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• Solar-Photo-Fenton was employed to de-
grade (fluoro)quinolones mixtures.

• PARAFAC was able of deconvoluting the
overlapping signals from every com-
pound.

• By-products molecular structures can be
tentatively predicted with EEM-
PARAFAC.

• Interaction fluoroquinolone-iron en-
hanced the removal of thiabendazole.
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Commercial (fluoro)quinolones ((F)Qs), ciprofloxacin (CIP), enrofloxacin (ENR), ofloxacin (OFL), oxolinic acid (OA)
and flumequine (FLU) (3 μM each), were degraded with solar-photo-Fenton in a compound parabolic concentrator
photoreactor (total volume 5 L) in ultra-pure water at pH = 5.0, salty water at pH = 5.0, and simulated wastewater
at pH = 5.0 and 7.5. Iron speciation (its hydrolysis and the complexation with (F)Qs 15 μM and/or chlorides
0.5 M) was calculated at pH 5.0, observing, negligible formation of Fe(III)-chloride complexes, and that >99 % of
the total (F)Qs are forming complexes stoichiometry 1:1 with Fe(III) (which also increases the percentage of Fe
(OH)2+), being minoritarian the free antibiotic form. On the other hand, EEM-PARAFAC (fluorescence excitation-
emission matrices-parallel factor analysis) was employed to simultaneously study the behaviour of: i) 4 structure-
related groups corresponding to parent pollutants and slightly oxidised by-products, ENR-like (including CIP), OFL-
like, OA-like, FLU-like; ii) intermediates still showing (F)Q characteristics (exhibiting analogous fluorescent finger-
print to ENR-like one, but shifted to shorter wavelengths); iii) humic-like substances. The scores from the 4
PARAFAC components corresponding to the parent pollutants were plotted vs. accumulated energy, exhibiting slower
decay than their individual removals (measured with HPLC-UV/vis) due to the contribution of the aforementioned by-
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-emissionmatrix; (F)Q, (fluoro)quinolone; OFL, ofloxacin; OA, oxolinic acid; PARAFAC, parallel factor analysis; SW, salty water; SWW,
ater.
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products to the overall fluorescence.Moreover, thiabendazole (TBZ) 3 μMwas added as fluorescence interference. The
presence of (F)Qs greatly enhanced TBZ degradation due to (F)Q-Fe(III) complex formation, keeping iron active at
pH = 5.0 for Fenton process. The EEM-PARAFAC model was able to recognise the former six components plus an
additional one attributable to TBZ-like.
1. Introduction

Antibiotics are the pharmaceuticals with the highest detection
frequency and concentration in receiving waters of the world, especially
quinolones and fluoroquinolones (together denoted as (F)Qs from now
on) (Feng et al., 2018; Gou et al., 2021; Van Doorslaer et al., 2014). In
fact, a median global concentration of 164 μg/L has been reported for the
FQ, ciprofloxacin, in freshwater ecosystems. This is a concentration 2 to 4
orders of magnitude higher than most pharmaceuticals, which is explained
mainly due to the large discharges from Asiatic countries, predominantly
China and India (Hughes et al., 2013). The main concern of these sub-
stances is the likelihood of developing antibiotic-resistant genes and bacte-
ria, which can seriously threaten societies (Delalay et al., 2020; Oliveira
et al., 2020). Particularly in wastewater treatment plants, two characteris-
tics make them a perfect environment for the development of antibiotic
resistances: i) the large bacterial concentration in these effluents per day
and per inhabitant equivalent (109–1012 Colony Forming Units), and ii)
the exposure of the bacterial communities to sub-inhibitory concentrations
of antibiotics. Therefore, it is estimated that approximately 1 % of total
Colony Forming Units will certainly exhibit antibiotic resistance (Rizzo
et al., 2013).

Towardwastewater reclamation, research to address antibiotic environ-
mental impact and the development of their remediation strategies (as well
as for other so-called contaminants of emerging concern, CECs) has
received increasing attention in the last years. Advanced Oxidation
Processes (AOPs)—where highly reactive species, such as hydroxyl radical
(HO•), are generated— arise as a more efficient option compared to the
classical use of chlorine or ozone. AOPs can deal with bio-recalcitrant
organic pollutants and bacterial content and avoid the formation of carcino-
genic disinfection by-products (Nikolaou and Lekkas, 2001; Oturan and
Aaron, 2014). Fenton reaction is a widely known AOP, which is enhanced
by the action of light and is defined as solar-photo-Fenton when using
sunlight (Carra et al., 2014). Different research groups have studied the
application of dark-Fenton and photo-Fenton in the last decade (Bokare
and Choi, 2014; Lin et al., 2022; Pignatello et al., 2006).

Although several articles are studying the degradation of a specific
type of contaminant (such as fluoroquinolones) with, i.e., different
photocatalysts, AOPs or reactors, most of them only focus on the degrada-
tion of the parent pollutant, and not in the formed by-products, and, if
they do so, they employ mass spectrometry, which is expensive and not
frequent within research groups. To overcome this problem, the develop-
ment of methods based on accessible equipment, able to track the pollut-
ants abatement simultaneously (i.e. without a previous separation
method) and in a non-time consuming way, are necessary. In this context,
fluorescence excitation-emission matrices-parallel factor analysis (EEM-
PARAFAC) can be employed. This tool is commonly used for dissolved
organic matter (DOM) characterization and monitoring among wastewater
or drinking water treatment plants (Cui et al., 2022; Shutova et al., 2014;
Xu et al., 2021; Yang et al., 2015).

Basically, a EEM is a three-dimensional plot of fluorescence intensity,
and excitation and emission wavelengths, obtaining a topographic surface
resulting from the different fluorophores present in the sample. Therefore,
each individual fluorophore might have a characteristic fingerprint which
might overlap with the analogous of another compound. In these cases,
mathematical tools, such as PARAFAC, can be employed to deconvolute
the overlapped signals within a EEM into its individual components, thus
unveiling the contribution of each fluorophore (Murphy et al., 2013).
When several species have highly similar fingerprints, they are not
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deconvoluted by the algorithm, being identified as just one component.
This is not necessarily a drawback, as EEM-PARAFAC allows the classifica-
tion of the compounds in families, without needing to identify every single
component, an issue becoming particularly relevant when monitoring
pollutants treatment, as a high number of by-products, with slight
structural differences, might be formed.

Some efforts have been recently devoted to extending the use of EEM-
PARAFAC to follow the degradation/adsorption of CECs (Carabajal et al.,
2017; Sgroi et al., 2017). In this regard, two recent papers have been
reported applying EEM-PARAFAC to study FQs oxidative transformation
(Sciscenko et al., 2021b, 2020); in these works, the EEM were measured
in time-course experiments and processed with PARAFAC, demonstrating
to be a suitable methodology to track: i) the FQs degradation, ii) the gener-
ated by-products formation and elimination kinetics, and iii) major
molecular structural modifications when comparing photolysis against
(photo-)Fenton processes. Most importantly, a good correlation between
PARAFAC component scores (fluorescence intensity) and antibiotic activity
decay was observed, indicating that this methodology could be a fast
approach to estimate when the fluorescent CECs reactive site —the
environmentally relevant moiety to eliminate— is oxidised. However, the
aforementioned published works are still far away from demonstrating
the real applicability of this procedure since the studied systems were
relatively simple: high pollutant concentrations (10–25 mg/L), acidic
conditions (pH = 3, optimal for Fenton-based processes, but far away
from real wastewater effluents), absence of other water constituents (e.g.
DOM, carbonates or phosphates) and with experiments carried out at
laboratory scale using lamps as irradiation source.

As a logical step forward, in this work we employed a more complex sys-
tem to test the aforementioned methodology, using a mixture of a higher
number of contaminants, at concentrations closer to that of real effluents, dis-
solved in different water matrices also containing fluorescence interferences
(e.g. DOM and other fluorescent CEC) and performing the experiments at
pilot plant scale with real sunlight. Accordingly, a mixture of 5 (F)Q-antibi-
otics, ofloxacin (OFL), ciprofloxacin (CIP), enrofloxacin (ENR), oxolinic acid
(OA) andflumequine (FLU), was employed; these compounds have been cho-
sen as they are typically found in wastewater treatment plant effluents
(Ezzariai et al., 2018; Ormeno-Cano and Radjenovic, 2022; Van Doorslaer
et al., 2014) and their EEM fingerprints are expected to be similar, thus, chal-
lenging to deconvolute. In addition, different water matrices were tested:
ultra-pure water (MQ), simulated wastewater (SWW) and salty water (SW).
In particular, the latter is relevant to studying the effect of high concentration
of chlorides (>1 g/L), present in wastewater effluents with industrial inputs
(Grebel et al., 2010), retentates from nanofiltration systems (Salmerón
et al., 2021) or ballast water (Moreno-Andrés et al., 2019); we employed
30 g/L of NaCl as SW,mainly focused on seawater due to the high occurrence
of (F)Qs in marine environments linked to direct discharge when used in fish
farms (Lu et al., 2020; Rusu et al., 2015). Then an additional interference,
thiabendazole (TBZ), was added to the system to test the ability of
PARAFAC to detect and identify plausible strong non-calibrated substances.
The studied process has been solar-photo-Fenton, scaled-up to pilot plant
and with relatively low concentrations of pollutants.

2. Experimental

2.1. Reagents

Thiabendazole (TBZ), flumequine (FLU), oxolinic acid (OA), ofloxacin
(OFL), enrofloxacin (ENR) and ciprofloxacin (CIP) (molecular structures
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shown in Fig. 1) high purity (>99 %), gum Arabic, lignin sulphonic acid
sodium, peptone, and humic acid substances were purchased from Sigma-
Aldrich. Beef extract from Bovril. FeSO4·7H2O, H2O2 (33 % w/v),
NaHCO3, NaCl, (NH4)2SO4, NaOH, acetic acid (96%), 1,10-phenanthroline
1-hydrate, H2SO4 (96 %), and UHPLC grade methanol and acetonitrile,
were obtained from AppliChem-Panreac. Ammonium acetate, K2HPO4,
MgSO4·7H2O, CaSO4·2H2O and ascorbic acid were purchased from
Scharlau, and formic acid (80 %) from VWR Chemicals. Ultra-pure water
(MQ) was prepared with a Merck Milli-Q system. FLU, OA, OFL, ENR and
CIP 300 μM stock solutions were prepared in basic media and TBZ
300 μM in acidic media. All the solutions were stable when preserved in
the dark, and no hydrolysis was observed.

2.2. Degradation experiments

Degradation of the 5 (F)Qs mixture was performed with solar-photo-
Fenton in a tubular pilot plant based on a CPC (Compound Parabolic
Concentrator) reactor (Solardetox Acadus-2001) described in detail
elsewhere (Malato et al., 2009; Soler et al., 2011). It consists of four borosil-
icate tubes with total irradiated area of 0.26 m2, two aluminum parabolic
surfaces to concentrate the sunlight in each tube axis, and supported in a
platform tilted 30° with the horizon. The plant was always oriented to the
South, and it was located in Alcoy (East of Spain). For each experiment,
the plant was loadedwith 5 L of solution containing 3 μMof each antibiotic
which was constantly recirculated through the tubes. Accumulated energy
(QUV) was used as variable to plot degradation kinetics, which is calculated
by Eq. (1) (Prieto-Rodríguez et al., 2013):

QUV;n ¼ QUV;n−1 þ ΔtIUV
Ai

VT
ð1Þ

where Δt (s) is the experimental time, IUV (W/m2) the ultraviolet radiation
(measured with a radiometer, Acadus 85, placed on top of the pilot plant),
Ai (m2) the irradiated surface and VT (L) the total volume.
Fig. 1.Molecular structures from the employed contaminants.
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Experiments were carried out employing the following matrices:
i) ultra-pure water (MQ), ii) saline water, consisting of 30 g/L of NaCl in
MQ (SW), and iii) simulated wastewater (SWW) prepared from MQ by
adding the constituents shown in Table S1 (Michael et al., 2013). The initial
pH was adjusted to 5.0 by the addition of diluted sulfuric acid; this pH is
commonly employed for photo-Fenton under mild conditions (Gomis
et al., 2015a). An additional experiment has been conducted in SWWwith-
out pH adjustment (ca. 7.5). Then, 100 μM of iron (as FeSO4·7H2O) was
added and consecutive additions of 5mg/L of H2O2were done at the begin-
ning of the reaction and every 25 min. These are typical Fenton reagents
concentrations employed in analogous works (Gomis et al., 2015b;
Sciscenko et al., 2020). Experiments were carried out for 2 h, and samples
were periodically taken to be analysed. Blank experiments, dark-Fenton,
sunlight alone (with and without iron 100 μM) and H2O2-sunlight, were
also performed in MQ at pH 5.0, and the respective results are shown in
the Supporting Information, Fig. S1.

On the other hand, although several works that analyse the degradation
of (F)Qs (Gou et al., 2021) (or other CECs able to chelate and, or even also re-
duce Fe(III)—such as phenolic compounds (Moreno-Andrés et al., 2021)—),
the interaction iron-(F)Q is usually neglected, leading to plausible data
misinterpretations, as it has been stated in a previous study (Sciscenko
et al., 2021a). Therefore, we also decided to evaluate if the coexistence
iron-(F)Q can enhance the degradation of a recalcitrant pollutant, choosing
thiabendazole (TBZ) as probe CEC. TBZ is also fluorescent, thus being later
on evaluated as a non-calibrated interference during PARAFAC modelling
(differently from (F)Qs individual standards solutions, the individual TBZ
solutions were not included into the dataset). In order to avoid the photolysis
contribution, three dark-Fenton experiments in MQ at pH 5.0 were per-
formed, one consisting of the aforementioned antibiotics mixture (ENR,
OFL, CIP, OA and FLU, 3 μM each), another containing the 5 (F)Qs plus
TBZ 3 μM, and TBZ 3 μMalone. The concentration of initial ironwas reduced
to 15 μM (1:1 stoichiometry respect to total (F)Qs), to obtain slower degrada-
tions (when employing [Fe(II)]0 = 100 μM the desired effect was not ob-
served due to iron excess). H2O2 addition rate of 5 mg/L each 25 min was
kept as in solar-photo-Fenton experiments. The experiment was carried out
in an open batch reactor containing 250 mL of testing solution and agitated
with magnetic stirring, taking samples at different time intervals for 2 h.
The reasons for changing to laboratory scale for these experiments were
because removal kinetics results with dark-Fenton at laboratory and CPC
reactor did not differ significantly, the sampling process was easier, and the
assays required a lower volume of solution.
2.3. Sample preparation

Samples were always filtered with 0.45 μm PTFE filters (Chromafil
Xtra). For HPLC measurements, methanol (final concentration 2.5 M)
was added to the samples to stop the Fenton reaction due to H2O2

excess. On the other hand, for fluorescence spectroscopy determina-
tions, addition of acetate/acetic acid buffer (pH = 4.5) was employed
(final concentration 1.5 M of acetate + acetic acid), not only to stop
the Fenton reaction, but also to keep similar measuring conditions
between the different water matrices and reaction time-interval
samples. It is widely reported that (F)Qs fluorescence is strongly pH
dependent, having higher intensities in the pH range between 3 and 5
(Albini and Monti, 2003).

Since (F)Qs fluorescence can be quenched by Fe(III) (Sciscenko et al.,
2021b), a comparison of EEM-PARAFAC models and score values obtained
from samples also removing the iron (previous the EEM measurements),
was performed. Differences between EEM fingerprints shapes, their maxi-
mum locations, scores initial values and respective kinetics trends, before
and after iron removal, were negligible. However, samples were submitted
to a pre-treatment to ensure complete iron elimination: pH was adjusted to
pH 11, with NaOH 1 M, and filtered with the PTFE 0.45 μm filters; after-
wards, the acetate/acetic acid buffer was added to reach the desired pH
of 4.5.
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2.4. Chemical analysis

Pollutants removal ((F)Qs and TBZ when present) were determined by
HPLC analysis using a Hitachi Chromaster apparatus with a UV/Vis detec-
tor (model 5420) employing a C18 Machery-Nagel column Nucleodur-π2
(250mm×2mm, 5 μm). Themobile phase flowwas 0.25mL/min, consti-
tuted by formic acid, acetonitrile and methanol, 80:7.5:12.5 (in %v/v),
respectively, for the first 42 min in isocratic mode, and changing with
gradient elution up to 20:50:30 until 70 min. TBZ, CIP, OFL and ENR
were measured following the absorbance at 285 nm, whereas for FLU and
OA 250 nm was used.

EEMs were measured in a Horiba PTI Quanta Master 400 spectrofluo-
rometer, equipped with a Xe arc lamp, employing an excitation range of
250–400 nm (recorded with 5 nm intervals), and emission range from
300 to 600 nm (recorded within 2.5 nm intervals). Absorbance spectrums
for inner filter effect corrections were measured with a Hitachi-UH5300
spectrophotometer. The same device was used to measure total iron and
H2O2 concentrations based on ISO 6332:1988 standard method and the
work of Nogueira et al. (2005), respectively.

PARAFAC modelling was performed with MATLAB 2020a, with the
graphical user interface EEMlab developed in previous work (Micó et al.,
2019). The dataset, which also included 3 EEM of each single (F)Q in con-
centrations from0.5 to 3 μM, consisted of 127 absorbance spectra and EEM,
respectively, as well as 14 blanks and 14 water Raman signals at 350 nm,
the latter for intensity standardisation (Lawaetz and Stedmon, 2009).
During the model preprocessing, 9 EEM were eliminated due to negligible
fluorescence signal; primary Rayleigh scatter band was corrected with
missing values, secondary Rayleigh, and both Raman scatter bands, were
handled by interpolation; the emission axis was resized to 330–600 nm
range. EEMs were always normalized to their total signal prior PARAFAC
analysis, so that all fluorophores contained comparable weighting. Once
the best model was chosen—that one containing all the components corre-
sponding to parent pollutants and interferences, always keeping the chem-
ical consistency—, normalization was reversed. For further details about
EEM-PARAFAC processing steps and fundamentals, information can be
found elsewhere (Bro, 1997; Murphy et al., 2013; Sciscenko et al., 2022).

For the dark-Fenton experiment, samples containing the 5 (F)Qs and the
TBZ, the respective EEMwere included in the aforementioned dataset, and
PARAFACmodelling was carried out again. These samples were previously
diluted by 1:3 factor due to the higher fluorescence quantum yield of TBZ.
Differently from the (F)Qs, the EEM of TBZ standard solution was not
uploaded into the dataset in order to be considered as a fluorescence inter-
ference. In this sense, SWW was never employed as blank, and its fluores-
cent DOM was an intrinsic interference as well.

2.5. Fe(III) speciation in ultra-pure and salty water

Due to the plausible formed complexes, a calculation based on
published reported stability constants for ferric ions was carried out, as
the efficiency of photo-Fenton is limited by Fe(III) reduction that is in
turn ruled by its complexation. Calculations were performed employing
MATLAB 2020a through “vpasolve” function (“MATLAB vpasolve”, n.d.).
Studied water matrices were MQ and SW, both at pH 5.0 containing 100
μM of Fe(III), with and without the 15 μM of total (F)Qs. Since the pH
was 5.0, which is below the first pKa of the employed (F)Qs (see pKa values
in Table S2), the antibiotics were expressed in their cationic form (HFQ+),
which is relevant for selecting the appropriate stability constants values.

The equilibrium concentrations were calculated employing the respec-
tive accumulative stability constants, βi, (Eq. (2)), and the respective mass
balances (Eqs. (3) and (4) for total Fe(III) and ligands, respectively):

βi ¼
FexLy3x−ym� �

Fe3þ
� �x Lm½ �y ð2Þ

Fetotal½ � ¼ Fe3þ
� �þ

X
x βi Fe3þ

� �x Lm½ �y ð3Þ
4

Ltotal½ � ¼ Lm½ � þ
X

y βi Fe3þ
� �x Lm½ �y ð4Þ

where y and m are the stoichiometry and charge number, respectively, of
the ligand L (i.e. OH−, Cl− or HFQ+), and x is the stoichiometry number
of Fe3+ in the complex. Employed stability constants were: logβ(Fe
(OH)2+) = −2.19 and −2.79 (according to ionic strength, values at MQ
and SW, respectively); logβ(Fe(OH)2+) = −5.67 and −6.57 (MQ and
SW, respectively); logβ(FeCl2+) = 0.59; logβ(FeCl2+) = 0.62;
logβ(FeHFQ4+) = 18; logβ(Fe(HFQ)25+) = 27; logβ(Fe(HFQ)36+) = 39.
Equilibrium constant values from Fe(III) hydrolysis, and of FeCl2+ and
FeCl2+ formation, were obtained from De Laat and Le (2006), whereas the
ones for Fe(III)-(F)Qs complexes (estimated as an average) from Urbaniak
and Kokot (2009).

3. Results and discussion

3.1. Water matrix effect: individual pollutants behaviour

Fast degradation, with comparable degradation rates, was obtained for
all 5 pollutants in MQ, reaching 90 % removal with an QUV = 2.5 kJ/L
(Fig. 2A). Although the solar photo-Fenton process at pH 5.0 in MQ is
usually slow due to iron precipitation, in the case of (F)Qs, Fenton-type
processes are reported to be fast even at circumneutral conditions because
of their ability to chelate Fe(III), forming photoactive complexes
(Sciscenko et al., 2021a). Although Fe(II) complexes are less stable, they
were described for some (F)Qs (Turel, 2002), and their formation, together
with respective complexes formed with oxidation by-products, should not
be ruled out.Moreover, despite their markedly different photolytic stability
(discussed below), quinolones and FQs have comparable kinetic rate
constants with HO• (An et al., 2010; Ge et al., 2015; Zhang et al., 2019).
Since HO• generation is favoured in solar-photo-Fenton, this radical is
expected to be the key reactive specie, and thus, similar removal rates are
obtained, independently from the FQs chemical structure (Sciscenko
et al., 2021b).

Blank experiments (degradation by sunlight alone, with and without
iron, sunlight with H2O2 additions, and dark-Fenton) were also carried
out in MQ pH 5.0 (see Fig. S1). The obtained photolytic degradation rate,
OA ≥ FLU > OFL ≫ ENR = CIP (Fig. S1A), is in agreement with other
works (Ge et al., 2015; Pouliquen et al., 2007; Zhang et al., 2019), corre-
lated with the fact that the photolysis is dependent on the heterocycle elec-
trophilicity, and that the absence of piperazine ring (reactive site) for FLU
and OA, stabilises the molecule (Albini and Monti, 2003; Zhang and
Huang, 2005). Interestingly, photolysis trends were changed in the pres-
ence of iron 100 μM (Fig. S1B), observing photolytic hindering for ENR
and CIP, and enhancement of the less photolabile ones, OA, FLU and OFL
(Fig. S1B), which is attributable to the different photostabilities of the
formed (F)Qs-Fe(III) complexes (Hubicka et al., 2012; Sciscenko et al.,
2021a; Serna-galvis et al., 2021). Hydrogen peroxide addition slightly
accelerated (F)Qs removal rates (Fig. S1C), but the fastest kinetics were
reached with dark-Fenton (Fig. S1D). However, these processes were
clearly less efficient than solar-photo-Fenton: only 2.5 kJ/L —approxi-
mately 20min treatment—were needed to reach nearly complete pollutant
abatement, whereas for dark-Fenton, 120 min were required.

When changing the water matrix to SW pH 5.0, degradations were
slower than with MQ and differences among pollutants removal rates
could be observed: OA and FLU were the most recalcitrant, showing 75 %
and 68 % removal with QUV ≈ 3.75 kJ/L, respectively, whereas for OFL
was 87 %, and ENR and CIP was >95 % for the same dose of irradiation
(Fig. 2B). The stability trend (OA/FLU > OFL > ENR/CIP) is consistent
with the photolytic stability observed during the aforementioned photolysis
experiment (Fig. S1A). This change in the trend compared with MQ is
attributable to a less favoured generation of HO• by the photo-Fenton
process, which results in a higher relative contribution of photolysis.

The lower efficiency of solar-photo-Fenton in SWmight be attributed to
HO• scavenging by Cl− (at pH 5.0, approximately 1 × 105 M−1 s−1

(Von Gunten, 2003)), and/or the formation of ferric-chloride complexes



Fig. 2. Removal of (F)Qs, 3 μM each, by solar photo-Fenton ([Fe(II)]0 = 100 μM and additions of [H2O2]= 5mg/L every 25min) in the different water matrices: A) MQ pH
5.0; B) SW pH 5.0; C) SWW pH 5.0; D) SWW natural pH = 7.5. Degradation expressed as normalized concentration (C/C0) decay.
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(FeCl2+ and FeCl2+), which inhibit the Fenton-like step (Machulek et al.,
2007). In order to confirm these hypotheses, iron speciation was calculated
for 4 conditions: 100 μM of Fe(III) at pH 5.0, in MQ and SW, in the absence
and the presence of the (F)Qs 15 μM (see Fig. 3). Interestingly, the single
effect of 0.5 M of Cl− increases the Fe(OH)2+ (a photoactive specie
(Pignatello et al., 2006)) fraction in SWwith respect toMQ, but the concen-
tration of Fe(III)-chloride complexes is negligible (see Fig. 3A and B), there-
fore, no Fenton-like step inhibition is happening. When (F)Qs are present in
MQ, 15 % of total iron is forming a 1:1 stoichiometry complex with the
antibiotics, which involves that >99 % of the added pollutants are
complexed with Fe(III). Interestingly, Fe(OH)2+ concentration is also
higher when (F)Qs are present than when they are not (compare Fig. 3A
and C). Since the fraction of FeCl2+ and FeCl2+ is negligible at pH 5.0, the
results for the solutions containing (F)Qs in MQ or SW are analogous (see
Fig. 3C and D) in both with comparable Fe(OH)2+ percentages. In conclu-
sion, the above-mentioned photo-Fenton efficiency loss in SW should be
primarily attributed to the HO• scavenging role by chlorides.

In the case of SWW pH 5.0, comparable to MQ, the 5 (F)Qs exhibited
similar degradation rates butwere slightly slower than the latter, with over-
all 80 % degradation with QUV = 2.5 kJ/L. In SWW we shall consider, on
the one hand, the effect of DOM, and on the other, the presence of inorganic
salts, in particular, phosphates (at pH 5.0, carbonate and bicarbonate con-
centrations are low), whichmight produce a certain grade of Fenton inhibi-
tion due to the formation of insoluble iron-phosphates salts (Pignatello
et al., 2006). DOM plays an ambivalent role, acting as: i) HO• quencher
and produce inner filter effect, thus decreasing the (F)Qs degradation pro-
duced by solar-photo-Fenton and photolysis; ii) photosensitiser (enhancing
indirect photolysis by reactive oxygen species generation), as well as a
chelating agent of iron, therefore, extending the pH-range where Fenton
reaction is efficient (Gomis et al., 2014; Niu et al., 2016).
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Finally, the experiment with SWWwas run at unmodified pH (7.5–7.8).
In this medium, Fenton inactivation via the formation of iron oxides and/or
hydroxides becomes critical, resulting in a worse process performance.
Moreover, besides the phosphates effect, the presence of (bi)carbonates at
this pH shall play a markedly negative influence due to HO• quenching
(1 × 107–1 × 108 M−1 s−1 (Buxton et al., 1988)). In spite of these issues,
a significant degree of degradation was observed, being at QUV≈ 7.5 kJ/L,
75% removal for ENR andCIP, 50% forOA, 40% for FLU and 25% forOFL
(Fig. 2D). General trends in reactivity described for SW are here observed,
except for OFL, which suffered the slowest degradation, most probably
due to different interactions of this compound (which shows the highest
polarity) with the matrix constituents, such as cations or organic matter
(Cuprys et al., 2018).

3.2. Selection of the PARAFAC model

The normalized EEM for each (F)Qwas measured (Fig. 4A). The observ-
able fluorescence maxima were as follows: ENR and CIP, with practically
identical fingerprints, at λex = 273 nm and λem = 450 nm, excitation
and emission wavelengths, respectively; OFL with λex = 295 nm and
λem = 510 nm; OA with λex ≤ 250 nm and λem = 375 nm; FLU with
λex≤ 250 nm and λem= 360 nm. In Fig. S2 some of the recorded normal-
ized EEM shape changes during solar-photo-Fenton in different water
matrices are shown as examples.

A 6-component PARAFAC model was chosen as the best to describe the
whole dataset. As shown in Fig. 4B, components C2, C3 and C4 perfectly fit
with the fingerprints of OFL, OA and FLU, respectively. On the other hand,
component C1 fits with the one of ENR and CIP, due to their analogous
EEM. In this sense, the aforementioned components will also consider
fluorescence intensity coming from generated by-products with similar



Fig. 3. Estimation of Fe(III) 100 μM speciation at pH 5.0 in. A) ultra-pure water (MQ); B) salty water (SW); C) MQ with (F)Qs; D) SW with (F)Qs.
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EEM fingerprints to the parent pollutants (e.g. due to slight structural
changes, such as a hydroxylation or an alkyl moiety cleavage). In fact, CIP
is reported as a major photoproduct of ENR (Sciscenko et al., 2021a;
Snowberger et al., 2016). For this reason, C1 gathers each ENR-like species,
C2 the OFL-like family, C3 the OA-like and C4 the FLU-like.

The other two components, X1 and X2, belong to non-calibrated
substances. By comparison with C1, X1 (fluorescence maximum at
λex = 270 nm and λem = 435 nm) might be assigned to transformation
products with comparable molecular structures to ENR and CIP. In fact,
X1 component was also detected in a previous work while degrading
ENR alone with photo-Fenton employing simulated sunlight (Sciscenko
et al., 2020). On the other hand, transformation products emitting within
the X2 region exhibit its excitation maximum at wavelengths <250 nm
and emission at 460 nm, which might represent deeper structural changes,
a component also found in previous studies (Sciscenko et al., 2021b, 2020).
In addition, humic-like substances, only present in SWW, emit in the region
contained in X2 and thus, are included in this component (Henderson et al.,
2009; Murphy et al., 2011).

Considering only the EEM from pure standards (Fig. 4A) at different
concentrations (0.5 to 3 μM), calibration curves were obtained for each
antibiotic (plot of scores vs. concentration); results can be found in
Table 1. Detection limits, clearly below 0.5 μM, were obtained in all
cases. Differences among (F)Qs fluorescence quantum yields can also be
observed by the obtained sensitivities (calibration curves slopes), the
6

lowest being for FLU with 8.9 ± 0.2 μM−1 and the highest for ENR with
37.6 ± 0.8 μM−1, in line with other works (Albini and Monti, 2003).

3.3. PARAFAC components trends

Scores (i.e. fluorescence intensity (Murphy et al., 2013)) from compo-
nents C1–C4 were plotted vs. QUV for each treatment, being normalized
by their value at QUV = 0 kJ/L (Fig. 5), allowing to observe the behaviour
of ENR-like, OA-like, OFL-like and FLU-like throughout the processes.

A comparison between Fig. 5 and Fig. 2 indicates that the total fluores-
cence trends are in line with the previously observed degradation rates,
being: MQ (pH = 5.0) > SWW (pH = 5.0) > SW (pH = 5.0) > SWW
(pH= 7.5). As expected, scores from C1–C4 components exhibited slightly
slower decay than the pollutants individual chromatographic areas due to
the contribution of by-products to the overall fluorescence. For instance,
FLU-like (C4) had a decay of 80 % with QUV = 2.5 kJ/L in MQ (Fig. 5A),
whereas FLU removal was 90 % with the same QUV according to the
HPLC-UV/vis measurements (Fig. 2A).

Interestingly in SW (Fig. 5B), most of the fluorescent generated by-
products can be labelled as OA-like, in agreement with the QUV-profile of
C3 component: a fast decay in the early stages of the process (also observed
for the other 3 components due to the fast Fenton step) followed by a
plateau behaviour. As OA is efficiently removed by photo-Fenton
(Fig. 2B), the existence of the plateau region could only be explained if



Fig. 4. A) Normalized EEM from the (F)Qs individual standard solutions; B) PARAFAC 6-component model: parent pollutants fingerprints (components C1 to C4), and
detected interferences (components X1 and X2).
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some of the generated by-products have their fluorescence emission within
OA-likefingerprint. Although the nature of these components could only be
unequivocally determined by HPLC-MS analysis, which is beyond the aim
of this work, it can be hypothesised that substitution of fluorides and piper-
azine moieties by hydroxyl groups could occur in initial steps of the oxida-
tive process, to give molecular structures more similar to OA (see Fig. 1).
Contribution from chlorinated by-products should not be disregarded
(reported second-order rate constants for (F)Qs are significant, being
approximately 1 × 1010 M−1 s−1 with Cl• and 2 × 108 M−1 s−1 with
Cl2�� (Lei et al., 2019)).

For SWW at pH 5.0, PARAFAC components scores (Fig. 5C) showed the
same trend as the observed for the individual pollutants. However, at pH
7.5, most of the generated by-products are ENR-like, since ENR and CIP
removals were 80 %, respectively, with QUV ≈ 7.5 kJ/L (see Fig. 2D),
whereas C1 score-values only exhibited a 30 % decay in the same period
(Fig. 5D). Following the explanation given for SW, accumulation of ENR-
like by-products indicate the deficient destruction of the molecule, indicat-
ing that in this case, fluoride and piperazine might remain in the by-
Table 1
Least squares regressions employing the obtained 6-component PARAFACmodel to
measure the scores from (F)Qs standard solutions.

Compound Slope (μM−1) Detection limit (μM)

ENR 37.6 ± 0.8 0.23 ± 0.03
CIP 21.4 ± 0.6 0.02 ± 0.05
OFL 33.3 ± 0.6 0.10 ± 0.03
OA 20.5 ± 0.4 0.10 ± 0.05
FLU 8.9 ± 0.2 0.2 ± 0.4
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products structure, in line with the lower efficiency of photo-Fenton in
these conditions.

The scores from components X1 and X2 were also plotted (Fig. 6). X1
appeared in each water matrix, showing a kinetic behaviour that can be
associated with reaction intermediates: an initial increase followed by a
subsequent decrease (Fig. 6A). In agreement with slower degradation kinet-
ics, X1 accumulation was higher in SWWpH7.5 than at pH 5.0; one can see
that at QUV=3 kJ/L, X1's score values in SWWnatural pHwere the double
than the ones at pH 5.0. Moreover, although straight comparisons cannot
be made among fluorescent behaviors within different water matrices, at
pH 5.0, the persistence of X1 in MQ was shorter than in SWW, and the
highest accumulation was observed in SW, with a notablemaximumwithin
the first QUV-values. As previously mentioned, intermediates in SW could
also be chlorinated compounds.

When analysing X2 scores (Fig. 6B), for initial samples (QUV= 0 kJ/L),
it was negligible in MQ and SW, but significant in SWW at both pH. As
discussed in the previous section, this is attributable to the presence of
humic-like substances, whose signal is included in X2 fingerprint. In agree-
ment with this, X2-scores followed a “by-product behaviour” only in MQ
and SW (an initial increase and then a decrease), whereas in SWW, the
trends were more complex: a first fast decay, due to DOM removal, with a
subsequent increase due to oxidation intermediates formation. The final
fluorescence of X2 was four times higher in SWW pH 7.5 than at pH 5.0,
in line with the faster degradation kinetics for the latter.

3.4. Thiabendazole degradation in presence of (fluoro)quinolones

In order to go further into the complexity of the system, an extra CEC,
namely thiabendazole (TBZ), was added to the system. As explained in



Fig. 5. Normalized scores behaviour from the PARAFAC components, ENR-like, OFL-like, OA-like and FLU-like, during the removal of (F)Qs, 3 μM each, by solar photo-
Fenton ([Fe(II)]0 = 100 μM and additions of [H2O2] = 5 mg/L every 25 min) in: A) MQ pH 5.0; B) SW pH 5.0; C) SWW pH 5.0; D) SWW natural pH (≈7.5).
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Section 2.2, the solution consisted of all 5 (F)Qs (each at 3 μM concentra-
tion), TBZ (also 3 μM), 15 μM of initial Fe(II), pH = 5.0 and the additions
of 5 mg/L of H2O2 every 25 min. For the sake of comparison, the reaction
was performed under the same conditions in the absence of (F)Qs, and a
control experiment only containing the (F)Qs mixture (without TBZ).
Dark-Fentonwas employed in order to avoid the effect of pollutants photol-
ysis and obtain slower reactions, which allows a more accurate analysis.

TBZ removalwas>90% in 120min in the presence of (F)Qs, but only of
50 % in its absence (Fig. 7). These results indicate that in order to compen-
sate the competitive role of (F)Qs for the reactive species, an enhancement
of the Fenton system must occur, attributable to the formation of stable Fe
Fig. 6. Scores behaviour from the PARAFAC components corresponding to non-ca
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(III)-FQ complexes (Efthimiadou et al., 2008; Sciscenko et al., 2021a),
which is evidenced with the initial and final concentrations of dissolved
total iron in each case: in the presence of (F)Qs, the initial concentration
of total iron was 15.1 μM whereas without them was 9.6 μM; after the 2 h
of treatment, the respective final concentrations were 7.3 and 1.3 μM,
indicating that formed by-products from (F)Qs shall chelate iron as well.
Moreover, besides keeping iron dissolved at pH 5.0, (F)Qs might also help
to accelerate Fe(III) reduction, which is the limiting step of the Fenton reac-
tion. This result is certainly of interest when studying the fate of complex
mixtures of CECs in the presence of (F)Qs with Fenton-related processes
(at least with comparable concentrations to the ones in this work).
librated substances, A) X1 and B) X2, in the different studied water matrices.



Fig. 7.Dark-Fenton treatment of TBZ 3 μM inMQ at pH 5.0, employing 15 μMof Fe
(II) and 5 mg/L each 25 min dosage of H2O2, in absence and presence of the (F)Qs
mixture (OFL, CIP, ENR,OA and FLU, each in concentration of 3 μM). Inserted in the
figure, a table with initial and final total iron concentrations for each case.
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The EEM resulting from the reactions containing (F)Qs and TBZ were
included in the dataset in order to test if TBZ fingerprint is deconvoluted
without interfering with the previously obtained components. Differently
from the (F)Qs, it has to be remarked that TBZ was not calibrated, as EEM
of TBZ standard solutions or TBZ individual degradation were not
introduced into the dataset. Interestingly, a 7-component PARAFAC
model was obtained now, which consists of C1–C4, X1 and X2, plus the
one corresponding to TBZ-like substances (Fig. 8).

Accordingly, scores time-variation during the dark-Fenton reaction is
represented in Fig. 9A. Expected trends were obtained: decreases of ENR,
Fig. 8. PARAFACmodel of 7 components by adding the EEM from dark-Fenton degrada
standard solution is also given for comparison with TBZ-like component, but it was not
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OFL, OA and FLU-like components could still be observed, but also for the
TBZ-like component, and an increase for X1 with a subsequent plateau. X2
scores were only appreciated at the end of the reaction. These results
mean that the EEM-PARAFAC can be a useful tool tomonitor the behaviour
of pollutants, grouped by structural similarity, at low concentrations and
even in the presence of unidentified species, in this case, TBZ (water matrix
strong interference) and released by-products (X1 and X2).

The same PARAFAC model was employed to measure the scores trend
of the control experiment (analogous dark-Fenton of (F)Qs alone without
the TBZ), results shown in Fig. 9B. Comparing Fig. 9A and B, we can
mention that in the last case: i) scores from the C1–C4 exhibited faster
decay (negligible fluorescence after 60 min), ii) X1 scores reached a
lower maximum with a subsequent decay after 15 min instead of a plateau,
and iii) as a proof of goodmodelling, TBZ-like scores were zero in the initial
sample, and no by-products emitting within TBZ-like fingerprint are
formed. These results are in agreement with the fact that in the control
experiment, there is no TBZ competing for HO•, therefore, (F)Qs are con-
sumed faster and the formed by-products exhibit a shorter persistence.
4. Conclusions

Amethodology based on fluorescence has been tested to study the treat-
ment of a (F)Qmixture by (photo-)Fenton processes in diverse aqueousma-
trices and at a CPC pilot plant. Despite the high similarity of the pollutants
molecular structures, EEM fingerprints from four of them were
deconvoluted. This allowed gathering (F)Qs and interferences within a 6
component PARAFAC model: ENR-like species (also including CIP), OFL-
like, OA-like, FLU-like, and two families of by-products, one still showing
quinolonic characteristics (X1), and another associated to DOM (present
in SWW) plus another oxidised substances (X2). When an additional specie
was added (TBZ), besides the aforementioned components, PARAFAC was
able to add a TBZ-like component as well. This proves that only with an
affordable instrumentation, an improved monitoring of the process can be
reached when compared with routine chromatographic tools. This could
be a keyfinding in order to develop a low-costmethodology for the analysis
of selected CECs without calibration in real effluents.

The EEM-PARAFAC methodology could be extrapolated to other
research fields studying (F)Qs (photo)chemical processes, such as medicine
or fine chemistry, as well as for the analysis of other fluorescent CECs. In
this context, for pollutants exhibiting higher fluorescence quantum yield
tion of TBZ 3 μM in presence of the 5 (F)Qs to the previous dataset. The EEM of TBZ
introduced in the dataset.



Fig. 9.Normalized scores during dark-Fenton treatment ([Fe(II)]0= 15 μM and additions of 5 mg/L of H2O2 every 25min) employing EEM-PARAFACmodel containing the
TBZ-like component for the solutions: A) (F)Qs 15 μMwith TBZ 3 μM;B) (F)Qs 15 μM. Inserted in each graph, the respective scores trends from the interferences, TBZ-like, X1
and X2.
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than (F)Qs, detection limits within the ng/L–μg/L range should be easily
achieved, as it was of a few μg/L for these antibiotics.

The solar photo-Fenton treatment of the (F)Qs mixture is clearly ruled
by iron complexation. In conditions favoring efficient HO• generation
(MQ and SWW at pH 5.0), similar removal rates were observed for all 5
compounds, photolysis contribution only becoming more important when
the HO• scavenging is significant (SW at pH 5.0 and SWW at pH 7.5). In
addition, the (F)Q-Fe(III) can play a major role in (photo-)Fenton processes
at pH= 5, as shown by the enhanced TBZ removal in the presence of these
antibiotics. This is an important result of plausible cross-effect between
CECs when they are treated by Fenton-related systems. Moreover, iron
speciation calculations at different pH values, presence of ligands, such as
dissolved organic matter, CECs or anions, could be of interest to predict
and/or explain the efficiency of a photo-Fenton treatment (i.e. analysing
the change in concentration of FeOH2+ and fraction of chelated iron).

Finally, in order to verify the hypothesis made in this work (formation
of by-productswith double hydroxylation replacingfluoride and piperazine
ring, as well as plausible chloride addition to quinolonic ring in the case of
SW) correlating EEM-PARAFAC with mass spectrometry is certainly an
interesting task to perform in future work to fully understand the advan-
tages and weaknesses that this multivariate analysis approach has.
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