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� Enrofloxacin-Fe(III) complex was
formed and photolysed.

� Photolytic rate constants and photo-
product formation, were pH and iron
dependent.

� The effects of dissolved oxygen and
H2O2 addition were explored.

� Iron complexation notably dimin-
ished enrofloxacin photodegradation.
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a b s t r a c t

Enrofloxacin (ENR) belongs to the fluoroquinolone (FQ) antibiotics family, which are contaminants of
emerging concern frequently found in effluents. Although many works studying photo-Fenton process
for FQ degradation have been reported, there are no reports analysing in deep the effect of iron
complexation, as well as other metals, towards FQs’ photolysis, which, evidently, also contributes in the
overall degradation of the pollutant. Therefore, in this work, we report a comparative study between the
photochemical fate of ENR and its complex with Fe(III) under simulated sunlight irradiation. In addition,
the effect of dissolved oxygen, self-sensitization process, and H2O2 addition on the studied photo-
chemical systems are also investigated. Results indicate that, for free and iron-complexed ENR, singlet
oxygen (1O2) is generated from the interaction of its triplet state with ground state oxygen. Half-life time
(t1/2) of ENR under sun simulated conditions is estimated to be around 22 min, while complexation with
iron enhances its photostability, leading to a t1/2 of 2.1 h. Such finding indicates that at least the presence
of iron, might notably increase the residence time of these pollutants in the environment. Eventually,
only with the addition of H2O2, the FQ-iron complex is efficiently degraded due to photo-Fenton process
even at circumneutral pH values due to the high stability of the formed complex. Finally, after LC/FT-ICR
MS analysis, 39 photoproducts are detected, of which the 14 most abundant ones are identified. Results
indicate that photoproducts formation is pH and iron dependent.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Antibiotics are among the substances considered as contami-
nants of emerging concern; they are present in urban wastewater
and they persist even after treatment in conventional wastewater
treatment plants (WWTPs), this being an entry route into the
environment (Kümmerer, 2009; Silva et al., 2011; Verlicchi et al.,
2012). Within this category, fluoroquinolones (FQs), are one of
the most consumed antibiotics of the world (Hamad, 2010).

FQs can absorb light within the range of solar radiation
(l > 300 nm), and due to their abundance in natural effluents,
photodegradation of these molecules had been thoroughly studied
in order to have further insights related to their fate and photo-
product formation in surface waters (Batchu et al., 2014; Ge et al.,
2015; Haddad and Kümmerer, 2014). Besides, these compounds
can easily interact with humic-like substances (Aristilde and
Sposito, 2010), soil (Riaz et al., 2018), and even WWTP sludge,
where they can accumulate (Van Doorslaer et al., 2014). In this
regard, another water constituent to take into consideration are
metals. FQs present high affinity to metal complexation. They can
act as mono or bidentate ligands, as well as bridging ligand, being
the most common coordination mode via carbonyl and carboxyl
groups in adjacent positions (Uivarosi, 2013).

To date, however, there is a lack of information about the FQ-
metal environmental behaviour, recently collected in the review
of (Cuprys et al., 2018), where they reported significant changes
towards their toxicity, soil-water mobility, WWTP degradation ef-
ficiencies and photochemistry. Regarding the latter, DFT calcula-
tions have shown that the complex formed between one of the
most frequently found FQ in natural effluents, the enrofloxacin
(ENR), with Mg2þ, presented higher activation energies for the
most direct photolysis pathways than ENR itself (Wang et al., 2018).
Similarly for ciprofloxacin, another highly consumed FQ, which is
also the main photoproduct of ENR (Snowberger et al., 2016), in
presence of Cu(II) exhibited a strong photolytic inhibition, only
recovered in presence of ethylenediaminetetraacetic acid (EDTA)
(Wei et al., 2015). On the contrary, Cu(II) increased by a factor of 2.4
the photolytic rate constant of moxifloxacin (Hubicka et al., 2012),
thus indicating that FQ-metal photochemical behaviour could also
be dependent on the antibiotic molecular structure.

Advanced oxidation processes (AOPs) had long been studied and
proposed for tertiary wastewater treatment, as they are able to
degrade these emerging pollutants (Salimi et al., 2017). In one of
the most common AOP, the Fenton process, the highly reactive
species �OH and HO2� involved in the contaminants abatement, are
formed in the elementary reactions of H2O2 disproportionation
catalyzed by Fe(II)/Fe(III) (and other transition metals) and
enhanced by the action of light (photo-Fenton) (Pignatello et al.,
2006), which could be also photogenerated in situ in the natural
environment (Vermilyea and Voelker, 2009). In these cases, when
the pollutant is also photolabile, photolysis degradation contribu-
tion must be also considered. However, although many studies of
FQs oxidation by photo-Fenton had been published (Gou et al.,
2020), the individual effect of iron towards FQs’ photochemical
fate is practically unexplored. For instance (Qiu et al., 2019), when
treated two FQs and another type of antibiotic by UV/Fe(III), it can
be seen that for the tested FQs, its removal rate was much more
sensitive to the iron concentration variation compared to the other
non-FQ antibiotic. According to the above mentioned statements,
this could had been most likely related to the downplayed FQ-iron
interaction, not present in the case of the other compound. In this
regard, FQs Fenton degradation has been reported as effective even
at mild pH conditions due to iron chelation by the pollutant itself
(Sciscenko et al., 2020).

In this work, we decided to compare the photochemical fate
2

under sun-simulated conditions of a model FQ (ENR) alone and as
Fe(III)-complex. First, spectroscopic characterization and stability
of the complex between ENR and Fe(III) was assessed, secondly,
photochemical degradation of ENR and its Fe(III)-complex was
evaluated with and without addition of hydrogen peroxide. Finally,
the main photoproducts were characterized, and a schematic
degradation pathway was proposed. Besides the environmental
aspect, we believe that these results will be useful to better
comprehend the behaviour of FQs degradation by photo-Fenton
and analogues processes.

2. Materials and methods

2.1. Reagents and chemical analysis

Reagents, chemical analysis and kinetics methods are described
in the Supporting Information. For further information about
transition absorption experiments using laser flash photolysis
system, this equipment and procedure have been described in
previously published papers (Huang et al., 2018; Tao et al., 2019).
When specified, filtrationwas performed employing Chromafil Xtra
PTFE 0.45 mm filters and no significant ENR retention (i.e. adsorp-
tion on the filter) was determined. All the solutions were prepared
with ultra-pure water (18.2 MU cm).

2.2. Fe-ENR complex characterization

The complex formation between Fe(III) and ENR was studied by
analysing its stoichiometry and pH-stability. Fe-ENR stoichiometry
was obtained by applying the method of continuous variation
(Renny et al., 2013), acquiring the UVevis spectra of fixed 100 mM
Fe(III) solution at pH 3.0 with different ENR concentrations in the
range 100e600 mM. For pH-stability analysis, the complex between
ENR and Fe(III) was firstly prepared at pH 3.0, and afterwards, pH
was increased until the desired value and leaving each solution for
10 h in the dark with magnetic stirring.

2.3. Irradiation experiments and analysis

Photochemical experiments were carried out in a thermostat
cylindrical open glass reactor (total volume of 50 mL) at 20 �C
loaded with 25 mL of the testing solution containing ENR 300 mM,
with and without Fe(III) 100 mM. Irradiations were performed with
a solar simulator (Lot-Oriel LS0306) equipped with a high-pressure
Xe short arc lamp (Ushio UXL-302-O) and a Pyrex filter to avoid
wavelengths < 290 nm. Iron-ENR complex solutions were always
prepared and left with stirring for at least 10 h to assure full
complexation prior to irradiation experiments. All assays were
performed for 2 h, withdrawing 1 mL of sample in time-intervals
and filtered with PTFE 0.45 mm Chromafil Xtra filters. When
needed, 200 mM H2O2 were employed as source of �OH. Two initial
pH were studied, 3.0 where Fenton-(like) processes are optimal,
and 7.0, relevant towards realistic natural/wastewater scenario. All
samples (1 mL) were filtered with PTFE 0.45 mm filters and mixed
with 100 mL of methanol in order to stop the reaction before
analysis (i.e. to quench possible hydroxyl radical formation through
Fenton reaction). Experiments were performed at least twice.

The oxygen effect was studied by bubbling solutionwith pure N2

and O2 for 10 min before and during the photochemical experi-
ment, thus assuring negligible and high O2 concentrations,
respectively. Formation of reactive oxygen species (ROS) was
studied employing isopropyl alcohol (IPA) (�OH scavenger,
k(�OH) ¼ 1.9 � 109 M�1 s�1) and furfuryl alcohol (FFA) (�OH and 1O2
scavenger, k(�OH) ¼ 1.5 � 1010 M�1 s�1 and k(1O2) ¼
1.2 � 108 M�1 s�1, respectively) (Buxton et al., 1988; Haag et al.,
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1984). IPAwas employed in a concentration of 5mMwhereas FFA of
300 mM. The chosen concentrations were based on other related
works (Bokare and Choi, 2015; Latch et al., 2003; Zhang et al., 2019),
ROS being able to react much faster with the probes than with ENR
at 300 mM. It is important to highlight that FFA was chosen over
NaN3 as 1O2 probe since this last one is highly pH dependent
(k(1O2)(N3

�) ¼ 5 � 108 M�1 s�1 and k(1O2)(HN3) z 1 �106 M�1 s�1,
with pKa ¼ 4.6, being also HN3 strongly partitioned to the gas
phase) (Haag and Mill, 1987), whereas FFA is not (Appiani et al.,
2017), thus being better when comparing assays at pH 3.0 with
pH 7.0.

3. Results and discussion

3.1. Complexation with ferric ions

When iron (III) perchlorate is added to an ENR solution (both
colourless) at pH 3.0, the mixture changed into a yellow-colour
solution. Indeed, an absorbance shoulder after 400 nm and up to
540 nm appears in the UVevis spectrum of ENR-iron mixture
(Fig. 1A). Such absorption suggests that a charge-transfer transition
between the ENR and Fe(III) occurs, corresponding to the formation
of a coordination complex (Efthimiadou et al., 2008). In Fig. 1B, the
absorbance at 430 nm as a function of different ENR/Fe(III) ratios is
depicted. Absorbance increases from 0.23 to about 0.43 when ENR/
Fe(III) ratio grows up to 3, and then reaches a plateau at higher
Fig. 1. (A) Absorption spectra for ENR, Fe(III) and FeIII-ENR3 at pH 3.0; (B) Method of continu
100 to 600 mM. Insert represent the UVevis spectra of different ENR/Fe(III) ratio solutions at
measured 24 h after preparation. PTFE filters 0.45 mm were used to filter solutions. Value
uncertainty.

3

ratios. Such finding is in agreement with an octahedral complex
employing the FQ carbonyl and carboxyl moieties to bind Fe(III)
with a ratio 3:1, which has been previously reported (Urbaniak and
Kokot, 2009).

Then, the ENR-iron complex (FeIII-ENR3) stability was investi-
gated in the range of pH 3.0 to 9.0 with measuring the total iron
concentration in solution. Fig. 1C shows that dissolved Fe(III) con-
centration remained constant for pH values below 7.5, while for
pH � 8.0, a decay due to precipitation of its (oxy)hydroxides was
observed (Stef�ansson, 2007). However, measurements without
filtration have shown that Fe(III) concentration remained at ca.
100 mM even until pH 9.0, indicating that ENR is also capable of
stabilizing Fe(III) in the colloidal state.

In addition, FeIII-ENR3 solutions from pH 3.0 to 7.5 proved to be
stable at least for one month in the dark and at room temperature
since Fe(III) remained in solution all time. In fact, the formation
constant of FeIII-ENR3 complex is reported to have its highest value
at acidic pH, logK(FeIII-ENR3)z 45, and it decreases with increasing
pH, being equal to 25 at neutral conditions (Urbaniak and Kokot,
2009). These values are comparable with other stable Fe(III)-
organic ligand complexes such as EDTA (logK(FeIII-EDTA) z 25)
(Bucheli-Witschel and Egli, 2001).

Preparation of analogous solutions containing Fe(II) instead of
Fe(III) did not evidence the complex signal at 430 nm, thus indi-
cating that the ENR-ferrous complex is not formed (Chen et al.,
2017).
ous variation for a fixed amount of Fe(III) 100 mM and variating ENR concentration from
pH 3.0. (C) Fe(III) concentration from 100 mM FeIII-ENR3 complex at different pH values
s represent the average of two measurements, and the error bar gives the associated
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3.2. Photodegradation experiments

3.2.1. Effect of pH
In order to investigate the degradation of the antibiotic, in free

form or as iron-complex, the same concentration of ENR was
considered for all the experiments (300 mM of ENR or 100 mM of
FeIII-ENR3) in acidic (pH 3.0) and neutral (pH 7.0) solutions (Fig. 2A).
In this way, even though the pollutant concentration was higher
than the environmental related levels, this allowed us to also study
the Fe(III)/Fe(II) behaviour (see later Fig. 3B and S5). In addition, the
concentrations of the complex FeIII-ENR3 between 1 and
100 mg L�1 has no effect on the photochemical process. Besides,
some studies propose the use of photo-Fenton to treat the
concentrate stream frommembrane processes, hence, dealing with
higher concentration of pollutants (Miralles-Cuevas et al., 2014).

Under irradiation at pH 3.0, the pseudo-first order photolysis
rate constants of ENR and as iron-complex were 3.7 � 10�3 and
2.0 � 10�3 min�1, respectively. Therefore, even though FeIII-ENR3
exhibited greater absorbance within the visible region, we can as-
sume that this complex could present higher activation energy for
most of the photodegradation pathways of ENR, hence, being more
stable against light irradiation than the pollutant alone, as it has
been reported for other FQ-metal complexes (Wang et al., 2018;
Wei et al., 2015). At pH 7.0, where the zwitterionic form of ENR
becomes predominant (pKa1 z 6.0 and pKa2 z 8.5, Fig. S1), the
photolysis rate constant was one order of magnitude higher than at
acidic conditions (kENR ¼ 3.1 � 10�2 min�1), which is in agreement
with the higher photolysis quantum yields of FQs for zwitterionic
forms associated to changes in functional groups reactivity with the
ionic forms (Ge et al., 2018). After 2 h of irradiation, the pH
decreased to 6.0 due to decarboxylation of the molecule, as
confirmed by mass spectrometry analysis (section 3.4). Interest-
ingly, in the case of iron-complex, the photolysis enhancement was
clearly less marked than for free antibiotic, being its kinetic rate
constant 5.3 � 10�3 min�1, only 2.7 times more than at pH 3.0.

It is important to highlight that photolysis results at pH 3.0
could had also been well explained by zero order fitting (see
Figs. S2AeB). However, this is opposed to the consensus of photo-
lytic pseudo-first order kinetic fitting for FQs in all previously cited
related works employing ca. 5 mM (Zhang et al., 2019), 120 mM (Li
et al., 2011) or even 2.78 � 103 mM (Qiu et al., 2019).
Fig. 2. (A) Photolytic rate constants for ENR 300 mM and FeIII-ENR3 100 mM at all tested con
data); (B) 3ENR* relaxation kinetics from ENR 280 mM at pH 7.0 by laser flash photolysis m
quenching kinetic rate constant determination from obtained relaxation fitting curves.
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3.2.2. ROS generation and effect of dissolved oxygen
In order to understand the degradation mechanisms, different

photochemical experiments were performed in the presence of
ROS scavengers, such as IPA and FFA, or in oxygen saturated and de-
aerated solutions. As shown in Fig. S2, the presence of IPA (5 mM)
and FFA (300 mM) did not significantly modify the degradation of
ENR or FeIII-ENR3, indicating that generation of �OH or 1O2 by the
self-sensitization process should not be relevant for ENR degrada-
tion in any of the studied cases. However, 1O2 generation was
confirmed when observing FFA degradation (Fig. S3). At both
studied pH, a 40% FFA removal was obtained after 120 min with
ENR, whereas for FeIII-ENR3, 10% and 25% was obtained at pH values
3.0 and 7.0, respectively. Therefore, 1O2 formation should be
reduced when ENR is chelating Fe(III), which is in agreement with
other FQ-metal complexes that showed a decrease in singlet oxy-
gen overall production (Albini and Monti, 2003). Nevertheless, this
could be also linked to the slower photolysis degradation in the
case of the complex, resulting also in a lower singlet oxygen pro-
duction. Therefore, we can conclude that Fe(III) complexation by
ENR should affect more its direct photolysis pathways rather than
its photosensitized ones.

Although singlet oxygen is formed through the interaction of
dissolved oxygen (3O2) with the excited states of other molecules
(Niu et al., 2018), ENR photodegradation was slower when
increasing the amount of dissolved oxygen in the system. For
instance, at pH¼ 3.0 and with the antibiotic alone, a photolytic rate
constant of 4.8 � 10�3 min�1 was determined under de-aerated
conditions, whereas with an oxygen-saturated solution was
1.9 � 10�3 min�1 (Fig. 2A). In line with these observations, faster
quenching of ENR triplet state (ENR*) was obtained when
increasing the dissolved oxygen concentration (Fig. 2B). Therefore,
even though ENR could be oxidized by photogenerated 1O2, the
reactivity between them is estimated to be around 106 M�1 s�1

(Albini and Monti, 2003), which is considerably lower than the 3O2
quenching by ENR*, determined to be 4.7 and 3.7 � 109 M�1 s�1 at
pH 3 (Fig. S4A) and 7 (Fig. 2B), respectively. For FeIII-ENR3, the same
counterproductive effect of ground state dissolved oxygen was
observed, with the difference that the obtained removals were
proportionally slower than the antibiotic in free form, in agreement
with the higher photochemical stability of the FQ-metal complex.

At pH 7.0, dissolved oxygen inhibitory effect for ENR was
observed when comparing aerated/de-aerated conditions
ditions (error bars were calculated from the deviation from linear fit and experimental
easurements at de-aerated, aerated and oxygen saturated conditions. In the insert, 3O2
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(kENR ¼ 3.1 � 10�2 min�1 in both cases) against oxygen-saturated
ones (kENR ¼ 9 � 10�3 min�1). On the contrary, for FeIII-ENR3, the
tendency remained as at acidic conditions, observing decreasing
photolytic rate constants when going from de-aerated towards
aerated, and oxygen saturated conditions (Fig. 2A).

Fe(II) formation due to ligand to metal charge transfer (LMCT)
within the photolysis of FeIII-ENR3 at pH 3.0, followed the same
tendency, de-aerated > aerated > oxygen saturated (Fig. S5),
obtaining after 60 min irradiation, a reduction of 100% from Fe(III)
to Fe(II) with N2 bubbling, 87% in aerated conditions, and 36% with
O2 bubbling.

Based on these results, a plausible reaction mechanism can be
proposed as following: after absorption of light, an electron of ENR
can be promoted to the excited state (1ENR*) followed by inter-
system crossing and generation of ENR triplet state (3ENR*) (Eq
(1)). The excited triplet state can lead to the formation of degra-
dation product (Eq (2)) or can be quenched by molecular oxygen
(3O2) through energy transfer reaction leading to the formation of
singlet oxygen (1O2) and ENR ground state (Eq (3)). Photogenerated
1O2 can also slightly contribute to the oxidation of ENR (Eq (4)).

ENR þ hn / 1ENR* / 3ENR* (1)

3ENR* / ENR-ox (2)

3ENR* þ 3O2 / 1O2 þ ENR (3)

ENR þ 1O2 / ENR-ox (4)

For FeIII-ENR3, the first photoinduced reaction is the LMCT re-
action, leading to the formation of ferrous ions (Fe(II)), 2 molecules
of ENR, and ENR radical (ENR�) in solution (Eq (5)). ENR� can start
different degradation pathways in which water and oxygen can be
involved (Eq (6)).

FeIII-ENR3 þ hn / Fe(II) þ 2ENR þ ENR� (5)

ENR� // products (6)

3.2.3. Time-course absorbance spectra changes
Analysing the changes in absorbance spectra with light irradi-

ation for ENR and FeIII-ENR3 at pH 3.0, a signal formation at 535 nm
Fig. 3. Time-course absorbance spectra changes during irradiation experiments at pH 3.0. Fu
ENR 300 mM; (B) FeIII-ENR3 100 mM.
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was observed (Fig. 3A and B), also evidenced by a final light pink
colour of the solutions after the 120 min of irradiation, which could
probably be related to the formation of poly-conjugated products
(Sturini et al., 2010). Secondly, analysing the iron complex (Fig. 3B)
two additional issues have been seen: 1) there is a decay in 430 nm
complex signal, which is related to the Fe(III) reduction to Fe(II) due
to LMCT process, and 2) an isosbestic point at 516 nmwas obtained,
which suggests the conversion of FeIII-ENR3 into one main
absorbing photoproduct.

Analogous results for pH 7.0 are shown in Figs. S6AeB, where
pink colourization of the solution after irradiation was also
observed, thus, with signal formation at 535 nm (however, not as
pronounced as at acidic conditions). As expected, no complex
absorbance signal decay was observed for FeIII-ENR3 due to fast re-
oxidation of Fe(II) at neutral pH. In addition, there was only a
negligible dissolved total iron loss within FeIII-ENR3 irradiations at
pH 7.0 (5e10% after 2 h), indicating that the by-product formation
should be of the FQ-type structure, hence still being capable of
binding iron and keeping it in aqueous solution even at neutral pH
(Sciscenko et al., 2020).
3.3. Impact of H2O2 addition

In the frame of water treatment, the effect of H2O2 addition
(200 mM) was also studied. In this case, higher amounts of �OH are
produced in situ due to H2O2 photolysis observed using the same
irradiation setup (Eq (7)) (Bianco et al., 2015) as well as Fenton-like
and Fenton reactions (Eqs (8) and (9)), strongly enhanced by the
photo-generated Fe(II) in the presence of the complex FeIII-ENR3
(Eq (5)) (Pignatello et al., 2006).

Due to this reason, under light at pH 3.0, FeIII-ENR3 was even
more reactive than ENR, obtaining 60% removal in 60 min,
compared to the 40% of the free antibiotic (Fig. 4). By comparison to
the photochemical system without H2O2, ENR removal effective-
ness was increased by a factor of 2, while for FeIII-ENR3, this
increment reached approximately a factor of 4.

H2O2 þ hn / 2�OH (7)

FeIII-ENR3 þ H2O2 / 3ENR þ Fe(II) þ HO2� þ Hþ (8)

Fe(II) þ H2O2 / Fe(III) þ �OH þ OH� (9)
ll spectra were recorded by 20 times dilution of the original sample (in the insert). (A)



Fig. 4. Degradation percentages after 60 min at both studied pH in aerated conditions,
under sunlight irradiation (hn), with H2O2 200 mM without irradiation (dark control),
and the combination of both, hnþH2O2 200 mM, for 300 mM of ENR and 100 mM of FeIII-
ENR3. Error bars were calculated as the associated standard deviation between
respective duplicates.
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�OH þ ENR / ENR-ox (10)

At pH 7.0 under light, even though the antibiotic removal was
slightly higher without Fe(III) (74% for the free form, and 59% for the
iron complexed one in 60 min), H2O2 did not enhance ENR degra-
dation, thus, the contribution of the low concentration of photo-
generated �OH from H2O2 photolysis was negligible for the already
fast ENR photolytic degradation. On the contrary, the addition of
H2O2 to the analogous system containing Fe(III), represented a
removal increment for almost the double than the one without it.
Therefore, it can be hypothesized that photo-Fenton process was
running even at pH 7.0, bearing in mind that is usually no longer
effective in these conditions without the addition of any chelating
agent due to the precipitation of iron oxides (De Luca et al., 2014;
Huang et al., 2013; Santos-Juanes et al., 2017).

No significant differences were obtained for FeIII-ENR3 under
light and in the presence of H2O2 for the both studied pH values (c.a.
60% in 60min in both cases). However, since photolytic degradation
was lower at pH 3.0 than at pH 7.0 (14% and 33% in 60 min,
respectively), photo-Fenton contribution to the overall pollutant
removal should have been lower at neutral conditions, as expected.

Within dark controls, the greater reactivity of FeIII-ENR3 against
H2O2 was even more evident. While for ENR no degradation was
observed in any case, for the iron-complex form, 20% degradation
was achieved at pH 3.0, and 6% at pH 7.0.
3.4. Photoproduct identification and formation pathways

A total of 39 photoproducts were detected under the different
reaction conditions, exact molecular formulas were determined for
all of them, based on accurate mass measurements. The 14 most
abundant ones were successfully isolated and fragmented to obtain
structural information (Table S1), and a schematic degradation
pathway was proposed (Fig. 5). Results for the whole 39 photo-
products are shown in Fig. S7.

Observing Fig. 6, since complexation reduced the direct
photolysis of the FQ, lower photoproduct formation was obtained
in the case of the iron-complex form at both studied pH without
6

H2O2. Analysing pH 3.0, photodegradation pathways did not differ
significantly between ENR and FeIII-ENR3, observing in both cases
that the main reactionwas ethyl loss from piperazinyl ring, forming
photoproduct A, ciprofloxacin (another commercial FQ), which is in
agreement with related studies that have indicated it as the com-
mon path for ENR photolytic degradation (Li et al., 2011;
Snowberger et al., 2016). Similarly, photoproduct C, still with no
modification on the FQ core, presents rupture on the piperazinyl
ring. Only in the cases of B, D, E and M, oxidation of chromophoric
part of ENR became relevant. In addition, the use of IPA showed the
expected decrease in formation of hydroxylated photoproducts
(Fig. S7c), even though it had not significantly affected the pollutant
degradation kinetics (Figs. S2aeb).

In sharp contrast with acidic conditions, at pH 7.0 without H2O2,
photoproduct formation was notably distinctive when ENR was
chelating iron compared to when it was not. In both cases, a higher
variety of photoproducts were observed than the ones obtained at
pH 3.0, presenting more defluorinated compounds (H, J, K, and N)
and also decarboxylated (G, I and L). These reactions have been
reported in the literature as common paths for FQ photolysis for
zwitterionic chemical speciation form rather than for the cationic
one (Sturini et al., 2012; Zhang et al., 2019). Moreover, in the case of
FeIII-ENR3, fluorine substitution by hydroxyl group (photoproduct
E) has been observed as the favored path, in contrast with the
prevalent ciprofloxacin (photoproduct A) formation at pH 3.0.
Without Fe(III) complexation, there was no formation of a single
major photoproduct, but awider variety of transformation products
were detected in lower quantities.

It is well known that photo-induced decarboxylation reactions
occur on Fe(III)-carboxylate complexes under sun-simulated irra-
diation (Abida et al., 2006; Passananti et al., 2016; Pignatello et al.,
2006). However, in this case, lower decarboxylation was observed
in the case of FeIII-ENR3 than ENR, which is in agreement with
previous observations reported in section 3.2.3, describing no sig-
nificant iron loss during the 120 min of FeIII-ENR3 irradiation at pH
7.0. This trend could be probably explained by the chelation mode
between ENR and Fe(III) between the carbonyl and carboxyl groups
of FQs, hence being an overall protection of the carboxylic acidic
group. Nevertheless, the difference between the decarboxylation of
ENR and FeIII-ENR3 is the same as for the other photoproducts,
obtaining maybe higher photoproduct formation for the non-
complexed pollutant. Therefore, no conclusion can be taken from
an enhancement or inhibition of decarboxylation between ENR and
FeIII-ENR3.

When H2O2 was added, at pH 3.0, formation of hydroxylated by-
products (B, E and F) occurred at a higher extent in the case of FeIII-
ENR3, which is in agreement with the higher �OH production due to
the photo-Fenton process. These differences are clearer when
analysing the respective obtained photoproduct formation kinetics
(Figs. S8aeb), noticing that not only the order of formation was
different, but the rates as well. Interestingly, decarboxylation was
negligible compared to direct photolysis (without H2O2), where D
and M were obtained in higher amounts.

In the case of pH 7.0, the addition of H2O2 did not alter the
photodegradation mechanism of ENR compared to the results
without the addition of it. On the other hand, despite the fact that
with FeIII-ENR3 differences were not as clear as the ones at pH 3.0,
when analysing Figs. S7eef, enhanced oxidized products were
formed when H2O2 was added, results that are in agreement with
the ones shown in section 3.3.

4. Conclusions

Our results demonstrate that iron, ubiquitous metal in water
compartment as well as catalyst reagent in photo-Fenton type



Figure 5. Summary of the studied reactions and photoproduct formation mechanism proposal. Underlined photoproducts were found for the first time in this work. Reactions
include defluorination (-F), decarboxylation (-COOH), hydroxylation (þOH), piperazine cleavage and oxidation (-Pip and Pip-ox, respectively), and ethyl moiety cleavage and
oxidation (-Et and Et-ox, respectively).

Figure 6. Obtained photoproducts formation after 120 min for ENR 300 mM and FeIII-
ENR3 100 mM, pH 3.0 and 7.0. Above with only light irradiation (hn), and below with
hn þ H2O2 200 mM.
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processes, can strongly affect the photochemical processes of ENR
also frequently found in aqueous media. Indeed, when iron, coexist
with ENR, they form a stable complex within a wide pH range,
affecting each other’s photochemistry, in particular, decreasing ENR
photolytic rate constant, thus probably enhancing their persistence
in the environment. Photoproduct formation pathway is also
affected by metal chelation. The FQ-Fe(III) complex was efficiently
removed fromwater only with the addition of H2O2, due to photo-
Fenton process. In this sense, even though FQs could be photo-
chemically stabilized in the presence of Fe(III), this coexistence
could represent an advantage when achieving Fenton-type treat-
ment at circumneutral pH for the degradation of more recalcitrant
pollutants.
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