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• The pilot-scale solar Fenton degradation
of ofloxacin was studied.

• Mineralization was lower in the waste-
water matrices due to the presence of
organics.

• Toxicity was found to originate from
the oxidation of DOM present in the RE.

• The transformation of OFX proceeded
through the formation of seven inter-
mediates.

• The degradation pathway exhibited dif-
ferences among the four matrices.
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This work investigated the application of a solar driven advanced oxidation process (solar Fenton), for the
degradation of the antibiotic ofloxacin (OFX) in various environmental matrices at a pilot-scale. All experi-
ments were carried out in a compound parabolic collector pilot plant in the presence of doses of H2O2

(2.5 mg L−1) and at an initial Fe2+ concentration of 2 mg L−1. The water matrices used for the solar Fenton
experiments were: demineralized water (DW), simulated natural freshwater (SW), simulated effluent from
municipal wastewater treatment plant (SWW) and pre-treated real effluent from municipal wastewater
treatment plant (RE) to which OFX had been spiked at 10 mg L−1. Dissolved organic carbon removal was
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found to be dependent on the chemical composition of the water matrix. OFX mineralization was higher in
DW (78.1%) than in SW (58.3%) at 12 mg L−1 of H2O2 consumption, implying the complexation of iron or
the scavenging of hydroxyl radicals by the inorganic ions present in SW. On the other hand, the presence of
dissolved organic matter (DOM) in SWW and RE, led to lower mineralization per dose of H2O2 compared to
DW and SW. The major transformation products (TPs) formed during the solar Fenton treatment of OFX,
were elucidated using liquid chromatography–time of flight-mass spectrometry (LC–ToF-MS). The transfor-
mation of OFX proceeded through a defluorination reaction, accompanied by some degree of piperazine and
quinolone substituent transformation while a hydroxylation mechanism occurred by attack of the hydroxyl
radicals generated during the process leading to the formation of TPs in all the water matrices, seven of
which were tentatively identified. The results obtained from the toxicity bioassays indicated that the toxicity
originates from the DOM present in RE and its oxidation products formed during the photocatalytic treatment
and not from the TPs resulted from the oxidation of OFX.

© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.
1. Introduction

Antibiotics have been detected in various compartments of the
aquatic environment worldwide (Fatta-Kassinos et al., 2011; Jeong
et al., 2010). This indicates the ineffectiveness of the currently most
frequently applied conventional biological treatment processes to re-
move such compounds adequately from the domestic wastewaters
(Michael et al., 2013). Looking into the transformation of the antibi-
otics in the environment is very important for understanding the
fate and behavior of these compounds. The presence of antibiotics
and their transformation products (TPs) in low concentrations has
been associated to chronic toxicity and the prevalence of resistance
to antibiotics in bacterial species (Le-Minh et al., 2010). The conse-
quences are particularly worrying in aquatic organisms as these are
subjected to multigenerational exposure (Rosal et al., 2010). Al-
though antibiotics are found in the environment at sub-inhibitory
levels, relatively low concentrations of them can still promote bacte-
rial resistance (Castiglioni et al., 2008). Indeed, antibiotic-resistant
bacteria have been detected in wastewater effluents (Guardabassi et
al., 2002; Akiyama and Savin, 2010; Novo and Manaia, 2010), surface
water (Ash et al., 2002) and drinking water (Schwartz et al., 2003).

Fluoroquinolones (FQs) are broad-spectrum antibacterial agents
widely used for treating bacterial infections (Paul et al., 2007). Their
major mode of action is the inhibition of DNA replication in bacte-
ria via interference of the normal function of DNA topoisomerase
(Lhiaubet-Vallet et al., 2009). Although conventional activated sludge
treatment can remove a significant fraction of FQs primarily by ad-
sorption to sludge, their removal is incomplete, and FQs are dis-
charged in treated wastewater (Paul et al., 2010). A representative
example is ofloxacin (OFX) that has been frequently detected in vari-
ous environmental compartments (Miao et al., 2004; Lin et al, 2009;
Fatta-Kassinos et al., 2010; Zuccato et al., 2010). Regarding its envi-
ronmental effects, Kümmerer et al. (2000) have foundOFX to be geno-
toxic at environmentally-relevant concentrations while its photo-
transformation products were found to induce genotoxic effects
(Vasquez et al., 2012). OFX was also categorized as posing a high haz-
ard in the aquatic system due to the reuse of biosolids on agriculture
land (Langdon et al., 2010).

Promising technologies for the treatment of non-biodegradable
and/or toxic compounds are the advanced oxidation processes
(AOPs), involving the in situ production of hydroxyl radicals
(HO•ΗΟ•). Photo-Fenton has gained increasing attention due to its en-
vironmentally friendly application and the prospect of operating
under solar irradiation hence, lowering the operation cost consider-
ably (Malato et al., 2009; Mendez-Arriaga et al., 2010). The Fenton
process consists of the use of ferrous iron salts and hydrogen peroxide
in acidic medium. The combination of both reagents (in the presence
of UV–vis irradiation) has a very strong synergetic effect because irra-
diation with light up to 580 nm leads to photoreduction of dissolved
ferric iron to ferrous iron producing additional hydroxyl radicals. The
mechanism, via which this process mainly occurs, has been compre-
hensively presented in the literature (Buda et al., 2001; Malato et al.,
2009).

In a previous study, the pilot-scale solar degradation of trimetho-
prim in different water matrices was investigated (Michael et al.,
2012), while the current work entailed the investigation of OFX
during solar Fenton treatment at a pilot scale. OFX was selected in
the present study due to its high photoactivity, its high consumption
and presence in wastewater effluents and the aquatic environment.
The degradation of OFX induced by various AOPs at a bench scale
has been investigated under different experimental conditions:
photocatalysis in the presence of TiO2 (Calza et al., 2008; Michael et
al., 2010; Vasquez et al., 2012), solar Fenton (Michael et al., 2010),
sonophotocatalysis (Hapeshi et al., in press), photolysis (Wammer
et al., 2012) and γ-radiolysis (Santoke et al., 2009). The photocatalytic
transformation mechanisms of OFX during solar Fenton oxidation
have not been published yet, even if studies relating to its environ-
mental risks are reported in the literature (Albini and Monti, 2003;
Park et al., 2002).

With this aim in mind, attention was paid to: (i) determining the
effect of the composition of various aqueous matrices on the mineral-
ization; (ii) elucidating the major transformation products (TPs)
formed during the solar Fenton treatment of OFX; and (iii) assessing
the acute toxicity of OFX and its oxidation products as awholemixture
generated during the treatment process. According to the authors'
knowledge the current work, although its general methodology has
been presented in various other publications (Klamerth et al., 2009,
2010; Sirtori et al., 2010), is the first one revealing data regarding
the pilot-scale solar Fenton oxidation of OFX in four water matrices
of different compositions, the elucidation of the main TPs and finally
the acute toxicity of OFX and its TPs.

2. Materials and methods

2.1. Chemicals

High purity (>98.5%) OFX standard (CAS number 82419-36-1)
was purchased from Sigma-Aldrich. The reagents used in the solar
Fenton experiments were iron sulfate heptahydrate (FeSO4·7H2O)
and hydrogen peroxide (H2O2 30%, w/w) both provided by Panreac.
The pH of the matrix under investigation was adjusted (around 2.8–
2.9) by 2 N H2SO4 supplied by Panreac. The treated solutions were
neutralized by 2 N NaOH (Panreac) for toxicity analyses. HPLC-grade
acetonitrile (Panreac) and formic acid (Fluka) were used for the
chromatographic analysis. Calcium sulfate dehydrate (CaSO4·2H2O,
Panreac), magnesium sulfate (MgSO4, Sigma-Aldrich) and potassium
chloride (KCl, J.T. Baker) were used for the simulated natural freshwa-
ter (SW) preparation. Peptone (Biolife), meat extract (Biolife), urea
(Fluka), magnesium sulfate heptahydrate (MgSO4·7H2O, Fluka),
dipotassium phosphate (K2HPO4, Riedel-de Haën), calcium chloride

http://creativecommons.org/licenses/by-nc-nd/3.0/
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dehydrate (CaCl2·2H2O, Riedel-de Haën) and sodium chloride (NaCl,
Merck) were the main ingredients for the simulated wastewater
(SWW) preparation.

2.2. Water matrices

The water matrices used for the solar Fenton experiments were:
demineralized water (DW), simulated natural freshwater (SW), simu-
lated municipal wastewater (SWW) and pre-treated real effluent
from secondary treatment (activated sludge) frommunicipal wastewa-
ter treatment plant (RE) to which OFX had been spiked at 10 mg L−1.
DW used in the pilot plant was supplied by the Plataforma Solar de
Almería (PSA) distillation plant (conductivity b 10 μS cm−1, Cl− =
0.7–0.8 mg L−1, NO3

− b 0.5 mg L−1, organic carbon b 1.5 mg L−1).
SW and SWW were prepared according to APHA Standard Methods
(Clesceri et al., 1998). SW was standard moderately-hard freshwater
that was prepared by mixing 60 mg L−1 of CaSO4·2H2O, 60 mg L−1

of MgSO4 and 4 mg L−1 of KCl. Although SW recipe includes bicarbon-
ates (96 mg L−1 NaHCO3), it was decided to avoid this addition because
based on previous experiments it is proved that under acidic conditions,
the carbonate species cannot exist in solution as they are converted into
CO2.

The SWW was prepared by mixing SW and various compounds
such as: 32 mg L−1 peptone, 22 mg L−1 meat extract, 6 mg L−1

urea, 2 mg L−1 MgSO4·7H2O, 28 mg L−1 K2HPO4, 4 mg L−1 CaCl2·
2H2O and 7 mg L−1 NaCl which led to an initial dissolved organic car-
bon (DOC) of 25 mg L−1. RE was a secondary treated effluent sample
taken from the municipal wastewater treatment plant (MWTP) of El
Ejido (province of Almería, Spain). The qualitative characteristics of
the RE sample are presented elsewhere (Michael et al., 2012).

2.3. Experimental procedure

Solar Fenton experiments were performed at the PSA in a com-
pound parabolic collector (CPC) pilot plant designed for solar photo-
catalytic applications. The pilot plant is operated in batch mode and
is basically comprised of four modules containing 5 Pyrex glass tubes
each (i.d. 46.4 mm, e.d. 50 mm) mounted on a fixed platform tilted
37° (local latitude). The overall capacity of the reactor (VT) consists
of the total irradiated volume (Vi = 44 L) and the dead reactor vol-
ume (tank, piping and valves). The maximum capacity of the plant is
82 L but in our case it was operated with 75 L. A diagram and descrip-
tion of this system are presented elsewhere (Lapertot et al., 2006).
Solar ultraviolet radiation (UV) was measured by a global UV radiom-
eter (Kipp & Zonen, model CUV 3) mounted on the same platform as
CPCs.

At the beginning of all the photocatalytic experiments (the collec-
tors were covered to avoid any photoreaction during preparation), the
reactor was filled with the water matrix. Then, an OFX standard solu-
tion (10 mg L−1; this accounts to approximately 6 mg L−1 of DOC)
was added directly to the photoreactor, and after homogenization
(15 min) a sample was taken representing the initial drug concentra-
tion ([OFX]0). The recirculation of the solution in the reactor was cho-
sen to be 15 min, a time duration sufficient for goodmixing, according
to the operative flow rate and the detection of the examined com-
pound at the outlet of the system. After that, the pH was adjusted
with H2SO4 2 N (pH = 2.8–2.9) and 2 mg L−1 of ferrous iron solution
was added followed bymixing for 15 min before sampling. Finally the
first dose of hydrogen peroxide (2.5 mg L−1) was added, a sample
was taken after some minutes of dark Fenton process and the collec-
tors were uncovered. Samples were withdrawn from the reactor
when the hydrogen peroxide was completely consumed and another
dose was added. This procedure enabled us to obtain reliable and sta-
ble samples (no reaction in the dark and no toxic effect of any residual
H2O2) for evaluating TPs and bioassays in short steps with low conver-
sion between samples.
It should be noted that, an initial substrate concentration of
10 mg L−1 (although considerably higher than the typically found in
environmental samples) was applied in order to convincingly eluci-
date the oxidation products. Moreover, the low concentrations of
iron and peroxidewere selected after testing at higher concentrations,
so that TPs and toxicity would develop more slowly and these param-
eters could be evaluated more accurately, securing at the same time
maximum transformation and OFX removal. Additionally, since all
the experiments were performed in the presence of doses of hydrogen
peroxide that were totally consumed before adding a subsequent
dose, the illumination time cannot be considered for any discussion
in the present work.
2.4. Analytical methods

OFX degradation in the treated samples was evaluated using
an HPLC-DAD system (Agilent Technologies, series 1100) equipped
with a C18 column (Phenomenex Gemini, 5 μm, 3 × 150 mm) and
operated at a flow rate of 0.5 mL min−1. An isocratic method,
with 10% HPLC-grade acetonitrile and 90% ultrapure water acidified
with 25 mM formic acid mobile phase, was employed with detection
of OFX at λ = 290 nm (tR ≈ 12 min). The system control and the
data evaluation were conducted via a PC interface with Agilent
ChemStation® software. Mineralization was monitored by measuring
the dissolved organic carbon (DOC) by direct injection of the filtered
samples (PTFE 0.20 μm, Panreac) into a Shimadzu-5050A TOC analyz-
er with an NDIR detector calibrated with standard solutions of potas-
sium phthalate. The organic acids generated during the process were
separated on a Dionex DX-600 Ion Chromatograph equipped with a
Dionex Ionpac AS11-HC 4 × 250 mm column. Samples were filtered
using 0.22 μm syringe driven filters (Millipore) into the sample vials
provided for the Dionex autosampler. Standard solutions were
injected with every run to ensure the correct operation of the system.
The gradient elution was performed using NaOH (1–60 mM) solution
at 1.5 mL min−1. Colorimetric determination of total iron concen-
tration with 1,10-phenanthroline was performed in the treated sam-
ples following the ISO 6332 (1988). The residual H2O2 remaining in
the treated samples taken after some minutes of dark Fenton was
measured using the spectrophotometric method (Unicam-II spectro-
photometer) employing ammonium metavanadate as described by
Oliveira et al. (2001). The absence of H2O2 in the samples was also
checked using the Merckoquant® test sticks.

Oasis HLB cartridges (200 mg, Waters Corporation) were used for
solid phase extraction (SPE). The cartridges were conditioned with
4 mL MeOH followed by 4 mL of acidified deionized water (pH ≈ 3)
at a flow rate of 1 mL min−1. After the conditioning step, 40 mL of
the sample was percolated through the cartridges at a flow rate of
1 mL min−1 followed by 3 mL of deionized water. The cartridges
were then dried under vacuum for 15–20 min and final elution was
performed with 2 × 2 mL of MeOH at 1 mL min−1. The extracts
were evaporated under a gentle nitrogen stream and reconstituted
with 1 mL of methanol–water (5:95, v/v).

The TPs generated during the photocatalytic degradation of OFX in
all the water matrices tested, were monitored on Q-ToF-MS (Waters)
connected to a UPLC Acquity system (Waters) equipped with a
reversed-phase Waters Acquity BEH C18 analytical column (1.7 μm;
2.1 × 50 mm). The mobile phase was acetonitrile (A) and water acid-
ified by 0.01% formic acid (B) at a flow rate of 0.4 mL min−1. The chro-
matographic method held the initial mobile phase composition (5% A)
constant for 0.5 min, followed by a linear gradient to 95% A in 8.5 min
and then maintained at 5% for 2 min. The Q-ToF-MS system was
equipped with an electrospray interface operating in the positive ion
mode using the experimentally measuredm/z values of the precursor
and fragment ions. Datawere processedwithMassLynx™ software in-
corporated in the instrument.
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2.5. Toxicity assays

A commercial bioassay, Biofix®Lumi-10, based on inhibition of
chemiluminescence emitted by the marine bacteria Vibrio fischeri,
was performed for toxicity evaluation. Alteration in light output was
measured after 15 and 30 min of exposure at 15 °C. Adjustment of
the sample pH to 7 ± 0.5 was carried out prior to analysis while the
osmotic pressure of the samples was adjusted with NaCl in order to
obtain salinity of 2%.

Respirometry assay was also carried out using a BM-T respirome-
ter (from Surcis SA) consisting of a 1 L capacity biological reactor
with temperature control (to maintain the temperature at 20 °C by
external circuit) and a Stratos 2402 Oxy oximeter. Respirometry is
based on the consumption of oxygen by the microorganisms present
in the activated sludge and its operation is based on closed-loop batch
processing in which the dissolved oxygen contained in the sludge is
continuously measured. At first, activated sludge was collected from
the municipal WWTP of Almería and maintained in aeration without
the addition of organic source for a day in order to remove any traces
of organic substrate and to obtain the sludge in endogenous respira-
tion phase. The supply of oxygen was continuously maintained to
keep the saturation in the water. In addition, the amount of volatile
suspended solids (gVSS L−1) present in the sludge was determined.
In order to remove ammonia and therefore eliminate any possibility
of nitrification, allylthiourea (ATU) was added to the sludge in the
proportion of ATU 3 mg (gVSS)−1 and left airing for 30 min before
starting the test. The analysis was performed comparing the bacterial
activity developed in two assays: (i) the reference, which consisted of
900 mL of sludge and 100 mL of distilled water with added substrate
and; (ii) the mixture which consisted of 900 mL of sludge and 100 mL
of sample with added substrate. The substrate was 0.5 g sodium ace-
tate (gVSS)−1 dissolved in 100 mL of distilled water. The test of the
reference was extended until it reached the maximum respiration
rate (Rsmax). After obtaining the Rsmax of the reference, the analysis
was performed for each sample (mix). This test was maintained dur-
ing the same or longer time than the one needed for the reference to
achieve Rsmax. If there was no toxicity, then the respiration rate of the
examined sample was considered to be equal or higher than in the
reference test. When Rs ≪ Rsmax toxicity was expressed quantitative-
ly through the inhibition percentage (Is, %), determined as follows:

Is %ð Þ ¼ 100� 1− Rs

Rsmax

� �
: ð1Þ

3. Results and discussion

Prior to the photocatalytic treatment, direct sunlight photolysis
and hydrolysis were performed as preliminary experiments, with
the aim of assessing whether these effects contribute to antibiotic
degradation. Hydrolysis and direct sunlight photolysis experiments
were carried out in aqueous solutions of OFX at initial concentration
of 10 mg L−1 at inherent pH (pH = 6.5). The photolytic experiments
showed that after 500 min (>8 h) of solar irradiation, 72% of the ini-
tial concentration of OFX was removed; however this degradation
was achieved in much longer time than the one used during the pho-
tocatalytic tests (i.e. ~20% after 4 h). The results derived from the
photolytic degradation of OFX are in accordance with those reported
by Park et al. (2002) and Calza et al. (2008). On the other hand, no
mineralization occurred within the same experimental period possi-
bly indicating the formation of stable oxidation products, which are
more resistant to photodegradation than OFX itself. The hydrolysis
experiments showed negligible degradation of the investigated com-
pound within 360 h. Hydrolysis of OFX was not expected because this
compound does not possess structural features that can be readily hy-
drolyzed at the temperatures relevant to environmental conditions.
3.1. Solar Fenton experiments

One important issue of the pilot scale study was to determine the
effect of the water matrix composition on the solar Fenton efficiency
regarding the extent of mineralization. For this purpose, the experi-
mental protocol that was followed, involved the use of relatively sim-
ple water matrices (DW and SW), as well as matrices of increased
complexity, by studying SWW and finally RE.

It is well known that inorganic species (i.e. chlorides, sulfates) sig-
nificantly reduce the photo-Fenton reaction rate (Pignatello et al.,
2006) due to their complexation with Fe2+ or Fe3+, yielding iron-
chloride or iron-sulfate complexes that reduce the amount of active
iron, and to the scavenging of hydroxyl radicals and formation of less
reactive inorganic ions (De Laat et al., 2004). Fig. 1(a) depicts themin-
eralization that accompanies degradation of OFX and the correspond-
ing hydrogen peroxide requirements (in mg L−1) during the solar
Fenton treatment in DW and SW. As can be seen, the maximum OFX
mineralization (78.1%) in DW was accomplished with 12 mg L−1 of
H2O2 consumption, while at the same consumption of H2O2, 58.3% of
DOC removal was achieved in SW. Solar Fenton was less efficient in
terms of DOC reduction in SW since higher hydrogen peroxide doses
were required for less mineralization. This may be associated with
the presence of inorganic ions (Cl−, SO4

2−) in SW (its composition is
provided in the Experimental procedure section 2.3), which may act
as scavengers of the hydroxyl radicals order that may form
complexes, thereby decreasing the process efficiency. Moreover, this
suggests that the oxidation products formed from the degradation of
OFX are slowlymineralized in SW, although their degradation is grad-
ually accelerated with increasing peroxide consumption. However, al-
though the mineralization rate is influenced by the presence of these
anions, the solar Fenton efficiency was still sufficient with regard to
the parent compound degradation. The above results indicate howev-
er, the lack of complete mineralization in both DW and SW, implying
that OFX was transformed into stable organic intermediates that are
resistant to further degradation by solar Fenton process.

Additional experiments were conducted in order to determine the
efficiency of the solar Fenton using SWW and RE. From Fig. 1(b) it is
obvious that the presence of dissolved organic matter and higher
salt content in SWW and RE (they contain about 25 and 10 mg L−1

DOC, respectively) led to lower mineralization per dose of hydrogen
peroxide compared to DW and SW (Fig. 1(a)). In the case of RE, the
DOC removal achieved at 12 mg L−1 of peroxide consumption was
35.8% whereas in the case of SWW it was 40.5% at the same peroxide
consumption. The presence of natural organic compounds occurring
in the wastewater matrices can affect the degradation rate of the tar-
get compound and the mineralization since they can exhibit signifi-
cant iron complexation (or can alter the redox cycling of iron) and
thereby change the formation rate of hydroxyl radicals (Lindsey and
Tarr, 2000). In addition, the slower mineralization rate in the waste-
water samples may be attributed to the presence of dissolved organic
matter (DOM), which can hinder the sunlight absorption or can act as
a major scavenger by readily reacting with HO• (Westerhoff et al.,
2007).

Ion chromatograms of the above treated solutions exhibited the
presence of peaks related to short-chain linear carboxylic acids formed
during the solar Fenton process. The analyses allowed determining four
carboxylic acids i.e. formic (tR = 11.35 min), acetic (tR = 8.66 min),
oxalic (tR = 27.8 min) and propionic (tR = 10.2 min) acids as the
final products of OFX during the solar Fenton experiments in DW and
SW. The evolution profile of the acids detected along with the concen-
tration profile of organic carbon (coming from acids) and DOC in the
case of DW is depicted in Fig. 2(a).

Acetic and formic acids occurred at the same concentration level at
7.2 mg L−1 peroxide consumption (acetic = 2.5 mg L−1; formic =
2.1 mg L−1), while oxalic and propanoic acids are accumulated in
lower concentration, being completely removed at the end of the
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treatment. With the 22 mg L−1 H2O2 concentration, 17% of the
remaining DOC is attributed to these acids (total carbon acids =
0.34 mg L−1, DOC = 1.96 mg L−1). Comparison of results in
Fig. 2(a) with those in Fig. 2(b) evidences the slower formation and
degradation of these acids in SW since the formation and decay of
these acids required higher doses of peroxide compared to that need-
ed in DW. The maximum concentrations of the acids generated in SW
were 2.22 mg L−1 for acetic acid (9.6 mg L−1 H2O2) and 1.45 mg L−1

for formic acid (7.2 mg L−1 H2O2), while oxalic and propionic acids
were present at much lower concentration level.
3.2. Characterization of major transformation products by
UPLC–ESI-QToF-MS

Transformation products (TPs) generated during the pilot-scale
solar Fenton treatment of OFX were elucidated and the possible influ-
ence of the water-matrix composition on the degradation pathway
was assessed. In order to determine the major TPs of the investigated
antibiotic in each matrix studied, samples from the solar Fenton
experiments were analyzed in a full-scan mode using an UPLC–
QToF-MS/MS instrument. With the objective of investigating the TPs
of the examined compound, a relatively low amount of H2O2

(2.5 mg L−1 in doses) was used in the photocatalytic experiments,
which enabled obtaining slow kinetics and provided favorable condi-
tions for the determination of TPs. Structure elucidation was based on
the accurate mass measures provided by the QToF analyzer which al-
lows obtaining the elemental composition of the protonatedmolecule
a
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as well as of the fragment ions. The low errors obtained in all cases
provided a high degree of certainty in assigning molecular composi-
tion. The analyses are accompanied by a large amount of information
which is reported in Table S1 (Supplementary information). This
table summarizes the experimental and calculated masses of the mo-
lecular and fragment ions, the relative mass errors, the double bond
equivalents (DBEs) and the proposed elemental compositions for the
TPs. The aforementioned data were obtained under optimized condi-
tions of collision energy and cone voltage of the QToF mass spectrom-
eter. At this point, it is worth noting that not only the relative mass
errors served as a criterion in proposing the most likely elemental
composition, but calculation of the corresponding double-bond equiv-
alents (DBE) afforded a straightforward means of proposing the most
likely empirical formula. It is also noted thatm/z refers to the proton-
ated m/z.

The UPLC–(+)ESI-QToF-MS product ion spectrum and putative
assignment of characteristic fragment ions of the OFX molecule (m/z
362; C18H21FN3O4) are shown in Fig. S1 (Supplementary informa-
tion). The collision-induced-dissociation experiments revealed the
formation of several fragment ions at m/z 58–m/z 318 as shown in
Table S1 (Supplementary information).
3.2.1. Proposed transformation mechanisms of OFX during solar Fenton
oxidation

Along with the antibiotic degradation and the transient formation
of carboxylic acids, seven TPs characterized by different m/z ratios
were identified, as may be seen in the MS spectra recorded in Fig. S2
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(Supplementary information). Chromatographic analysis allowed the
identification of the same TPs during OFX degradation by solar Fenton
in all the examined water matrices (DW, SW, SWW and RE except P6
that was not detected in DW); however, some important differences
in the evolution profile were observed and these are discussed further
below.

Themajor reactionmechanisms that have been reported to occur for
FQs in variousmedia (some environmentally relevant or not; i.e. waste-
water effluents, deionized water; biological samples, co-dissolved ionic
species media, etc.), include heterolytic defluorination (reaction with
fluoroaromatics), decarboxylation and modifications of the piperazine
and quinolone moieties (Albini and Monti, 2003; De Witte et al.,
2009; An et al., 2010; Paul et al., 2010). In the present study, the analy-
ses confirm the formation of TPs through the defluorination reaction,
accompanied by some degree of piperazine and quinolone substituent
transformation which is in agreement with previous studies reporting
the photodegradation of OFX. Decarboxylation however, was not ob-
served at any case in the present study. Scheme 1 depicts the main
TPs formed during OFX oxidation alongside the tentative phototrans-
formation pathway.

3.2.1.1. Defluorination. The defluorination reaction resulting during
the solar Fenton oxidation of OFX (6-monofluoroderivative), involves
the photosubstitution of the fluorine atom by a hydroxyl group
(\HO) yielding the corresponding 6-hydroxyofloxacin (P4, m/z
359). Fig. S2(d) depicts the mass spectrum of P4 indicating the net
mass loss from the formed P4. In principle, this reaction involves
either unimolecular fragmentation of the C\F bond in the excited
state or water addition followed by fluorine anion loss (Van Eijk et
al., 1989; Albini and Monti, 2003). The photosubstitution of the fluo-
rine substituent by a hydroxyl group was also observed during the di-
rect photolytic degradation of other related FQs, i.e. enrofloxacin and
ciprofloxacin in Wammer et al. (2012) and Paul et al. (2010), respec-
tively. In addition, the proposed structure is in good agreement with
that obtained from photolysis experiments (Albini and Monti, 2003),
Scheme 1. Phototransformation products identified during the solar Fenton treatment of O
molecules.
which indicate substitution of the fluorine atom by a hydroxyl group
as first step in the defluorination process.

3.2.1.2. Piperazinyl substituent transformation. Solar Fenton oxidation
products identified in this study indicate formation of a variety of or-
ganic products wherein the heterocyclic piperazine ring was modi-
fied. Piperazinyl moiety consists of a six-membered ring containing
two nitrogen heteroatoms at opposite positions in the ring. The
mechanism of this class of reactions has not yet been clarified, nor
is this easy in view of their low quantum yield. According to Albini
and Monti (2003), possible mechanisms involve hydrogen abstrac-
tion either by some excited state (the triplet state of the fluoroquino-
lone or of some impurity, such as an aromatic ketone) or by hydroxyl
radicals arising through the treatment process. The TPs detected, sug-
gest that piperazine ring transformations generally proceed by partial
degradation of the alkylamino side chain. P2 (m/z 335, C16H19FN3O4)
was formed after multiple reactions, leading to enhanced degradation
at the piperazinyl substituent. Based on the interpretation of the frag-
mentation patterns and the accurate mass data as listed in Table S1,
the proposed structures of the P2 fragment at ions are compiled in
Fig. S2(b). P2, which is 27 Da lighter than the parent compound,
could be identified as a secondary amine due to the net loss of
\C2H2. P2 has been observed previously in An et al. (2010) and van
Wieren et al. (2012) during the TiO2-heterogeneous photocatalytic
degradation of OFX.

In addition, as shown in Fig. S2(e), P5 was formed during oxida-
tion of OFX molecule at the piperazinyl substituent. Using high reso-
lution mass spectrometry, the molecular formula for the compound
P5 with m/z 363 was identified as C17H19FN3O5 which was attributed
to the net loss of \CH3 and further introduction of a hydroxyl group
(\HO) on the 2′ carbon of piperazinyl ring (hydroxylation).
According to De Witte et al. (2008), the electron donating capacity
of a methyl group compared to a hydrogen atom substituted at N4
of the piperazinyl moiety affected the formation of degradation prod-
ucts. An additional sequence of incorporation of an oxygen atom
FX in four water matrices (DW, SW, SWW and RE): Structures and m/z of protonated
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resulted in the formation of the hydroxylketo-derivative P6 (m/z 375,
C18H19FN3O5) (Fig. S2(f)).
3.2.1.3. Quinolone moiety transformation. P3 (m/z 337, C16H21FN3O4)
indicated the transformation of the chromophore group of the mole-
cule (loss of \C2), i.e. the quinolone moiety (Fig. S2(c)). The results
suggest that degradation at the quinolone moiety is mediated by
HO• in agreement with previously reported ciprofloxacin degradation
(De Witte et al., 2008). Based on the molecular formula and MS frag-
mentation, this degradation product was found to be an anthranilic
acid analogue. Similar degradation products were identified during
ciprofloxacin ozonation (De Witte et al., 2008). Anthranilic acid ana-
logues were reported to occur through the direct ozonation of cipro-
floxacin by Karl et al. (2006) and De Witte et al. (2008). P1 was also
formed (m/z 309, C15H21FN3O3) by the net loss of \C3O (Fig. S2(a)).

It should be noted that the heterocyclicfluorine ring remained intact
during the oxidation process. Nevertheless, P7 (m/z 377, C18H21FN3O5)
was formed at the initial stages of the treatment which is attributed to
monohydroxyl derivative due to the non-selectivity of the HO• attack
(Fig. S2(g)).

In summary, all the TPs described above can be accounted for with-
in the framework of the pathways shown in Scheme 1. It appears that
the transformation of piperazinyl substituent was the first degrada-
tion pathway in which, the partial degradation of the heterocyclic
piperazine ring was observed (P2, P5, P6) while the fluoroquinolone
core, believed to be responsible for antibacterial activity, was un-
modified. A quinolone transformation also occurred to yield P1 and
P3. The hydroxylation reaction with the parent compound was con-
sidered the third degradation pathway. One monohydroxyl interme-
diate was detected during the photocatalytic degradation of OFX
(P7). The F atom loss due to ipso attack of the hydroxyl radical is pro-
posed as the fourth degradation pathway (P4).

Regarding the AOP-mediated degradation of OFX, little attention
has been paid to identifying its TPs so far, although its photochemical
behavior has been widely investigated. The reaction routes proposed,
although sharing certain similarities, differ from others previously
reported in the literature for OFX and other related FQs with similar
molecular structure as OFX.

The photo-transformation pathway of OFX using UV-photolytic
and UV-heterogeneous photocatalytic treatment was recently pro-
posed by Vasquez et al. (2012). Nine compounds were tentatively
identified as TPs formed during the photolytic and photocatalytic
treatments of OFX aqueous solution. According to this study, two
major pathways were suggested, in which piperazinyl dealkylation
and decarboxylation were considered as major transformation mech-
anisms. Twenty TPs were tentatively identified by UPLC–MS/MS dur-
ing the sonophotocatalytic treatment of OFX spiked in secondary
treated effluent (Hapeshi et al., in press). Piperazinyl dealkylation, hy-
droxylation, demethylation of the piperazinyl ring, decarboxylation,
defluorination, cleavage of OFX molecule and oxidation of hydroxyl
groupswere described asmajor transformationmechanisms. Interest-
ingly, none of the TPs reported in the aforementioned studies were
elucidated herein, indicating that the degradation pathways and the
formation of TPs depend on the type of advanced treatment applied,
even though the processes are driven by the same reactive species,
which is mainly HO•.

Ozonation of the quinolone antibiotic levofloxacin was investigat-
ed by DeWitte et al. (2009) with focus on degradation products iden-
tification. Levofloxacin is the S-(−) form of OFX and it is an active
antimicrobial agent (Okeri and Arhewoh, 2008). Nine levofloxacin
ozonation products were identified indicating degradation at the
piperazinyl substituent (including P2, P5) and the quinolone moiety
(including P3). Degradation at the quinolone moiety resulted in isatin
and anthranilic acid type TPs, probably formed through reaction with
hydroxyl radicals.
P2which corresponds to the partial elimination of the piperazynilic
ring from levofloxacin molecule during the TiO2-photocatalytic degra-
dation was also proposed by An et al. (2010). An et al. (2010) reported
the TiO2-photocatalytic degradation mechanisms for three fluoro-
quinolones (norfloxacin, levofloxacin and lomefloxacin), including the
elimination of piperazine ring, the addition of hydroxyl radical to quin-
olone ring, and the substitution of F atom on the aromatic ring with hy-
droxyl radicals.

Calza et al. (2008) studied the photocatalytic transformation of
OFX and ciprofloxacin, under simulated solar irradiation using TiO2

as photocatalyst. In the OFX molecule, the initial transformation at-
tacks are confined to the piperazinyl moiety and to themethyl groups,
while the fluoroquinolone core remained unmodified. Conversely,
ciprofloxacin degradation involves two parts of the molecule: the
piperazinyl moiety and the quinolone moiety.

3.2.2. Evolution profile of the main TPs in four water matrices
Although exact concentrations of the TPs cannot be determined

accurately without authentic standards, a rudimentary quantification
of the TPs was performed by using a comparison of their correspond-
ing LC–MS peak areas with the peak area recorded for 10 mg L−1 OFX
standard solution. The relative abundance of TPs against the peroxide
consumption in each water matrix is depicted in Fig. 3.

The TPs described above were easily degraded in DW with their
maximum intensity ratios taking place at 2.4 mg L−1 H2O2 as indicat-
ed in Fig. 3(a), and when the consumption of peroxide was equal to
7.2 mg L−1 all the identified TPs have been completely disappeared.
It should be noted that at this peroxide consumption, the maximum
concentration of the carboxylic acids was observed, while almost
30% of the DOC is abated (Fig. 1(a)). By comparing the evolution pro-
files for these TPs, it appears that P3, P4, P5 and P7 are the most
abundant whereas P1 and P2 are the least concentrated products.
P6 was not detected in DW.

The degradation of OFX in SW exhibited different behavior com-
pared to DW. P3 and P7 were the main TPs generated in SW, but, un-
like in DW, they were detected in the solution until the end of the
experiments (12 mg L−1 H2O2) (Fig. 3(b)). P6 on the other hand,
which was not detected in DW, appeared in the first stages of photo-
catalytic process in SW and disappeared at 7.2 mg L−1 H2O2. P4
which resulted from the defluorination reaction mechanism, was
detected at lower intensities compared to DW and remained until
the end of the treatment. The other TPs (P1, P2, P5 and P7) appeared
promptly; at 2.4 mg L−1 H2O2, they reached a maximum concentra-
tion before being gradually degraded at 9.6 mg L−1 H2O2. These re-
sults indicate that differences in the transformation mechanism exist
when OFX is present in SW compared with DW, probably as a conse-
quence of the presence of Cl− and SO4

2− species in the SW matrix.
These results also confirmed the lower DOC removal occurring at the
end of SW experiments (58.3% at 12 mg L−1 H2O2) compared to
that obtained in DW experiments.

The results demonstrate that the formation of the TPs in the matri-
ces of increased complexity (SWWand RE) was inducedwith a slower
rate due to the presence of the high organic and salt content present in
these matrices. As previously discussed in Section 3.1, the presence of
ions and organics at high concentration level in SWW and RE, inhibits
the reaction with hydroxyl radicals thus, affecting the formation/
degradation of the TPs. Furthermore, the presence of natural organic
compounds occurring in SWW and RE can affect the degradation
rate of the target compound and the formation of its TPs. These com-
pounds (such as humic acids, fulvic acids, organic colloids) exhibit
significant iron complexation (or can alter the redox cycling of iron)
and thereby change the formation rate of hydroxyl radicals (Lindsey
and Tarr, 2000). As can be seen in Fig. 3(c) and (d), all the TPs were
detected in the treated samples at high intensities.

It is important to point out that the same TPs were identified inde-
pendently of the composition of water matrix except P6, which was
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Fig. 3. Abundance of the main photo-transformation products of OFX generated during solar Fenton experiments in: (a) DW; (b) SWW; (c) SWW; and (d) RE.
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not formed during the experiments in DW presumably due to the
rapid reactions that took place in the solution.
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3.3. Evaluation of toxicity

Considering the fact that partial mineralization took place in all
the matrices tested, it was necessary to conduct toxicity measure-
ments since more toxic compounds may be formed during the treat-
ment process.

The toxicity assays (V. fischeri, respirometry) were performed in
undiluted samples taken at different stages of the solar Fenton treat-
ment using SWW and RE matrices, as it was considered more realistic
than performing bioassays using DW and SW. The toxicity of OFX solu-
tion on V. fischeri collected at different irradiation times was measured
after 15 and 30 min of incubation. Since there was no difference in in-
hibitory effect for the two exposure times, the data measured after
30 min of exposure are presented. The results are depicted in Fig. 4.

OFX untreated solution (RE spikedwith 10 mg L−1 OFX, 0 mg L−1

H2O2 consumed) caused 33% inhibition of bacteria luminescence
whereas a rapid increase was observed after solar Fenton process
was applied. At 12.0 mg L−1 H2O2 consumption the inhibitionwas ap-
proximately 64%. These results demonstrate that during the evolution
of solar Fenton treatment, solution toxicity increased due to the for-
mation of oxidation products.

Interesting however, was the fact that the inhibition values ob-
served at the OFX treated samples taken from the SWW experiments
were below 7% after 30 min of exposure time (data not shown). The
slight toxicity detected in the latter case, indicates that the toxic effect
on bacteria in the case of RE is attributed to the compounds originally
present in the RE (DOM) and the DOM by-products formed during
the photocatalytic treatment rather than the substrate oxidation
products. Respirometric test was also performed in the same samples
and the results showed similar behavior with those obtained by the
V. fischeri toxicity test in each matrix.

In general, the final treated samples are characterized by higher
toxicity compared to the initial indicating that the oxidation products
formed were moderately toxic for the organism tested. A similar be-
havior for the V. fischeri test was observed in a study of Klamerth
et al. (2010). The authors suggested that the increase in bacteria inhi-
bition during photo-Fenton treatment in RE is attributedmainly to the
generation of other intermediates formed during the oxidation of
organics contained in the RE matrix. In another study, the chronic
growth inhibition to V. fischeri of OFX treated samples after UV/TiO2

photocatalysis was investigated. A significant decrease of the V. fischeri
growth inhibition effect was observed after 8 min of irradiation time
(27 ± 6% of inhibition). A further increase in irradiation to 16 min,
did not lead to any significant reduction in the inhibition indicating
that the formed TPs were not toxic to V. fischeri (Vasquez et al., 2012).

image of Fig.�3
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4. Conclusions

Solar Fenton was demonstrated to be an efficient treatment for
OFX degradation. However, DOC removal was found to be dependent
on the chemical composition of the water matrix. The presence of
salts in SW affected the mineralization rate, suggesting that hydroxyl
radicals generated during the advanced treatment, were scavenged
by the inorganic ions present in the solution. On the other hand,
DOC removal per dose of hydrogen peroxide was lower in the case
of SWW and RE due to the presence of dissolved organic matter and
higher salt content in these matrices that may inhibit the reactions
with the hydroxyl radicals.

The results indicated that the toxicity originates from the DOM
present in RE and its oxidation products (DOM by-products) formed
during the photocatalytic treatment and not from the TPs derived
from the oxidation of OFX.

The transformation of OFX proceeded through the formation of
seven TPs in all the water matrices. Investigations on the TPs sug-
gest that the photocatalytic treatment was proceeding through a de-
fluorination reaction, accompanied by some degree of piperazine
and quinolone substituent transformation while a hydroxylation
mechanism occurred by attack of the photocatalytically generated hy-
droxyl radicals. The formation profile of TPs in the more complex ma-
trices (SWW and RE) exhibited different behavior compared to DW
and SW indicating the adverse effect of the high organic and salt con-
tent present in the SWW and REmatrices in the degradation pathway.
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