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Abstract: Photocatalysis by semiconductors is considered one of the most promising advanced
oxidation processes (AOPs) and TiO; is the most well-studied material for the removal of contaminants
from the aquatic system. Over the last 20 years, pharmaceuticals have been the most investigated
pollutants. They re-enter the environment almost unmodified or slightly metabolized, especially in the
aquatic environment, since the traditional urban wastewater treatment plants (WWTPs) are not able
to abate them. Due to their continuous input, persistence in the environment, and unpleasant effects
even at low concentrations, drugs are considered contaminants of emerging concern (ECs). Among
these, we chose fluoroquinolone (FQ) antibiotics as an environmental probe for assessing the role of
TiO, photocatalysis in the degradation of recalcitrant pollutants under environmental conditions and
detoxification of surface waters and wastewaters. Due to their widespread diffusion, their presence
in the list of the most persistent pollutants, and because they have been deeply investigated and their
multiform photochemistry is well-known, they are able to supply rich information, both chemical
and toxicological, on all key steps of the oxidative degradation process. The present review article
explores, in a non-exhaustive way, the relationship among pollution, toxicity and remediation through
titanium dioxide photocatalysis, with particular attention to the toxicological aspect. By using FQs
as the probe, in depth indications about the different phases of the process were obtained, and the
results reported in this paper may be useful in the improvement of large-scale applications of this
technology, and—through generally valid methods—they could be deployed to other pharmaceuticals
and emerging recalcitrant contaminants.

Keywords: TiO, photosensitized degradation of drugs; fluoroquinolones; antibacterial resistance;
ecotoxic effects

1. Introduction

The amount of energy consistently reaching Earth in the form of solar light (1366 W m~2) [1] largely
overcomes any other form of available energy. Almost half of the intensity crosses the atmosphere and
reaches the ground.

Plants have evolved with a system, chlorophyll photosynthesis, to extract energy from solar light
and convert it into fuel. Man, on the other hand, was not able to directly use this energy (until recent
years) and learned to exploit the surplus energy accumulated in plant tissues thriving during the
modern era as a result of crude oil exploitation. Uncontrolled utilization of natural and non-renewable
resources, on a human time-scale, is no longer sustainable, as suggested by many natural and economic
indicators. Although mankind is slowly taking some steps ahead, it still has a lot to learn from plants
on how to convert and store solar light effectively and efficiently. On the other hand, we have also
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discovered, through photocatalysis, another powerful way to utilize solar light to help realize a cleaner
and greener planet and enjoy a well-functioning circular economy.

Since at least three decades ago, semiconductor photocatalysis has become by far the most pursued
topic in the photosensitization field of photochemistry, and several lines of research, from hydrogen
generation through catalyst-mediated water splitting, as well as to more environmentally devoted
applications, such as air purification and water depollution, have been taken up [2—6]. In particular,
the irradiation of titania aqueous suspensions has been extensively applied as an advanced oxidation
process (AOP) for the depollution and photo-detoxification of contaminated waters [2-8]; over the last
twenty years, drugs have been the most investigated pollutants [9-16].

Due to their recalcitrant behavior in traditional wastewater treatment plants (WWTPs), drugs
have been considered contaminants of emerging concern (EC) [17,18], and in the last years five of them
have been included in the watch list of substances for Union-wide monitoring in the field of water
policy (2008/105/EC, 2015/495/EU and 2018/840/EU [18,19]).

Recent data demonstrate that up to 80 pharmaceutical and personal care products are present
and have been detected worldwide—at low but detectable range of nanograms up to micrograms
per liter—in surface water, groundwater and wastewater effluents [18-22], as well as in soil and
manure [23-27]. There is concern about the effects of the entry of these compounds into the environment,
as their behavior and that of their degradation products are still largely unknown; potential chronic
effects of long-term and low-level exposures on environmental organisms and on human health are
suspected. Even trace concentrations could negatively affect non-target living organisms, interfere
with the endocrine system [28], or lead to the development of allergenic responses [29] and could
certainly cause increased bacterial resistance, as reported in several studies [30-34].

Among different groups of pharmaceuticals, antibiotics are of special concern, as they are
administrated in large quantities to humans and animals to treat diseases and infections and at
sub-therapeutic levels for prophylactic, metaphylactic and therapeutic purposes, and they are used
as feed additives to promote growth in livestock. Antibiotics for human use end up in wastewater,
originating from hospital and municipal emissions [19-21,31-36], whereas veterinary drugs are excreted
by animals and are released in the manure [23-27]. For decades, liquid manure from livestock farming
and sewage sludge from wastewater treatment plants has been applied to agriculture fields as a
sustainable source of nutrients [37].

Furthermore, the emergency caused by the rising development and spread of resistant bacteria
in the environment due to the continuous presence of antimicrobial residues in waters and soils has
been officially recognized by the action plan against the rising threats from Antimicrobial Resistance
(AMR) [19].

The removal of antibiotics and other pharmaceuticals, as well as their transformation products
(TPs) from waters is essential both from the perspective of sending the reclaimed water to water bodies
and to ensure recycling of a precious and depletable resource, as reported in detail in the “Strategic
Approach” recently proposed by the European Commission (Brussels, 11 March 2019). The document
also encourages “innovation,” where it can help to address the risks due to pharmaceuticals pollution
and, at the same time, favor the circular economy [19].

Photocatalysis is advancing among AOPs, because in this case all of the “dirty” work is assigned to
the “greenest” of reagents (solar light) [38,39]. It has the big advantage among other AOPs of involving
no addition of chemicals, which would result, at least, in the formation of a spent oxidant [7,13,40,41];
it also avoids the safety issues inherent in the use of ionizing irradiations [41,42]. Furthermore, the
catalyst is a solid and can be recovered and eventually reused, or it can be immobilized to facilitate
recovery [7,38,43].

As reported above, TiO,-assisted photocatalysis is a well-established ECs abatement technique.
Over recent years, studies examined TiO, with regard to its electrochemical and solid-state properties,
mechanistic investigation, and its applications. Using the literature and based on our previous
experience in the field [44—46], we present a critical collection of the literature dealing with the
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connection among pollution, toxicity, and remediation though titanium dioxide photocatalysis.
For this purpose, we chose fluoroquinolone antibiotics (FQs) as an environmental probe to demonstrate
the efficacy and the efficiency of TiO, photocatalysis both in the degradation of recalcitrant and
emerging pollutants under real conditions (natural and wastewaters, UV-A and solar light) and its
effect on environmental microorganisms.

Specifically, FQs were selected for the following reasons:

(1) They absorb strongly in the UV-A region, and they are photochemically reactive [44,47];

(2) they are very useful antibacterial agents and form the last class of antibiotics of large-scale use,
particularly in highly developed countries. In the 1980s, molecules of this class were synthesized
in Europe and the USA for human use, and about ten years later, as veterinary medicines.
They show both a broad activity spectrum against Gram-positive and Gram-negative bacteria,
excellent oral absorption, and are also used as a prophylactic in husbandry [48];

(3) their occurrence in the environment has been widely assessed in past decades both in the aquatic
and soil environment [18-27];

(4) the strong stability of the quinolone ring slows down the degradation rate of these biotically
resistant molecules. Toxicity is linked to the heteroaromatic ring, and thus is not fully abated in
the first steps of the degradation [44—46];

(5) the broad knowledge gathered around their photochemical reactivity, photoproducts, and
photoreaction mechanism allows a clear separation of the catalyst effect from baseline
photoreactivity.

2. Why We Used TiO; and Drugs as the Probe

Water remediation by means of irradiated titanium dioxide suspensions has become by far the
most thoroughly investigated topic in the field of photocatalysis and photochemistry in general,
with several journals virtually devoted to this topic and an increasing production of publications [2-9].

The sharp increase of papers published in the field is due to the solid evidence of the mechanism
and the excellent properties of this material that has a minimal (photo)toxicity, good long-term stability,
is low-cost and requires virtually no treatment prior to application. It is true that some increase in
efficiency could be obtained either by using a single crystal phase (the commercial material is a mixture
of anatase, rutile and brookite) [49-51], by controlling the micro-structure or the organization of the
semiconductor [52], or through either metal or non-metal ion doping that allows fraction of solar
energy absorbed toward the visible to be extend, although this reduces the potentially accessible range
of oxidizable molecules [52,53]. The overall efficacy of these changes is still relatively limited and the
first experiment carried out with commercial titania powder gives a satisfactory estimate of the final
result [49].

The large presence of TiO, industrially available as a white pigment for paints, paper, food and
other uses offers an inexpensive common basis that facilitates comparisons, often giving the best results
directly when using the material in the commercial form (typically Evonik P25).

Even for less experienced researchers, titanium dioxide still remains the first choice and affords a
common vocabulary for anybody interested in water depollution.

In principle, the irradiation of the TiO, photocatalyst with a light of energy greater than the
bandgap of the semiconductor leads to the generation of a couple of positive holes (h*) in the valence
band and free electrons (¢7) in the conduction band.

Photo-induced charge separation on the catalyst surface may overcome electron cb/hole
vb recombination (occurring in the ps to ns range) and leads to charge migration within the
semiconductor/adsorbed molecule complex. Here, the electron transfer from the organic molecule,
occurring at a rate from 10® to 10! M1 s71, initiates a sequence of reactions that eventually end in
complete mineralization, in the so-called process of “cold combustion”, which is mechanistically similar
to the Fenton reaction. At the same time, photogenerated holes can react with water and generate a



Catalysts 2020, 10, 628 4 of 22

powerful non-selective oxidant, the OH radical, which can effectively attack many organic compounds
(Figure 1); on the other hand, photogenerated electrons, in the presence of dissolved oxygen, can form
the superoxide anion and other strong oxidants species.
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Figure 1. Mechanism of TiO, photocatalysis (ECs—contaminants of emerging concern, TPs—transformation
products, VB—valence band, CB—conduction band)).

The key steps here are the rates and equilibria of adsorption/desorption of both the parent
compound and the reluctant intermediates on the semiconductor surface, and the complex sequence of
competing reactions occurring at the semiconductor surface, especially in real matrices. A sequence
of intertwined events takes place, each of them undergoing a specific effect, including back electron
transfer, and resulting in a largely different efficiency (quantum yield, QY).

A detailed explanation of each of those mechanisms goes beyond the scope of this paper.
Nonetheless, the overall process can be generalized in terms of the overall reaction, QY.

The overall photocatalytic QY of the process is influenced by several factors and competing effects
occurring under the experimental conditions including, but not limited to, the fraction of light absorbed
by the catalyst, the fraction of substrate adsorbed on the catalyst surface, and the rates of competing
deactivation (both physical and chemical) reaction pathways.

The single contribution of all these processes to the photocatalytic reaction quantum efficiency
often cannot be isolated and independently determined. While a number of overall reaction QYs has
been determined for several systems, these are often not far from the QY = 0.1 value estimated by
the initial workers, and no largely applicable rationalizations of the changes in QY are available as
yet [54-57].

Dyes have been historically studied because of the easy and sensitive determination of their
decomposition, but their use for quantitative measurement of photodegradation appears to be
intrinsically a poor choice, especially in environmentally relevant conditions. Indeed, during dye
irradiation, many side processes may occur, such as direct light absorption of the dye and sensitization
of dissolved oxygen, and this may cause a large error in the evaluation of the process QY [58].

From a practical point of view, drugs are a far better choice in judging the efficiency and efficacy
of TiO, photocatalysis as a means of water depollution and detoxification. In particular, the diversity
of available structures has a large impact on their intrinsic photo-reactivity that can be carefully
controlled, e.g., many drugs contain a (hetero)-cyclic moiety and thus absorb more light and give
primary products that are also photo-reactive, because the aromatic ring is conserved until several
steps occur, while the reverse holds for aliphatic drugs. From this perspective, FQs may become a
gold standard. As light-driven reactivity is the only open route to FQs removal, this makes this class
of antibiotics a perfect model to evaluate the efficacy of TiO, suspension in real conditions, that is,
UV-A or sunlight, and natural and wastewater samples. The extensive knowledge of their physical
properties and their peculiar photochemistry help in evaluating the contribution of each underlying
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reaction mechanism to the overall degradation, thus isolating the purely TiO,-mediated photocatalytic
processes from all the other effects.

3. Fluoroquinolone Antibiotics

The two most investigated FQs are Ciprofloxacin (CIP) [59-64] and Ofloxacin (OFL) [59,62,64-69].
Other FQs include Enrofloxacin (ENR) [62], Levofloxacin (LEV) [70], Lomefloxacin (LOM) [59],
Moxifloxacin (MOX) [71], and Norfloxacin (NOR) [62] (see Figure 2).
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Figure 2. Chemical structures of the most investigated fluoroquinolones.

3.1. Fluoroquinolone Degradation Kinetics and Phototransformation Products

The oxidation process that occurs during the photocatalytic process involves five steps: (i) Diffusion
of the reagent molecules from the bulk to the surface of the catalyst, (ii) adsorption of the reagent
molecules on the catalyst surface, (iii) reaction on the surface and TPs formation, (iv) TPs desorption
from the catalyst surface, and (v) TPs diffusion in bulk. The most common way to describe this process
is the Langmuir-Hinshelwood (L-H) model (Equation (1)):

_ erKHLXC

= 1
1+ Ky xC M)

where C is the substrate concentration in the liquid phase after equilibrium, Ky is the LH adsorption
coefficient, k; is the reaction rate coefficient, and r is the initial degradation rate.
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For FQ concentrations ranging from tens of pg L™! to tens of mg L™}, Ky X C is much less than
the unity, and the degradation rate can be simplified as follows:

dc
T:_E:erKLHXCEkdegXC (2)

All experimental data fit a pseudo-first-order equation:

C£0 = o kaegt 3)
where Cj is the initial substrate concentration, C is the substrate concentration at time #, and kg, is the
kinetic degradation constant.

Although many authors calculated the kinetic degradation constant (k) through the common
linear correlation between In [C]/[Cy] and the irradiation time, giving undue weight to the first points of
the curve, kye, is a more convenient parameter to compare the photocatalytic performances of different
systems, since it is independent of concentration. In Table 1, the kinetic degradation constant values
are reported.

As shown in Table 1, TiO, Degussa P25 is used without modification [49,50]. Hombikat UV100
and PC500 were used by Paul et al. [63] and Venacio et al. [59] for comparison. Differing from P25,
they displayed the sole crystallized anatase phase and a higher and microporous specific surface area
of 330 and 290 m? g1, respectively [50,51,58]. Venancio et al. [59] synthesized highly crystalline TiO,
nanoparticles with a high density through the sol-gel method. Despite the different morpho-structural
characteristics, degradation rates were not significantly different from those obtained in the presence
of TiO, P25.

The influence of different variables in the photo-oxidation process, such as the initial substrate
concentration, amount of catalyst, solution pH, oxygen dissolved, temperature, oxidizing species,
scavenger effects, and adsorption effects has been investigated by many research groups [59,60,62,65,
67,68].

Concentrations of antibiotics in the range 10-50 mg L~! were appropriately used to facilitate the
identification of photodegradation products [60,62-64,67,68,70,71] and the accurate quantification of
dissolved organic carbon (DOC) removal [60,64,67,68,71]—a few works were carried out at lower FQ
concentrations (100-560 pg L71)[59,61,65,69] to better mimic actual conditions.

Ultrapure or deionized water was the most common solvent employed for the photochemical
experiments [61-64,70,71]. It was chosen to avoid any possible interaction by a more complex matrix
like surface water and wastewater. It is well known that the matrix constituents of both natural
freshwaters and wastewaters may affect the photocatalytic process. Indeed, some inorganic ions and the
fraction of natural dissolved organic matter (DOM) can act as photo-sensitizers able to absorb solar light
directly [72]. As hinted above, in several cases, transient species are produced in the photosensitized
degradation of FQs which exhibit an absorption spectrum similar to that of the starting material,
as is normal since it is mostly determined by the heteroaromatic moiety, and may make the process
somewhat more complex. It can further be observed that Venancio et al. [59] and Guzman et al. [60]
showed that fluoroquinolone degradation occurred slower in natural waters than in ultrapure water;
more precisely, the rate of degradation followed the order ultrapure water < simulated water < bottle
water < tap water (see Figure 3).
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Table 1. Exemplificative conditions of the photocatalytic degradation of fluoroquinolones and antibacterial and eco-toxicological tests.

FQ Catalyst Irradiation Matrix Mode.l Primary Abatement % Ecotoxic effects Ref.
Source organism TPs/pathway
Bacterial activity inhibition:
4UV [OFL] < LOD in 15 min both ~ 2 log-units
g(o)(f LI - Evonik P25 high-intensity gfegzggfg;eitiin E. coli, actual and spiked samples witha  Bacteria regrowth after the
mixsg . el LEDs WWTP Enterococcaceae, - variable antibiotic concentration  treatment: similar [65]
other antibiotics 5 oW, H=72 heterotrophs Spiked: kgee 0.290 min~! (heterotrophs and E. coli) and
15-515 W m~2 pH=7 Spiked (MeOH): ky,0.270 min~!  lower (Enterococcaceae) than
in the untreated sample
95% FQs degr&}ded.m 120 min Bacterial activity reduced by
and after 60 min with .
Ultrapure water; saturated oxveen 120 min
tap water PZ; e PC500:
[CIP], [OFL], Evonik P25 pH=70; . Primary TPs from kg, 0.038-0.045 min~! 92% for E. coli,
0.1gL™); UV-A lamp, commercial bottle E. coli, 8 78% for B. Subtilis
[LOM] L attack on PC500: [59]
100 ug L1 PCes00 8w water B. subtilis iperazine rin Kieg 0.035-0.050 min~! P25
e 0.05gL1) pH = 7.6; simulated pip & deg B IO 95% for E. coli,
Matrix effect: o
water USEPA Ultrapure < simulated < bottle < 84% for B. subtilis
pH=7.0 P P25 more efficient than
tap water PC500
PC500 more efficient than P25
Bacterial activity
100% CIP degraded in350 min ~ S.iterently reduced
Distilled water:
(ultrapure water) 85% for S. aureus
[CIP] Evonik P25 D{stllled water, E. coli, 3 TPs, piperazine 90 ./0 CIP degraded in 500 min 50% for E. coli
= iR 2x15W lamps  mineral natural water . (mineral natural water) . [60]
2-17mgL 0.05gL™) S. aureus ring cleavage . Mineral natural water:
pH=64 Matrix effect: o
ultrapure < mineral 80% for S. aureus,
na tug 1 via ter < 45% for E. coli
Different effects of TPs on
bacteria strains
Slight toxicity after 15 min
7 TPs X . . . .
Degradation irradiation; higher toxicity
[CIP] Evonik P25 6 UV-A lamps Ultrapure water V. fisheri ri;gnaril on 100% CIP degraded in less than  (70%) after 45 min irradiation. [61]
300 pg L1 1gL 1.6-1.7mW cm™2 P : p y 6 min Not excluded the

piperazine ring,
defluorination

contribution of irradiated
TiO, nanoparticles
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Table 1. Cont.

FQ Catalyst Irradiation Matrix Mode.l Primary Abatement % Ecotoxic effects Ref.
Source organism TPs/pathway
13 TPs
Core quinolone
structure retained, EC50 0.78 mg L1
1 1 0y 0 0
[MOX] Degussa P25 UV-A pen ray Phosphate buffer 10 ' no deﬂuoru}atlon, 100% MOX degraded after 1% frqm 72% to 14% after
50 mg L1 (1gL) 4 W em=-2 mM P. subcapitata transformation at 90 min 150 min treatment [71]
pH=7.0 R1 and R7. MOKX contributes to growth
Presence of inhibition more than its TPs
secondary TPs after
MOX degradation
o - .
TiO, 90. o LEV degraded in 120 min 80% bacterial inhibition after
. 7x 18 WUV-A with home-made catalyst o L
[LEV] synthesized by a _— . o o . 25 min irradiation
-1 lamps Distilled water E. coli - 78% and 80% LEV degraded in o e [70]
25gL sol-gel method ) L 100% bacterial inhibition
1 0.5 mW cm 120 min with P25 and PC50 . -
(1gLl™) after 60 min irradiation
Reusable catalyst
. . US-UV-A-TiOy:
Major changes in 1340, OET degraded, .
N-piperazine ring .2 TPs exhibit a long term
Secondary treated C inol Kgeg 0.105 min toxicity (I% = 55, 60 mi
[OFL] Aeroxide P25 UV-Alamp 9W  effluent from urban D. maona S t?;ec tqli'len; t(; rilr?e d UV-A-TiO;: il(‘);(alccllia};iono 4;8 h ’ex :;E]re) [67]
10 mg L1 1gL) 3.16 Wm™2 WWTP - mag “ e 85% OFL degraded, o exd
_ several competing o Removal of toxic TPs after
pH=38 Kgeg 0.073 min .
pathways liohtly i ine in th 240 min treatment
20 TPs slightly increasing in the
presence of 0.14 mM H,0,
. Opening of the Primary TPs non-readily
[OFL] Aeroxide P25 UV-A medium Mineral medium Closed bottle piperazine ring, biodegradable; TPs
1 - pressure Hg _ tests (OECD 301, . - . . [66]
20mg L (not specified) pH=74 demethylation, persistence attributed to
lamp, 150 W 1992) . .
decarboxylation the fluorine
Bacterial activity completely
Xenon lamp FQs 100% degraded in 90 min .remo've.d in 180 min
[OFL],[NOR],[CIP], .. . e . irradiation
Degussa P25 800 W Deionized water . irradiation and in presence of 2.4 ;
[ENR] 05g L) Simulated solar H=6 B. subtilus - M H-O FQs contribute to the [62]
10 mg L1 V8 pH= 2-2 antibacterial activity

light irradiation

Kgeq 0.022-0.027 min~!

TPs do not exhibit a long
term toxicity
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FQ Catalyst Irradiation Matrix Mode.l Primary Abatement % Ecotoxic effects Ref.
Source organism TPs/pathway
Xenon lamp o . .
Hombikat UV 450 W Piperazine ring EII};;?O Vo degraded in 30 min Total CIP inactivation under
[CIP] 100 UV-A, visible Deionized water E. coli cleavage UV-A/TIO laboratory conditions [63]
33mgL7! 1 light pH=6 ' Core quinolone o2 . . TPs retain negligible ’
05gL™) 2 - CIP 90% degraded in 60 min . . .
5.28 x 107°-2.67 structure retained L antibacterial activity
% 10-2 W cm-2 under Vis/TiO,
Xenon lamp 1
KW Secondary treated Ko 0.009 min ~1 OFL treated effluents
[OFL] Degussa P25 272 W m-2 effluent from urban D. maena Piperazine ring, kdEg ’ o relatively non-toxic [68]
10 mg L1 BgL™) Simulated solar WWTP -3 FQ moiety ( geg 0'[1)\}[6ng ) (highest immobilization at
Sm
light irradiation P~ 0 e 48 h of exposure)
CIP: piperazine
Xenon lam moiety and CIP and its TPs do not
[CIP], [OFL] Degussa P25 0w T quinolone moiety 650, “1p 114 OFL degraded in ~ ©XNiPit acute toxicity
T J 1 . Deionized water V. fisheri OFL: piperazine ° & OFL TPs exhibit toxicity [64]
15mgL 02gL™) Simulated solar . 30 min o . o
licht irradiation moiety and methyl (I % =55, 10 min irradiation,
& groups, quinolone 15 min incubation)
core unmodified
9% bacterial inactivation
[OFL] 80% mixture degraded both . .
560 pg L1 Degussa P25 3(.)0W Moderafely ha.rd S. leopoliensis, suspended and Wlt.h sugpegded T}Oz,
. . 1 Simulated solar  synthetic medium . - . o . no inactivation with [69]
mixed with 03gL™) S S B. calyciflorus immobilized TiO, .
light irradiation ~ (MHW-EPA) pH =7.6 . . . supported TiO,
other drugs in 48 h irradiation . :
potentially toxic TPs

Fluoroquinolones (FQs), Transformation products (TPs), Ciprofloxacin (CIP), Ofloxacin (OFL), Enrofloxacin (ENR), Levofloxacin (LEV), Lomefloxacin (LOM), Moxifloxacin (MOX),
Norfloxacin (NOR), kinetic degradation constant (ksg), growth inhibition (I%), effective dose that causes 50% of the growth inhibition (EC50).
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@49

t (min) t (min)

Figure 3. Ciprofloxacin degradation (Cp =100 pg L1 by (a) P25 (100 mg L1y and (b) PC500 (50 mg L1
in different water matrices. Ultrapure (e), simulated (4), bottled (W) and tap water (a). Reprinted with
permission from [59], copyright 2018, IWA.

Similar, but more marked results were obtained by Hapeshi et al. [67] and Micheal et al. [68] in
secondary treated effluent samples taken from an urban WWTP. Around 80% of OFL degraded after
120 min of irradiation.

Additionally, the pH of the solution affects the degradation of these antibiotics. The pH is
correlated to both the intrinsic properties of the substrate and the surface charge density of the catalyst.
It is reported that the adsorption of the organic compound, and thus its degradation, is favored near
the zero point charge (zpc) of the catalyst. A medium pH may affect both the position of vb and cb
and the band gap energy [65]. At pH 6, zpc of TiO, P25 is 6, and FQs are mainly in their cationic
and zwitterion forms (half way between the pK; of the acidic and the alkaline functional groups, see
Figure 4). Adsorption experiments demonstrated that FQs adsorption, ensured by an appropriate
stirring time in the dark, onto the surface catalyst was favored at pH values close to neutral.

ﬁ (o)
o L
D il
R1\N /07\\03 . 1/c2
LT ]

Figure 4. General fluoroquinolone (FQ) structure (X = H or F; carboxylic acid group, pk,;, alkaline
amine functional groups, pk,;).

In neutral or slightly alkaline conditions, like those of natural freshwaters, hydroxyl radicals are
more easily generated on the TiO, catalyst surface due to the oxidation of the adsorbed hydroxyl ions,
and therefore the efficiency of the process is enhanced (see Figure 5) [62,67].

As expected, the photocatalytic efficiency is affected by the catalyst loading. Indeed, by increasing
the catalyst amount, the number of available active sites increases; consequently, the substrate
degradation rate rises. On the other hand, concentrations higher than some grams per liter may cause
light scattering, poor light penetration or agglomeration phenomena in the suspension, which leads to
a sharp drop in the substrate degradation rate [62,65,68].

Other experimental variables, in particular, temperature and oxygen percentage, seem to have
minor relevance in the process efficiency. Specifically, Hapeshi et al. [67] observed that the degradation
rate was enhanced by bubbling oxygen through the solution, especially in the first steps of the process,
while only in the presence of a saturated working solution, fluoroquinolones were quantitatively
abated in half the time, as reported by Venancio et al. [59].
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Figure 5. Effect of the pH solution on the degradation of Ofloxacin (OFX). Experimental conditions:
[OFX]p =10mg/L; [TiOp] =1 g/L; 640 W/L. Reprinted with permission from [67], copyright 2013, Elsevier.

Micheal et al. [68] demonstrated that the effect of temperature had no significant impact on the
conversion rate.

On the other hand, the addition of an oxidizing reagent, such as hydrogen peroxide, promotes
both the oxidation process and total organic carbon (TOC) removal [62,67,68]. A slight increase in the
degradation rate was observed, increasing H,O, from 0.14 to 5.5 mM (see Table 1).

On the contrary, a decrease in the degradation rate was found by Biancullo et al. in the presence
of a radical scavenger, such as MeOH (see Table 1) [65].

A comparison of the rates of degradation of CIP using different irradiation protocols revealed that
UV-A/TiO; photocatalysis was more efficient than Vis/TiO, one, as shown by Paul et al. [63].

A higher kinetic degradation constant value, and consequently, a higher percentage of dissolved
organic carbon, was obtained by using UV-A sonophotocatalytic treatment. Ultrasonic radiation
applied by Hapeshi et al. [67] contributed to promoting the formation of reactive radicals, favored the
substrate mass transfer from the bulk to the catalyst surface, and helped to avoid particle aggregation.

Biancullo et al. [65] obtained the highest k4, value by using a UV-A irradiation LEDs system that
was more efficient than the traditional lamps.

The identification and quantification of transformation products arising from photo-reactive
molecules is a difficult task because no analytical standards are available for their identification and
quantification; moreover, many different TPs may occur depending on the experimental and analytical
setup [73]. Despite this limitation, TPs” evolution profiles are usually monitored, and chemical
structures are proposed with an acceptable degree of certainty.

As for the photocatalytic degradation of FQs, many TPs were already present in the early steps of
the process, with a lifetime usually in the same order as that of the starting molecule. On the contrary,
the presence of secondary photoproducts was often confirmed by TOC measurements, which still
indicated the presence of an organic load after the substrate degradation was complete en route to
mineralization (see Figure 6) [60,64,67,68,71].

Generally, and in all the considered research papers, the chemical structures of TPs were based
on high-resolution mass determination, and mechanistic pathways were quite accurately suggested.
Unlike direct photolysis, in the presence of a photocatalyst, the oxidative degradation of the electron-rich
amine side-chain results in the main chemical path followed by hydroxylation and decarboxylation,
while photoproducts coming from direct photolysis, such as reductive dehalogenation and fluorine
substitution, are not predominant as reported in most of the considered papers (see Scheme 1 and
Table 1) [45].
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Scheme 1. Photolytic and photocatalytic degradation paths for FQs.

At the experimentally reported TiO, concentrations, most of the light is absorbed by the titania
particles, which then interact through hydrogen or electron transfer with the adsorbed drug [45,74,75].
Furthermore, FQ activation and degradation can also be initiated by energy transfer between
photoactivated titania nanoparticles and FQs, producing a triplet of the latter, as reported in our
previous works on Ofloxacin [76]. This mechanism accounts for the identification of low quantities of
secondary products from direct photolysis.

Direct photolysis initiated photodegradation suffers from the limited part of the solar spectrum
the FQs can absorb (usually below 380 nm for most FQs), which does not cover the visible part of the
spectrum, and from the competitive light absorption of many other environmentally present organic
compounds. Furthermore, the main photo-reaction paths for FQs are accessible only through their
long-living triplet excited state; this transient must be populated through Inter System Crossing (ISC)
from the first excited singlet and, once formed, may suffer from different deactivation pathways which
can compete with photoreaction (i.e., electron transfer and energy transfer) especially under real
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conditions where inorganic ions and organic compounds may easily foster these processes. When direct
photolysis occurs, products from reductive dehalogenation and fluorine substitution dominate in the
6-FQs family, while the presence of a second fluorine atom at position 8, in addition, to increasing the
photoreaction quantum yield, shifts the reactivity toward F elimination from C8. Unlike photolysis,
during photocatalysis at the commonly employed concentrations, most of the light is absorbed by
the semiconductor and not by the molecule used as the probe [74,75]. Furthermore, the TiO, UV-Vis
absorption spectrum expands toward the visible region of light (400410 nm, 3.0-3.2 eV), depending on
the crystalline structure [77]. This allows for a better exploitation of sunlight radiation. In this case, after
light absorption and electron-hole pair generation in the semiconductor, the FQ molecule adsorbed
onto the catalyst surface reacts mostly through either direct or OH radical-mediated hydrogen and
electron transfer [45]. This privileged reaction path in the presence of titanium dioxide photocatalyst
massively increases the number of photoproducts originating from the oxidative degradation of the
electron-rich FQs side-chains (Scheme 1 and Table 1). It ultimately initiates a cascade of reactions,
eventually leading to complete mineralization and pollutant removal, with only water and carbon
dioxide being released as by-products.

3.2. Antibacterial and Ecotoxicological Tests

As is apparent, TiO; is a strong photo-oxidant and has a bactericidal action towards a broad
spectrum of harmful microorganisms [14,78,79]. For this reason, microbiological and eco-toxicological
tests performed on irradiated samples are useful tools to evaluate the efficiency and the efficacy
of the photocatalytic process, both in terms of degradation (decomposition degree of the target
molecules) and detoxification (inactivation of the active principles, evaluation of acute and chronic
effects against microorganisms). Nevertheless, testing the residual toxicity of toxic substances, such as
pharmaceuticals, is a critical task, as sometimes the degradation TPs are more toxic than the parent
compound, and at the same time it is impossible to isolate TPs. Due to the different experimental set
ups, a significant variability among the obtained data was observed, although each test was performed
following the standard guidelines [14,71].

In general, the experimental measurements allowed us to calculate the growth inhibition (1%)
according to the following equation:

Scontrol — Ssample

% = x 100 @)

Scontrol
where Sptrol 18 the signal measured in the control sample, and Sgyppie is the signal measured in the
irradiated sample.

A dose-response curve may be obtained by plotting the 1% calculated for each sample dilution
against the log of the corresponding sample dilution. The log of the effective dose that causes 50% of
the growth inhibition is reported as EC50.

An EC50 value against P. subcapitata was reported by Van Doorslaer et al. [71], who declared to have
obtained the lowest value among those reported in the literature. It is apparent that by increasing the
photocatalytic treatment, the inhibition decreases significantly, as shown by Paul et al. [63] (see Figure 7)
and Venancio et al. [59], despite the different experimental conditions.



Catalysts 2020, 10, 628 14 of 22

Q

100 A UVA photolysis R
:\; 049 e Standard ’
landan |
< 801 sample 1 Increasing /
L2 704 ¢ sample2 jrradiation time | /
3 604 Sample 3 e | /
= + Sample 4 / /
£ 501 Sample 5 /
= J © Sampleé /
H 40 Sample 7 #
° 30 1 Sample 8 /
& 204 ° samples /
= Sample 10
10 1
0 ] & L)
-3 -2 = 0
log(dilution)
b 100+ Vis.-TiO, 7 PT7
9 90 1 photocatalysis /
- 80 ¢ Standand [
] [
g 704" Z::": ; Increasing | {
2 604 ph 5 irradiation time /
£ sZ?Zne 4y — /
c 4° / /
£ ig Samplo 5 /
1 o sampes ]
g 30 4 Sample 7
e Sample 8
S 209 6 sampes
= 404 Sample 10
(O ——
- i T 1
-3 2 -1 0
log(dilution)
C 1001 UVA-TIO, ™
& 907 photocatalysis [
s 809 « Standad
c
2 704 Sample 1 Increasing |
& 604 Sample 2 jrradiation time |
3] e
£ 501 Sample 5
'g 404 o samples
o 301 Sample 7
= Sample 8
© 209 & sampies 5
=~ 10 : sample 10 5 3 g
o —rf——
-3 2 -1 0
log(dilution)

Figure 7. Dose-response relationships for deactivation of ciprofloxacin via (a) UV-A photolysis,
(b) Vis-TiO, photocatalysis, and (c¢) UVA-TiO, photocatalysis in solutions initially dosed with 100 uM
ciprofloxacin at pH 6, 25 °C, and 0.5 g/L TiO, (for photocatalysis experiments). The averages of triplicate
experimental measurements are shown with corresponding 95% confidence intervals. The independent
variable “dilution” is equal to 1/2n, where “2” is the serial dilution factor used in preparing dose-response
series (i.e., for two-fold, or 1:1 dilution), and “n” the number of times a given sample has been serially
diluted relative to the corresponding parent sample (i.e., 1/20 = 1 corresponds to the undiluted sample).
Reprinted with permission from [63], copyright 2010, Elsevier.

Antibacterial and eco-toxicological tests used to evaluate changes in the residual antibacterial
activity and the toxicity of FQs and their photoproducts are shown in Table 1.

Several organisms were used as a probe in the experiments, such as the microorganisms as
Bacillus subtilis [59,62], Staphylococcus aureus [60] and Escherichia coli [59,60,63,65,70] collected from
lab cultures, heterotrophic arthropods [65] and rotifers such as Daphnia magna [67,68] and Brachionus
calcyflorus [69], algae (Pseudokirchneriella subcapitata [71], Synechococcus. leopoliensis [69]) and bacteria
(Enterococcaceae [65], Vibrio fischeri [61,64]).

Van Dooslar et al. chose P. supcapitata as a model organism to evaluate the potential adverse effects
occurring during MOX degradation [71]. They observed a significant increase of EC50 in the first hour
of irradiation when the antibiotic was still present in the solution, while for longer irradiation times
(90-150 min, MOX < LOD), the growth inhibition decreased from 72% to 14%. The residual toxicity
and the poor carbon mineralization compared with the parent compound conversion confirmed the
presence of TPs. Their lower toxicity may be ascribable either to a decrease of biological activity or to a
minor permeation through the cell membrane due to their larger hydrophilicity compared to MOX.
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A UV-A sonophotocatalytic treatment of OFL aqueous solutions against D. magna was carried out
by Hapeshi et al. [67]. OFL was quickly consumed after 30 min of treatment leading to the formation
of 20 TPs, while D. magna immobilization increased from 20% to 55% after 24 h and 48 h of exposure,
respectively. A decrease in daphnid immobilization up to 5% was observed after 240 min of treatment,
when TPs were removed.

Similar, but less marked results were obtained during the UV-A photocatalytic treatment of OFL,
carried out under both the same experimental conditions [67] and in other work [68] in the presence of
3 g L7 TiO,. In both cases, incomplete mineralization (around 10%) was observed after the antibiotic
degradation confirmed the presence of toxic intermediates and daphnid immobilization up to 25% at a
long-term exposure. The long-term toxicity was due to the formation of photoproducts that maintain
the core quinolone structure.

Calza et al. [64] reported a reduction in the natural emission of the luminescent bacteria V. fisheri
within the first 10 min of the OFL photolytic treatment, corresponding to a 55% inhibition after only
15 min of incubation. The simultaneous disappearance of the parent compound and the occurrence of
TPs indicated that the toxicity was strictly correlated to TPs, especially when they retain the quinolone
core structure. From 15 to 120 min of irradiation, the percentage inhibition decreased and TOC was
almost completely abated (85%). An inhibition percentage below 1% and complete mineralization of
the organic carbon was obtained after four hours of treatment (see Figure 8).

60
0T m ciprofloxacin
E 404+— m ofloxacin
£
E 30+
£
2 20+
10+
04 .7 ]
0 - - e
0 2 5 10 15 30 60 120 240

irradiation time (min)

Figure 8. Inhibition (%) of the luminescence of bacteria Vibrio fischeri as a function of the photocatalytic
treatment time for ofloxacin and ciprofloxacin. Reprinted with permission from [64], copyright 2008,
John Wiley and Sons.

The V. fisheri bioassay was also adopted to investigate the eco-toxicological effects of CIP
photodegradation [61,64]. For Calza et al. [64], CIP aqueous solutions tested at different irradiation
times (2-240 min) were non-toxic, indicating that CIP degradation proceeded through the formation
of non-toxic TPs, even if more than four hours of irradiation were necessary to obtain a 100% TOC
abatement (see Figure 8).

In contrast, higher toxicity (70%) against V. fisheri in more diluted CIP solutions and for long
irradiation time (45 min) was observed by Silva et al. [61], who did not exclude that irradiation in the
presence of titanium dioxide may lead to toxic effects.

In good agreement with Calza’s results, Paul et al. [63] demonstrated that for each mole of CIP
degraded, the antimicrobial load (E. coli) in the irradiated solution decreased by a “mole”, indicating that
TPs retained a negligible antibacterial activity compared to the parent compound. The stoichiometric
release of ammonium and fluoride ions confirmed quantitative CIP abatement, which was achieved
faster under UV-A TiO, than Vis-TiO,.

Comparable findings were reported by Guzman et al. [60] both in distilled and mineral waters.
CIP-irradiated samples (95% degradation, mineralization not exceeding 35%) were less harmful than
non-irradiated samples, even if Gram-positive bacteria (S. aureus) seemed more vulnerable than the
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Gram-negative bacteria (E. coli) to the main TPs (by about two-fold), which conserved the quinolone
ring but not the amino-side chain.

Only three papers among those examined investigated the biological activity of the sole parent
compound [59,62,70].

Venancio et al. [59] assessed the residual CIP, LOM, and OFL antibacterial activity against
Gram-positive (B. subtilis) and Gram-negative (E. coli) strains during TiO, P25 and PC500 photocatalytic
treatment. TiO, P25 removed almost the total antibacterial activity in a shorter reaction time (120 min
of irradiation) compared to PC500.

Similar results were obtained by Li et al. [62]. An inhibition of 50% of the initial E. coli activity was
reached after 120 min of irradiation with concentrated solutions of CIP, ENR, NOR, OFL. Although
mineralization required a longer irradiation time than FQs degradation, biological activity was removed
within 180 min.

A total of 90 min of treatment on the LEV solution in the presence of a TiO, homemade catalyst
was enough to inhibit E. coli resistance completely [70].

Only two studies analyzed the photocatalytic degradation of a mixture of pharmaceuticals
in effluents from urban WWTPs [65,69]. Today, urban WWTPs are considered a hot-spot for
antibiotic-resistant bacteria proliferation, and clear data on the adverse toxic effects due to
pharmaceuticals at actual concentrations on simple living organisms are still lacking.

Preliminary results were proposed by Andreozzi et al. [69]. They carried out toxicity tests exposing
blue-green algae and a rotifer to an irradiated moderately hard synthetic aqueous sample containing
OFL and other five pharmaceuticals at a concentration of hundredths of nanograms per liter.

The solutions were irradiated for 48h in the presence of either suspended or immobilized TiO5.
A slight reduction (9%) in the initial bioactivity was observed in the catalyst suspension, while
supported TiO, nanoparticles on a membrane were less efficient than suspended nanoparticles. Based
on the poor results obtained, the authors suppose that the presence of toxic TPs formed during the
photocatalytic treatment.

Additional information was recently reported in a novel disinfection study by means of UV-A
LEDs system applied to different WWTP samples collected on different days before and after spiking
with a few hundredths of nanograms per liter of a mixture of antibiotics [65]. Interestingly, the count
of various bacterial groups (heterotrophs, E. coli, and Enterococcaceae) was carried out both after the
photocatalytic treatment and after three days of storage in the dark at room temperature. Although
one-hour UV-A LED-irradiation was enough to inhibit the bacterial activity (about two log-units),
a significant regrowth was observed after three days of storage. Specifically, the antibiotic resistance
after treatment was similar to that of non-treated WWTP samples for heterotrophs and E coli and
lower for Enterococcaceae (see Figure 9). This phenomenon, not yet completely investigated, may be
attributed to organic matter produced during the oxidative process. As is evident, actual matrices
can play an important role not only in the photodegradation of recalcitrant molecules, but also in the
photo-detoxification process.

Lastly, Vasquez et al. [66] described a 28 day biodegradability test where the microbiological
conditions of the aqueous environment were simulated following the OECD guidelines. They evaluated
the potential biodegradability of OFL and its transformation products formed during both the
photocatalytic treatment and biotransformation processes. Although OFL was degraded quickly,
mineralization remained low (6%), and the biodegradability value was negligible (around zero).
These results indicated that primary TPs were not readily biodegradable, especially when fluorine was
still present on the heteroaromatic ring.
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Figure 9. Total (colored) and antibiotic resistant (grey) bacteria inactivation after 1 h photolysis/
photocatalysis evaluated immediately (filled bars) and after three days of storage in the dark at room
temperature (striped bars). The letters a, b, ¢, d, and e indicate significantly (p < 0.05) different groups
among the tested treatment conditions. The letters in black on the top of bars refer to total bacteria.
The letters in white refer to the antibiotic resistant counterparts. The letters on the bottom of the graph
refer to the percentage of resistant bacteria with respect to the total bacteria. Reprinted with permission
from [65], copyright 2019, Elsevier.

4. Conclusions on Benefits and Drawbacks

The widespread diffusion of drugs and pharmaceutical active compounds in the environment,
especially in the aquatic compartment, is a matter of serious concern, since these are not abated by
traditional urban WWTPs.

This review suggested, through the exploitation of results obtained with an appropriate model
molecule (FQ), that TiO, photocatalysis may be considered as an efficient and convenient advanced
oxidation process for the removal of pharmaceuticals from contaminated waters. Specifically, it may
be considered one of the best advanced oxidation processes, being a safe and effective mineralization
of the pollutants that requires no addition of chemicals, except the semiconductor, and may take place
under natural sunlight. As opposed to simple photolysis, TiO, photocatalytic treatment is efficient in
removing the harmful effects due to the presence of drug residues and TPs in the aquatic environment.

The detailed knowledge about the photo-reactivity of FQs and toxicity of their photoproducts
offers a useful model both for predicting the effectiveness of the photocatalytic treatment against other
persistent compounds and for rationalizing the behavior of new composite materials. Nevertheless, in
our opinion, many key aspects still require some attention.

Although laboratory experiments allowed for an almost complete mineralization of
pharmaceuticals and a complete reduction of the residual antibacterial activity, an absolute validity
and a direct cross-reading for other persistent contaminants must be evaluated, especially in terms of
their ecotoxicological effects. Furthermore, a full validation of this method to large-scale application
and exhaustive case models are still missing.

The generated photoproducts, easy to recognize at the laboratory scale due to their higher
concentrations and controlled experimental conditions, are difficult to determine in the presence of a
matrix of environmental constituents, as well their additive, synergistic, or antagonist effects in the
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presence of a mixture of contaminants. This point must be carefully taken into consideration during
the identification of proper assays for the determination of the efficacy of TiO, AOP in real cases.

Problems related to the losses of catalyst in the environment, and its post-treatment separation
and recovery cannot be ignored and must be accounted for. Nonetheless, the versatility of TiO; and
deep knowledge of its properties, supported by many years of scientific studies, open the door to
further technological improvements, such as immobilization and magnetic recovery, which certainly
will take this powerful AOP towards widespread application in the near future.
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