Reli¢, D.; Vasi¢ Anicijevi¢, D. In Silico Guided Design of
Metal/Semiconductor Photocatalysts: A Case of Cu-Modified TiO, for Ciprofloxacin Degradation. Materials 2023, 16, 5708.
[CrossRef]

Jameel, M.H.; Mayzan, M.Z.H.B.; bin Roslan, M.S.; Zuhan, M.K.N.B.M.; Rizvi, S.Z.H.; Agam, M.A.B.; mana Al-Anazy, M.
Experimental and theoretical DFT study of hydrothermally synthesized MoS,-doped-TiO, nanocomposites for photocatalytic
application. J. Photochem. Photobiol. A Chem. 2024, 448, 115334. [CrossRef]

Kumar, A.; Khan, M.; He, J.; Lo, LM.C. Recent developments and challenges in practical application of visible-light—driven
TiO,-based heterojunctions for PPCP degradation: A critical review. Water Res. 2020, 170, 115356. [CrossRef]

Tinoco Navarro, L.K.; Jaroslav, C. Enhancing Photocatalytic Properties of TiO, Photocatalyst and Heterojunctions: A Comprehen-
sive Review of the Impact of Biphasic Systems in Aerogels and Xerogels Synthesis, Methods, and Mechanisms for Environmental
Applications. Gels 2023, 9, 976. [CrossRef] [PubMed]

Ibrahim, N.S.; Leaw, W.L.; Mohamad, D.; Alias, S.H.; Nur, H. A critical review of metal-doped TiO; and its structure—physical
properties—photocatalytic activity relationship in hydrogen production. Int. . Hydrogen Energy 2020, 45, 28553-28565. [CrossRef]
Chen, Y;; Wang, Y; Li, W,; Yang, Q.; Hou, Q.; Wei, L,; Liu, L.; Huang, F; Ju, M. Enhancement of photocatalytic performance with
the use of noble-metal-decorated TiO, nanocrystals as highly active catalysts for aerobic oxidation under visible-light irradiation.
Appl. Catal. B. 2017, 210, 352-367. [CrossRef]

Yamamoto, M.; Minoura, Y.; Akatsuka, M.; Ogawa, S.; Yagi, S.; Yamamoto, A.; Yoshida, H.; Yoshida, T. Comparison of platinum
photodeposition processes on two types of titanium dioxide photocatalysts. Phys. Chem. Chem. Phys. 2020, 22, 8730-8738.
[CrossRef]

Majeed, L; Ali, H.; Idrees, A ; Arif, A.; Ashraf, W,; Rasul, S.; Khan, M.A.; Nadeem, M.A.; Nadeem, M.A. Understanding the role of
metal supported on TiO, in photoreforming of oxygenates. Energy Adv. 2022, 1, 842-867. [CrossRef]

Hunge, YM.; Yadav, A.A.; Kang, S.-W.; Mohite, B.M. Role of Nanotechnology in Photocatalysis Application. Recent Pat.
Nanotechnol. 2023, 17, 5-7. [CrossRef] [PubMed]


https://doi.org/10.3390/pr10102063
https://doi.org/10.3390/catal12121663
https://doi.org/10.1016/j.jhazmat.2022.130676
https://www.ncbi.nlm.nih.gov/pubmed/36580772
https://doi.org/10.1016/j.ceramint.2022.10.261
https://doi.org/10.1016/j.chemosphere.2024.141128
https://www.ncbi.nlm.nih.gov/pubmed/38185424
https://doi.org/10.1016/j.arabjc.2022.103900
https://doi.org/10.3390/catal11091039
https://doi.org/10.3390/membranes12030345
https://doi.org/10.3390/catal13010026
https://doi.org/10.1016/j.wen.2020.03.008
https://doi.org/10.1016/j.jphotochemrev.2015.08.003
https://doi.org/10.1007/s10854-021-06106-y
https://doi.org/10.3390/app11188674
https://doi.org/10.1021/acs.macromol.0c00207
https://doi.org/10.3390/catal11121498
https://doi.org/10.3390/ma16165708
https://doi.org/10.1016/j.jphotochem.2023.115334
https://doi.org/10.1016/j.watres.2019.115356
https://doi.org/10.3390/gels9120976
https://www.ncbi.nlm.nih.gov/pubmed/38131962
https://doi.org/10.1016/j.ijhydene.2020.07.233
https://doi.org/10.1016/j.apcatb.2017.03.077
https://doi.org/10.1039/C9CP06988G
https://doi.org/10.1039/D2YA00110A
https://doi.org/10.2174/1872210516666220304162429
https://www.ncbi.nlm.nih.gov/pubmed/35249514

Int. J. Mol. Sci. 2024, 25, 11844 20 of 21

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Eskandarloo, H.; Badiei, A.; Behnajady, M.A.; Mohammadi Ziarani, G. Photo and Chemical Reduction of Copper onto Anatase-
Type TiO, Nanoparticles with Enhanced Surface Hydroxyl Groups as Efficient Visible Light Photocatalysts. Photochem. Photobiol.
2015, 91, 797-806. [CrossRef] [PubMed]

Lee, B.-H.; Gong, E.; Kim, M,; Park, S.; Kim, H.R; Lee, ].; Jung, E.; Lee, C.W.; Bok, J.; Jung, Y.; et al. Electronic interaction between
transition metal single-atoms and anatase TiO, boosts CO, photoreduction with H,O. Energy Environ. Sci. 2022, 15, 601-609.
[CrossRef]

Kolb, M ].; Calle-Vallejo, F. The bifunctional volcano plot: Thermodynamic limits for single-atom catalysts for oxygen reduction
and evolution. J. Mater. Chem. A Mater. 2022, 10, 5937-5941. [CrossRef]

Rankin, R.B.; Waldt, C.T. Computational Screening for Developing Optimal Intermetallic Transition Metal Pt-Based ORR Catalysts
at the Predictive Volcano Peak. J. Phys. Chem. C 2019, 123, 13236-13245. [CrossRef]

Hunge, YM.; Yadav, A.A.; Kang, S.-W.; Jun Lim, S.; Kim, H. Visible light activated MoS; /ZnO composites for photocatalytic
degradation of ciprofloxacin antibiotic and hydrogen production. J. Photochem. Photobiol. A Chem. 2023, 434, 114250. [CrossRef]
Tran, H.D.; Nguyen, D.Q.; Do, P.T.; Tran, U.N.P. Kinetics of photocatalytic degradation of organic compounds: A mini-review and
new approach. RSC Adv. 2023, 13, 16915-16925. [CrossRef]

Esrafili, A.; Salimi, M.; Jonidi jafari, A.; Reza Sobhi, H.; Gholami, M.; Rezaei Kalantary, R. Pt-based TiO, photocatalytic systems: A
systematic review. J. Mol. Liq. 2022, 352, 118685. [CrossRef]

Halpern, A.M. From Dimer to Crystal: Calculating the Cohesive Energy of Rare Gas Solids. J. Chem. Educ. 2012, 89, 592-597.
[CrossRef]

Hubbard, C.R;; Snyder, R.L. RIR—Measurement and Use in Quantitative XRD. Powder Diffr. 1988, 3, 74-77. [CrossRef]
Patterson, A.L. The Scherrer Formula for X-Ray Particle Size Determination. Phys. Rev. 1939, 56, 978-982. [CrossRef]

De Witte, B.; Dewulf, J.; Demeestere, K.; Van Langenhove, H. Ozonation and advanced oxidation by the peroxone process of
ciprofloxacin in water. |. Hazard. Mater. 2009, 161, 701-708. [CrossRef] [PubMed]

Zeng, Y.; Chen, D.; Chen, T.; Cai, M.; Zhang, Q.; Xie, Z; Li, R;; Xiao, Z.; Liu, G.; Lv, W. Study on heterogeneous photocatalytic
ozonation degradation of ciprofloxacin by TiO, /carbon dots: Kinetic, mechanism and pathway investigation. Chemosphere 2019,
227,198-206. [CrossRef] [PubMed]

Jiménez-Salcedo, M.; Monge, M.; Tena, M.T. Study of intermediate by-products and mechanism of the photocatalytic degradation
of ciprofloxacin in water using graphitized carbon nitride nanosheets. Chemosphere 2020, 247, 125910. [CrossRef]

Hu, X,; Hu, X;; Peng, Q.; Zhou, L.; Tan, X,; Jiang, L.; Tang, C.; Wang, H.; Liu, S.; Wang, Y.; et al. Mechanisms underlying the
photocatalytic degradation pathway of ciprofloxacin with heterogeneous TiO,. Chem. Eng. . 2020, 380, 122366. [CrossRef]
Duran-Alvarez, ].C.; Avella, E.; Ramirez-Zamora, RM.; Zanella, R. Photocatalytic degradation of ciprofloxacin using mono- (Au,
Ag and Cu) and bi- (Au-Ag and Au-Cu) metallic nanoparticles supported on TiO, under UV-C and simulated sunlight. Catal.
Today 2016, 266, 175-187. [CrossRef]

Mohite, V.S.; Mahadik, M.A.; Kumbhar, S.S.; Hunge, YM.; Kim, J.H.; Moholkar, A.V.; Rajpure, K.Y.; Bhosale, C.H. Photo-
electrocatalytic degradation of benzoic acid using Au doped TiO; thin films. J. Photochem. Photobiol. B 2015, 142, 204-211.
[CrossRef]

Williams, A.J.; Grulke, C.M.; Edwards, ].; McEachran, A.D.; Mansouri, K.; Baker, N.C.; Patlewicz, G.; Shah, I.; Wambaugh, J.E;
Judson, R.S.; et al. The CompTox Chemistry Dashboard: A community data resource for environmental chemistry. J. Cheminform.
2017, 9, 61. [CrossRef]

United Nations: Globally Harmonized System of Classification and Labelling of Chemicals (GHS), 6th Edition, United Nations
Publications. 2015, pp. 113-123. Available online: https://unece.org/DAM/trans/danger/publi/ghs/ghs_rev06/English/ST-
SG-AC10-30-Rev6e.pdf (accessed on 23 October 2024).

Vasconcelos, T.G.; Kiimmerer, K.; Henriques, D.M.; Martins, A.F. Ciprofloxacin in hospital effluent: Degradation by ozone and
photoprocesses. |. Hazard. Mater. 2009, 169, 1154-1158. [CrossRef]

An, T.; Yang, H.; Li, G.; Song, W.; Cooper, W.J.; Nie, X. Kinetics and mechanism of advanced oxidation processes (AOPs) in
degradation of ciprofloxacin in water. Appl. Catal. B 2010, 94, 288-294. [CrossRef]

Gan, Y.; Zhang, M.; Xiong, J.; Zhu, J.; Li, W.; Zhang, C.; Cheng, G. Impact of Cu particles on adsorption and photocatalytic
capability of mesoporous Cu@TiO, hybrid towards ciprofloxacin antibiotic removal. J. Taiwan Inst. Chem. Eng. 2019, 96, 229-242.
[CrossRef]

Triquet, T.; Tendero, C.; Latapie, L.; Manero, M.-H.; Richard, R.; Andriantsiferana, C. TiO; MOCVD coating for photocatalytic
degradation of ciprofloxacin using 365 nm UV LEDs—Kinetics and mechanisms. J. Environ. Chem. Eng. 2020, 8, 104544. [CrossRef]
Rytwo, G.; Zelkind, A.L. Evaluation of Kinetic Pseudo-Order in the Photocatalytic Degradation of Ofloxacin. Catalysts 2021,
12, 24. [CrossRef]

Gan, Y.; Wei, Y.; Xiong, J.; Cheng, G. Impact of post-processing modes of precursor on adsorption and photocatalytic capability of
mesoporous TiO, nanocrystallite aggregates towards ciprofloxacin removal. Chem. Eng. ]. 2018, 349, 1-16. [CrossRef]

Yaacob, N.A.; Khasri, A.; Ridzuan, ].M.; Salleh, N.H.M.; Chaijak, P. Synergistic Adsorption/Photodegradation of Ciprofloxacin
by UV light-driven Nanocomposite Photocatalyst of Cu doped AC/TiO;: Experimental design via RSM-CCD. Preprint 2023.
[CrossRef]


https://doi.org/10.1111/php.12455
https://www.ncbi.nlm.nih.gov/pubmed/25809844
https://doi.org/10.1039/D1EE01574E
https://doi.org/10.1039/D1TA08366J
https://doi.org/10.1021/acs.jpcc.8b11494
https://doi.org/10.1016/j.jphotochem.2022.114250
https://doi.org/10.1039/D3RA01970E
https://doi.org/10.1016/j.molliq.2022.118685
https://doi.org/10.1021/ed200348j
https://doi.org/10.1017/S0885715600013257
https://doi.org/10.1103/PhysRev.56.978
https://doi.org/10.1016/j.jhazmat.2008.04.021
https://www.ncbi.nlm.nih.gov/pubmed/18513860
https://doi.org/10.1016/j.chemosphere.2019.04.039
https://www.ncbi.nlm.nih.gov/pubmed/30986602
https://doi.org/10.1016/j.chemosphere.2020.125910
https://doi.org/10.1016/j.cej.2019.122366
https://doi.org/10.1016/j.cattod.2015.07.033
https://doi.org/10.1016/j.jphotobiol.2014.12.004
https://doi.org/10.1186/s13321-017-0247-6
https://unece.org/DAM/trans/danger/publi/ghs/ghs_rev06/English/ST-SG-AC10-30-Rev6e.pdf
https://unece.org/DAM/trans/danger/publi/ghs/ghs_rev06/English/ST-SG-AC10-30-Rev6e.pdf
https://doi.org/10.1016/j.jhazmat.2009.03.143
https://doi.org/10.1016/j.apcatb.2009.12.002
https://doi.org/10.1016/j.jtice.2018.11.015
https://doi.org/10.1016/j.jece.2020.104544
https://doi.org/10.3390/catal12010024
https://doi.org/10.1016/j.cej.2018.05.051
https://doi.org/10.21203/rs.3.rs-2984198/v1

Int. J. Mol. Sci. 2024, 25, 11844 21 of 21

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.
73.

Diao, Z.-H.; Xu, X.-R;; Jiang, D.; Liu, J.-J.; Kong, L.-].; Li, G.; Zuo, L.-Z.; Wu, Q.-H. Simultaneous photocatalytic Cr(VI) reduction
and ciprofloxacin oxidation over TiO, /Fey composite under aerobic conditions: Performance, durability, pathway and mechanism.
Chem. Eng. J. 2017, 315, 167-176. [CrossRef]

Suwannaruang, T.; Hildebrand, J.P,; Taffa, D.H.; Wark, M.; Kamonsuangkasem, K.; Chirawatkul, P.; Wantala, K. Visible light-
induced degradation of antibiotic ciprofloxacin over Fe-N-TiO, mesoporous photocatalyst with anatase/rutile /brookite nanocrys-
tal mixture. J. Photochem. Photobiol. A Chem. 2020, 391, 112371. [CrossRef]

Ravi, R.; Golder, A.K. A tuneable bioinspired process of Pt-doping in TiO, for improved photoelectrochemical and photocatalytic
functionalities. Colloids Surf. A Physicochem. Eng. Asp. 2023, 663, 131034. [CrossRef]

Motlagh, P.Y.; Akay, S.; Kayan, B.; Khataee, A. Ultrasonic assisted photocatalytic process for degradation of ciprofloxacin using
TiO;-Pd nanocomposite immobilized on pumice stone. J. Ind. Eng. Chem. 2021, 104, 582-591. [CrossRef]

Tsega, M.; Dejene, F.B. Influence of acidic pH on the formulation of TiO, nanocrystalline powders with enhanced photolumines-
cence property. Heliyon 2017, 3, 246. [CrossRef] [PubMed]

Sridevi, D.V.; RamyaDevi, K.T.; Narmadha, J.; Sundaravadivel, E. pH dependent synthesis of TiO, nanoparticles exerts its effect
on bacterial growth inhibition and osteoblasts proliferation. AIP Adv. 2020, 10, 095119. [CrossRef]

Viana, M.M.; Soares, V.F,; Mohallem, N.D.S. Synthesis and characterization of TiO, nanoparticles. Ceram. Int. 2010, 36, 2047-2053.
[CrossRef]

Kraus, W.; Nolze, G. POWDER CELL—A program for the representation and manipulation of crystal structures and calculation
of the resulting X-ray powder patterns. J. Appl. Crystallogr. 1996, 29, 301-303. [CrossRef]

Giannozzi, P.; Baroni, S.; Bonini, N.; Calandra, M.; Car, R.; Cavazzoni, C.; Ceresoli, D.; Chiarotti, G.L.; Cococcioni, M.; Dabo,
I; et al. QUANTUM ESPRESSO: A modular and open-source software project for quantum simulations of materials. J. Phys.
Condens. Matter 2009, 21, 395502. [CrossRef]

Perdew, J.P; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865-3868.
[CrossRef]

Bengtsson, L. Dipole correction for surface supercell calculations. Phys. Rev. B. 1999, 59, 12301-12304. [CrossRef]

Cococcioni, M.; de Gironcoli, S. Linear response approach to the calculation of the effective interaction parameters in the LDA +
U method. Phys. Rev. B. 2005, 71, 035105. [CrossRef]

Milovi¢, M.D.; Vasi¢ Anicijevi¢, D.D.; Jugovi¢, D.; Aniéijevi¢, V.J.; Veselinovi¢, L.; Mitri¢, M.; Uskokovi¢, D. On the presence of
antisite defect in monoclinic Li2FeSiO4—A combined X-Ray diffraction and DFT study. Solid. State Sci. 2019, 87, 81-86. [CrossRef]
Batalovi¢, K.; Radakovi¢, J.; Bundaleski, N.; Rakocevi¢, Z.; Pasti, I.; Skorodumova, N.V.; Rangel, C.M. Origin of photocatalytic
activity enhancement in Pd /Pt-deposited anatase N-TiO,—Experimental insights and DFT study of the (001) surface. Phys. Chem.
Chem. Physics 2020, 22, 18536—18547. [CrossRef]

Monkhorst, H.J.; Pack, J.D. Special points for Brillouin-zone integrations. Phys. Rev. B 1976, 13, 5188-5192. [CrossRef]

Kokalj, A. XCrySDen—A new program for displaying crystalline structures and electron densities. ]. Mol. Graph. Model 1999, 17,
176-179. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.cej.2017.01.006
https://doi.org/10.1016/j.jphotochem.2020.112371
https://doi.org/10.1016/j.colsurfa.2023.131034
https://doi.org/10.1016/j.jiec.2021.09.007
https://doi.org/10.1016/j.heliyon.2017.e00246
https://www.ncbi.nlm.nih.gov/pubmed/28239670
https://doi.org/10.1063/5.0020029
https://doi.org/10.1016/j.ceramint.2010.04.006
https://doi.org/10.1107/S0021889895014920
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.59.12301
https://doi.org/10.1103/PhysRevB.71.035105
https://doi.org/10.1016/j.solidstatesciences.2018.11.008
https://doi.org/10.1039/D0CP03186K
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1016/S1093-3263(99)00028-5
https://www.ncbi.nlm.nih.gov/pubmed/10736774

	Introduction 
	Results and Discussion 
	Establishing OH Radical Binding Energy as a Theoretical Descriptor of Photocatalytic Reactivity 
	Additional Insights into TiO2(M) Structure: (Pt)TiO2 and (Pd)TiO2 as Single-Atom Catalysts 
	Measurements of Photodegradation Efficiency 
	Morpho-Structural Characterization of Prepared Photocatalysts 
	XRPD Analysis of Catalyst Powders 
	SEM Analysis 

	Analysis of Degradation Products 
	Comparison of Current Work to Literature Data 

	Materials and Methods 
	Preparation of TiO2 
	Preparation of Zr-, Pt-, Pd-, Fe-, and Cu-Modified TiO2 
	Photodegradation of the Ciprofloxacin Infusion Mixture 
	XRPD Analysis 
	SEM-EDS Analysis 
	TOC Analysis 
	LC-MS/MS Analysis 
	DFT Calculations 
	Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

	Conclusions 
	References

