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Abstract Taking ciprofloxacin (CIP) as a fluoroquinolone
antibiotic model, this work explores the role of common an-
ions (sulfate, nitrate, and chloride) during the application of
photoelectro-Fenton (PEF) at natural pH to degrade this type
of compound in water. The system was composed of an IrO2

anode, Ti, or gas diffusion electrode (GDE) as cathode, Fe2+,
and UV (254 nm). To determine the implications of these
anions, the degradation pathway and efficiency of the PEF
sub-processes (UV photolysis, anodic oxidation, and electro-
Fenton at natural pH) were studied in the individual presence
of the anions. The results highlight that degradation routes and
kinetics are strongly dependent on electrolytes.When chloride
and nitrate ions were present, indirect electro-chemical oxida-
tion was identified by electro-generated HOCl and
nitrogenated oxidative species, respectively. Additionally, di-
rect photolysis and direct oxidation at the anode surface were
identified as degradation routes. As a consequence of the dif-
ferent pathways, six primary CIP by-products were identified.
Therefore, a scheme was proposed representing the pathways
involved in the degradation of CIP when submitted to PEF in
water with chloride, nitrate, and sulfate ions, showing the
complexity of this process. Promoted by individual and syn-
ergistic actions of this process, the PEF system leads to a

complete elimination of CIP with total removal of antibiotic
activity against Staphylococcus aureus and Escherichia coli,
and significant mineralization. Finally, the role of the anions
was tested in seawater containing CIP, in which the positive
contributions of the anions were partially suppressed by its
OH radical scavenger action. The findings are of interest for
the understanding of the degradation of antibiotics via the PEF
process in different matrices containing sulfate, nitrate, and
chloride ions.
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Introduction

Advanced oxidation processes (AOPs) have been shown to be
highly efficient in the elimination of organic pollutants
(Malpass et al. 2007; Klamerth et al. 2013; Villegas-Guzman
et al. 2014; Serna-Galvis et al. 2016). This arises from the
formation of high oxidative species, mainly the hydroxyl rad-
ical (HO•) (Eo = 2.80 V/NHE), which present low selectivity
and high reactivity (Brillas et al. 2009; Rubio-Clemente et al.
2014). Due to its efficiency, simplicity, and relatively low cost,
the homogeneous Fenton system is probably the most tested
AOP. This process is based on the fast production of hydroxyl
radicals from the decomposition of hydrogen peroxide by fer-
rous ions (Eq. 1) (Pignatello et al. 2006). The efficiency of the
process is drastically enhanced in the presence of light, due to
the regeneration of the ferrous ions and the formation of extra
hydroxyl radicals (Eq. 2). Additionally, the interaction of UV-
C radiation (e.g., photons of 254 nm, UV254) could contribute
to the degradation of the organic pollutants in two ways: the
photodecomposition of the hydrogen peroxide to produce
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hydroxyl radicals (Eq. 3), and the photodecomposition of or-
ganic pollutants (Eq. 4) (Babić et al. 2013; Guo et al. 2013;
Sturini et al. 2015; Porras et al. 2016).

Fe2þ þ H2O2→Fe3þ þ OH− þ HO• ð1Þ
Fe OHð Þ2þ þ hν→Fe2þ þ HO• ð2Þ
H2O2 þ hν→2 HO• ð3Þ
Pþ hν→Pox ð4Þ

Despite the benefits of Fenton-based processes, real appli-
cations of these are limited because of the complexity of water
matrices. It has been recognized that the water matrix has a
direct influence on the degradation rates and pathways of the
elimination of organic pollutants when AOPs are used
(Guzman-Duque et al. 2011; Xiao et al. 2014; Villegas-
Guzman et al. 2015). In the case of inorganic anions, inhibitor
effects have been reported for the Fenton process, mainly
attributed to the HO• scavenger action of some anions
(Eqs. 5–7) (Grebel et al. 2010; Guzman-Duque et al. 2011;
Devi et al. 2013).

Cl− þ HO•→HOCl•− ð5Þ
SO4

2− þ HO•→SO4•
− þ OH− ð6Þ

NO3
− þ HO•→NO3•þ OH− ð7Þ

Additionally, the complexity of the matrix might lead to
limitations of the precursors of the Fenton process through
simultaneous reactions between these and the matrix. An ex-
ample of this is the possible interaction of the iron species with
some anions to produce iron-ion complexeswith low reactivity
(Pignatello et al. 2006; Devi et al. 2013). In contrast, electro-
chemical processes are favored by the presence of inorganic
species due to both the decrease of the electric resistance and
its possible participation in the formation of extra oxidative
species, which are also able to degrade organic pollutants
(Comninellis 1994; Martínez-Huitle and Brillas 2009;
Aquino et al. 2012). Therefore, the combination of electro-
chemical systems and the Fenton reaction could be an interest-
ing alternative treatment for complex matrices with a signifi-
cant concentration of inorganic anions.

The Fenton reaction in which at least one of the precursors
is electro-generated is known as the electro-Fenton system
(EF). For instance, a continuous electro-generation of hydro-
gen peroxide can be brought about by the interaction of oxy-
gen and a gas diffusion electrode (GDE) (Brillas et al. 2009).
The participation of light radiation in the system is known as
photoelectro-Fenton (PEF), a remarkable system in which the
production of hydroxyl radicals, and even other reactive spe-
cies, is highly efficient. Several cathodic materials have been
tested for hydrogen peroxide electro-generation, of which
GDE has been shown to be highly efficient (Sirés et al.

2014; Bañuelos et al. 2014; Luo et al. 2015). The electro-
generation of hydrogen peroxide (H2O2 electro-generated) is a
multiphase reaction that occurs in the presence of gaseous
oxygen, dissolved protons, and electrons (Eq. 8).

O2 þ 2Hþ þ 2e−→H2O2 electro−generated ð8Þ

Depending on the composition of the anode in the PEF
system, the electro-oxidation process (EO) can also occur, con-
tributing to the elimination of the pollutants (Espinoza et al.
2016). The efficiency of EO as a treatment process is closely
related to the anode material, where hydroxyl radicals, second-
ary oxidative species, or direct oxidation can promote the ox-
idation of organic molecules (Aquino Neto and de Andrade
2009; Palma-Goyes et al. 2010; Zhou et al. 2011). At present,
boron-doped diamond (BDD) is the preferred anode to degrade
organic compounds due to its high production of •OH (Panizza
and Martinez-Huitle 2013). However, the cost of the material
limits its applicability. Additionally, according to recent inves-
tigations, this anode is passivated by the presence of chloride
ions, one of the most common anions in water (Guzmán-
Duque et al. 2014), reducing its viability of application in
many complex water matrices. In contrast, dimensionally sta-
ble anodes (DSA) are constituted by lower-cost materials and
are not negatively affected by inorganic anions, making their
application more feasible (Coria et al. 2016).

Meanwhile, because PEF is an electro-advanced oxidation
process, the electrolyte nature also significantly influences the
performance of the process. For example, Thiam et al. (2014)
evaluated the effect of NaCl, Na2SO4, and NaNO3 on the
decolorization and TOC removal of a tartrazine dye solution
by the PEF/UVA process, and Daneshvar et al. (2008) com-
pared the effect of NaCl, Na2SO4, and NaClO4 on the degra-
dation of an orange II dye solution by the EF process. Both
investigations found that the presence of ions such as chloride
can promote the generation of additional oxidative species,
which participate in the degradation of organic pollutants.
On the other hand, the possible formation of chloro- or
sulfato-iron complexes decreases the concentration of free fer-
rous ions and consequently inhibits the Fenton reaction
(Daneshvar et al. 2008). As previously indicated, anions can
also act as OH radical scavengers. Nonetheless, the above-
mentioned works and many others have highlighted the good
performance of the PEF process in the degradation of organic
pollutants in water. However, most of these works have eval-
uated synthetic water containing only one of the ions,
employed as a supporting electrolyte. Therefore, evaluation
in more realistic conditions, i.e., in water containing a mix
of several ions, is still limited.

With regard to the nature of pollutants, special attention has
been addressed to emergent contaminants (ECs) such as phar-
maceutical products (Pérez et al. 2017). Among these, antibi-
otics are key targets for degradation given the risks they present
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to humans and the environment, in particular with respect to
bacteria resistance (Gatica and Cytryn 2013). This is the case
with the antibiotic ciprofloxacin (CIP), the most highly con-
sumed fluoroquinolone antibiotic in Europe (Xu et al. 2007;
De Bel et al. 2009), due to its broad-spectrum action, which has
been found in several water matrices. In the present work, the
role of inorganic ions commonly found in several types of
water matrices during application of PEF at natural pH was
investigated, taking ciprofloxacin (CIP) as a fluoroquinolone
antibiotic model. A previous investigation used the PEF system
for the degradation of CIP in urine with encouraging results
(Antonin et al. 2015). In the study, the antibiotic was totally
eliminated and high levels of mineralization were reached.
However, the participation of different ions was not discussed.
Additionally, the process was carried out at pH 3, reducing the
possibility of practical applications of the technology.

Therefore, this investigation evaluates for the first time the
role of common inorganic ions (chloride, sulfate, and nitrate)
during the application of PEF as an alternativewater treatment.
The efficiency of PEF in degrading fluoroquinolones with no
pHmodification was investigated, in terms of CIP elimination,
mineralization level, and antibiotic activity elimination. For
better understanding of the PEF system, the efficiency of the
sub-processes involved (UV254, EO, and EF) was individually
evaluated. Thus, the degradation pathways and the nature of
CIP transformations during the PEF system according to the
anions in solution were determined. Finally, the effect of the
simultaneous presence of the anions in the efficiency of the
PEF process was investigated by determining the evolution of
the pollutant, antibiotic activity, and mineralization level in
simulated seawater in the presence of the three anions.

Methodology

Reagents

CIP was provided by Laproff (65% purity). Acetonitrile, am-
monium metavanadate, boric acid, iron sulfate, methanol, po-
tassium hydrogen phtalate, ammonium heptamolybdate, sodi-
um chloride, sodium sulfate, sulfuric acid, oxalic acid, potato
dextrose agar, and nutritive agar were provided by Merck.
Calcium chloride, magnesium chloride, potassium bromide,
potassium chloride, potassium iodide, sodium bicarbonate,
sodium fluoride, and strontium chloride were purchased from
Carlo Erba.

Electro-chemical cell

The experiments were carried out in a 250-mL, one-compart-
ment, glass electro-chemical cell equipped with an external
lamp. Irradiation was achieved using an 8-W lamp (OSRAM
Germicidal Puritec) with maximum emission at 254 nm. The

liquid was recirculated at 34 mL min−1 using an ISMATEC
VPAntrieb pump. The electro-chemical cell was composed of
a 4.9-cm2 gas diffusion electrode (GDE) made of a
ELATTMLT-1400 membrane provided by NuVant Systems
Inc. and a 4-cm2 dimensionally stable anode (DSA) made of
iridium oxide deposited on titanium (Ti/IrO2). Air was
pumped through the GDE cathode at 840 mL min−1 using
an AC-1500 Resun Air Pump. The electro-chemical cell was
placed on amagnetic stirrer to guarantee the complete solution
homogenization during the experiments. In order to select the
applied current, provided by a Thurlby Thandar PL330 power
supply, it was taken into account that higher current densities
increase the formation of oxidative species (Palma-Goyes
et al. 2010; Guzmán-Duque et al. 2014) and that current den-
sities over 30 mA cm−2 might produce harmful inorganic
chlorine species (e.g., ClO3

− or ClO4
−) (Sánchez-Carretero

et al. 2011; Lacasa et al. 2013). Therefore, in order to preclude
the formation of such species, and to limit the cathodic reduc-
tion of the oxidative HOCl specie (Rudolf et al. 1995), a
relatively low current of 20 mA (~ 5 mA cm−2) was chosen.
To test the sole Ti/IrO2 anode action, experiments with Ti
cathode in the absence of light were also performed. In order
to remove iron deposits on the cathode, the GDE membrane
was washed for 30min in oxalic acid solution (10%w/w) prior
to each experiment. For all the experiments, the solutions test-
ed were prepared by mixing 50 mM of the supporting electro-
lyte (NaCl, Na2SO4, or NaNO3) with 0.1 mM of CIP. Finally,
0.09 mM of Fe2+ was added to the reaction vessel. All the
experiments were performed at least twice.

Apparatus and analytic methods

The concentration of ciprofloxacin was determined using a
UHPLC Thermo Scientific Dionex UltiMate 3000 equipped
with a Thermo Acclaim C-18 column (particle size 5 μm,
dimensions 100 × 4.6 mm) and a DAD detector. A mix of
phosphate buffer (0.02 M, pH 3)/acetonitrile, 70/30 (% vol.),
was used as mobile phase at a flow rate of 0.8 mL min−1. The
mineralization extent was determined by total organic carbon
(TOC) using a Shimadzu total organic carbon analyzer (TOC-
5000A). The calibration curve was obtained with a standard
solution of potassium hydrogen phthalate. Two different spec-
trophotometric procedures were used to quantify the amount
of oxidants in solution: the iodometric method for the deter-
mination of all oxidants (Villegas-Guzman et al. 2014) and the
metavanadate method, which is specifically for hydrogen per-
oxide quantification (Nogueira et al. 2005). In both cases, a
Jenway 6320D spectrophotometer was used. The antibiotic
activity (AA) was measured using Escherichia coli (Gram-
negative) and Staphylococcus aureus (Gram-positive) as test-
ed bacteria. The petri dishes were prepared with a base layer of
potato dextrose agar (~ 5 mL), over which poured nutritive
agar (~ 10 mL) was poured containing 10 μL of bacteria
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solution (0.6 units of absorbance at 560 nm). Twenty micro-
liters of sample was then added to the petri dish and, after 24 h,
the inhibiting halo was measured.

Results and discussion

Effect of common anions during the application of PEF

The water matrix composition can promote inhibiting reac-
tions or alternative degradation pathways during the treatment
of organic pollutants, which can affect the efficiency of the
applied process in terms of pollutant elimination, mineraliza-
tion (TOC removal) and, for antibiotics such as CIP, antibiotic
activity (AA) elimination. Moreover, the PEF system tested
can be considered as a synergistic combination of several sub-
processes (photolysis (UV), electro-oxidation (EO), and
electro-Fenton (EF)), the efficiency of which can be improved
or diminished by the inorganic anions. Therefore, the investi-
gation of the influence of common anions on PEF efficiency
in degrading organic pollutants becomes necessary. For this
purpose, the effect of chloride, sulfate, and nitrate in the PEF
system and its sub-processes EO, EF, and UV is individually
evaluated in this section.

Effect of sulfate ions

In order to elucidate the role of sulfate ions in the PEF system
and its sub-processes, a set of experiments with the sole pres-
ence of sodium sulfate as supporting electrolyte was carried
out. CIP elimination and TOC removal by PEF, UV254, EF,
and EO are shown in Fig. 1a. As can be seen, with the light
action alone (UV254), ~ 95% of CIP was eliminated in 3 h
(reaction rate 1.62 × 10−3 mMmin−1). As has been previously
demonstrated (Porras et al. 2016), the photoexcitation of CIP
generates the triplet excited state 3CIP∗ (Eqs. 9–10). This state
can produce photoproducts (Eq. 11), or react with molecular
oxygen to form singlet oxygen (Eq. 12) or superoxide anion
(Eq. 13), which are also able to degrade CIP. However, no
mineralization is reached (Fig. 1a), indicating that the by-
products generated are stable during the light action.

CIPþ hν→ 1CIP* ð9Þ
1CIP*→ 3CIP* ð10Þ
3CIP*→photoproducts ð11Þ
3CIP* þ O2→CIPþ 1O2 ð12Þ
3CIP* þ O2→CIPþ þ O2•

− ð13Þ
Regarding EO action, it can be observed that after 180 min,

only ~ 15% of CIP was eliminated, with an initial degradation
rate of 0.31 × 10−3 mM min−1, while the TOC removal was

negligible. To better understand these results, the formation
and accumulation of oxidative species was also measured dur-
ing the EO system process (Fig. 1b). Neither hydrogen perox-
ide nor any oxidative species were observed in the oxidant
accumulation measured. This indicates that, under work con-
ditions, the cathode used for this experiment (Ti) does not
electro-generate oxidants, and the electrolyte does not induce
any oxidative specie. Hence, the finding suggests that CIP
oxidation using EO in the presence of sulfate anion can be
attributed to its direct oxidation on the anode surface.
Although the anode used (Ti/IrO2) has a low over-potential
for oxygen evolution, direct oxidation of organic molecules on
its surface has been reported [23–24]. Direct electro-chemical
oxidation can take place in two ways: by electron transfer
from the pollutant to the Ti/IrO2 surface (Eq. 14), or by the
oxidation of the IrO3 sites at the anode (Eq. 15), which arises
from the water discharge on the IrO2 surface (Eqs. 16–17). In
order to elucidate the direct electro-chemical degradation
route involved, cyclic voltammetry tests were carried out
(Supporting material, SM1). As can be seen, no signal attrib-
uted to CIP oxidation is observed. So, direct electron transfer
at the IrO2 surface is not plausible. Therefore, direct CIP deg-
radation can be associated to the oxidation at IrO3 sites formed
prior to the water discharge (Eqs. 16–17). Direct oxidation of
another antibiotic, oxacillin, by IrO3 sites was also found by
Giraldo et al. (2015). This degradation route is highly limited
by diffusional effects, leading to a slow initial degradation
rate. Consequently, low pollutant degradation (15%) and neg-
ligible mineralization was obtained by EO action in the pres-
ence of sulfate ions.

CIP→CIPox þ e− ð14Þ
IrO3 þ CIP→CIP

0
ox ð15Þ

IrO2 þ H2O→Hþ þ IrO2 HO•ð Þ þ e− ð16Þ
IrO2 HO•ð Þ→IrO3 þ Hþ þ e− ð17Þ

In contrast, CIP was totally and rapidly eliminated by both
EF and PEF systems, with quite similar degradation rates
(5.82 × 10−3 and 5.94 × 10−3 mM min−1, respectively). In
spite of that, the absence of mineralization during the EF pro-
cess was again observed (Fig. 1a). In contrast, ~ 60% of the
initial TOCwas removed by the PEF action after 120min. The
highmineralization efficiency of the PEF system can therefore
be attributed to the synergistic participation of the UV254 light.

To better explain the results observed, the accumulation of
oxidants, specifically H2O2, was determined for each Fenton-
based process (Fig. 1b). During the application of both pro-
cesses, the H2O2 formation is evident. A control experiment
with only H2O2 showed no elimination of CIP (data not
shown). Thus, under work conditions, H2O2 is not directly
involved in CIP transformation. The high stability of CIP
against this oxidative agent was recently reported (Villegas-
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Guzman et al. 2017). In turn, H2O2 is efficiently converted
into HO• radicals through the Fenton reaction. This explains
the faster initial degradation rates of the Fenton-based process-
es compared to the EO and UVaction. Interestingly, the H2O2

accumulation during the PEF process was significantly less
than in EF (Fig. 1b). This could be associated with (i) the
photodecomposition of hydrogen peroxide during the PEF
process and (ii) the increased Fenton reaction (Eq. 1), due to
the light reconversion of Fe3+ in Fe2+ (Eq. 2). Both phenom-
ena produce extra hydroxyl radicals, which is manifested in a
relatively high mineralization extent (60% of TOC removal in
2 h during the PEF system).

Moreover, a small accumulation of other oxidants (Other-
Oxi) can be observed in both the EF and PEF systems. This is
probably due to the recombination of sulfate radicals (coming
from sulfate and hydroxyl radical reaction, Eq. 6) to produce
persulfate ions (Eq. 18). Sulfate radical and persulfate ions can
also participate in the degradation of CIP and the generated by-
products, albeit to a small extent (Serna-Galvis et al. 2017a).

2SO4•
−→S2O8

2− ð18Þ

Effect of chloride ions

To date, chloride anions present in several types of water have
been shown to inhibit the degradation of organic pollutants by
Fenton process (Pignatello et al. 2006). On the contrary, the
electro-oxidation of organic compounds with Ti/IrO2 anodes
is highly efficient in the presence of Cl− due to the possible
formation of chlorinated oxidative species (Torres et al. 2003;
Aquino Neto and de Andrade 2009; Guzmán-Duque et al.
2014). Therefore, the evaluation of the impact of this anion
during the PEF process, as well as in its sub-processes, is of
interest. The results in Fig. 2a again indicated that, to some
extent, UV radiation alone is able to promote CIP degradation
with an initial rate (1.16 × 10−3 mM min−1) quite similar to
that observed with sulfate (1.62 × 10−3 mM min−1). In addi-
tion, again as in the case of sulfate, no difference in the CIP
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Fig. 1 a CIP and TOC evolution
in the presence of sulfate as
supporting electrolyte when
submitted to UV, EO, EF, and
PEF. b Oxidant accumulation
during CIP degradation in the
presence of sulfate as supporting
electrolyte. [CIP] = 0.1 mM;
[Fe2+] = 0.09 mM; i = 20 mA; air
flow = 840 mL min−1; reactor
flow = 34 mL min−1
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elimination profile between PEF and EF systems was ob-
served (initial degradation rates of 6.02 × 10−3 and
5.73 × 10−3 mM min−1, respectively).

Comparing the first 15 min of treatment of all the tested
systems in chloride media, CIP elimination was faster in the
Fenton-based processes (PEF and EF) than in EO
(3.31 × 10−3 mM min−1). However, after 30 min in the pres-
ence of chloride, no significant differences among the EO and
the two Fenton-based processes were observed, contrary to
what was observed using sulfate as electrolyte. In fact, in this
time, more than 95% of CIP was eliminated in the three sys-
tems. The relative improvement of EO in the presence of
chloride suggests the involvement of chlorinated oxidative
species in CIP degradation (Torres et al. 2003; Aquino Neto
and de Andrade 2009; Guzmán-Duque et al. 2014). The high
efficiency of the electro-generated chlorinated oxidative spe-
cies to degrade fluoroquinolones and other antibiotics, using
the same anode, was recently reported (Serna-Galvis et al.
2017a; Serna-Galvis et al. 2017b). Interestingly, the positive
effect of chloride ions in the electro-chemical oxidation of

organic pollutants is limited neither to antibiotics nor to Ti/
IrO2 anodes. In fact, in the presence of chloride ions, the EO of
acid orange 7 with BDDwas enhanced (Carvalho et al. 2007),
and oxidation of tartrazine dye was improved in both BDD
and Pt electrodes (Thiam et al. 2014).

Meanwhile, TOC removal during the EF process with
chloride (30% mineralization in 180 min) was drastically
better than the removal rate observed in the presence of
sulfate (0% mineralization in 180 min). The significant
mineralization observed also suggests the participation of
several oxidative species, which transform not only CIP but
also some of its generated by-products in CO2, water, and
inorganic ions.

On the other hand, neither EO nor UV action achieved
significant mineralization (TOC removal). Meanwhile, con-
trary to what was observed for CIP elimination, differences
in the mineralization extent between PEF and EF were signif-
icant. During the EF process, only 30% of TOC was removed
after 60 min, and further treatment times did not change the
mineralization extent. In contrast, during PEF the TOC
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Fig. 2 a CIP and TOC evolution
in the presence of chlorine as
supporting electrolyte when
submitted to UV, EO, EF, and
PEF. b Oxidant accumulation
during CIP degradation in the
presence of chlorine as supporting
electrolyte. [CIP] = 0.1 mM;
[Fe2+] = 0.09 mM; i = 20 mA; air
flow = 840 mL min−1; reactor
flow = 34 mL min−1
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removal increased during the treatment and reached almost
70% after 180 min.

All the findings from previous works suggest that the
sub-processes involve additional or alternative degradation
pathways with a possible participation of chlorinated oxi-
dative species that have an influence on both the degrada-
tion and mineralization of CIP. Therefore, the accumulation
of oxidants was determined for each process in terms of
H2O2 and chlorinated oxidative species (Fig. 2b). During
EO, no hydrogen peroxide was accumulated, as was ex-
pected given the cathode used for this experiment (Ti).
On the contrary, accumulation of chlorinated oxidative spe-
cies was evident during EO action. Based on the chlorinat-
ed species equilibrium (Eqs. 19–21) and the change in pH
during the experiment (from 5.1 to 4.0), the main oxidative
specie during the EO process was hypochlorous acid
(HOCl). Therefore, the results of CIP and TOC evolution
(Fig. 2a) during the EO test suggest that HOCl can easily
eliminate CIP (100% removal in 30 min). However, since
no mineralization is reached after the treatment, CIP by-
products can be considered recalcitrant to the action of this
oxidant.

2Cl−→Cl2 þ 2e– ð19Þ
Cl2 þ H2O↔HOClþ Hþ þ Cl− pKa ¼ 3:0–7:0 ð20Þ
HOCl↔Hþ þ OCl− pKa ¼ 7:6 ð21Þ

On the other hand, during EF and PEF processes, both
chlorinated oxidants and H2O2 were accumulated, suggest-
ing the participation of both HOCl and HO• during CIP
degradation by these processes. This explains the faster
initial degradation rates of the Fenton-based processes
compared to the EO action. Additionally, the significant
participation of HOCl in CIP degradation during EF and
PEF processes increases the hydroxyl radicals available to
attack CIP by-products, and consequently mineralization is
promoted.

It must be mentioned that no accumulation of hydrogen
peroxide was observed during the first 15 min in both EF
and PEF treatments. On the contrary, in both cases, HOCl
was accumulated from the beginning of the experiments.
The absence of H2O2 accumulation at the first stage of the
processes can be attributed to the following facts: (i) the
fast decomposition of H2O2 by the Fenton reaction (Eq. 1);
(ii) the non-recombination of hydroxyl radicals to produce
H2O2 (Eq. 22), which suggests that the HO• radicals pro-
duced are completely consumed by CIP molecules or Cl−

ions (Eq. 6). (iii) The reaction between hydrogen peroxide
and hypochlorous acid (Eq. 23) once H2O2 concentration in
solution is observable (Fig. 2b); this is in line with the
lower accumulation of HOCl. The practically zero accumu-
lation of HOCl during PEF can be also explained by its

decomposition by light action, which produces additional
HO• (Eq. 24) (Feng et al. 2007).

HO•þ HO•→H2O2 ð22Þ
HOClþ H2O2→H2Oþ O2 þ Hþ þ Cl− ð23Þ
HOClþ hν→HO•þ Cl• ð24Þ

On the other hand, it is also useful to discuss the significant
differences between the EF and PEF processes with respect to
H2O2 accumulation once the first 15 min of treatments
elapsed. During the EF process, a continuous accumulation
of H2O2 was observed, probably associated to the limitation
of the Fenton reaction (Eq. 1) once most of the Fe2+ is trans-
formed into Fe3+. In turn, during the PEF process, the accu-
mulation of hydrogen peroxide showed a plateau, indicating
an equilibrium between its formation and consumption. In the
PEF system, the H2O2 consumption is also related to the fast
regeneration of Fe2+ by UV action (Eq. 2) which favors the
Fenton reaction (Eq. 1). Furthermore, UV radiation can also
promote the photodecomposition of H2O2 (Eq. 3). Both light
effects lead to the prevention of H2O2 accumulation and the
formation of extra hydroxyl radicals that could be consumed
by the pollutant and its by-products.

All the results from previous works suggest that during PEF
treatment of waters containing chloride ions, HClO formed at
the anode surface strongly contributes to CIP removal.
However, the mineralization achieved can be attributed in
practice to the action of HO•, which contrary to HClO is able
to transform the pollutant into CO2, water, and inorganic ions.
In spite of that, HOCl seems to play an important role in CIP
mineralization, providing additional HO• in solution (Eq. 24).

Effect of nitrate ions

Interestingly, in the presence of nitrate as supporting electro-
lyte, the EO process reached total elimination of CIP after
60 min of treatment (Fig. 3a), with an initial degradation rate
of 2.8 × 10−3 mM min−1. This is only ~ 0.5 times lower than
the Fenton-based processes (5.82 × 10−3 mM min−1 for EF
and 6.21 × 10−3 mM min−1 for PEF). Interestingly, in the EO
system, the CIP degradation rate observed in the presence of
nitrate ions is just a little lower than that observed in the
presence of chloride. This suggests that nitrate ions in solution
also promote the generation of oxidative species.

Despite this, no significant mineralization was observed dur-
ing the EF and EOprocesses in nitratemedia. Additionally, in the
case of the PEF system, TOC removal in the presence of nitrate
was significantly slower compared with the experiments per-
formed in the presence of chloride, but more efficient than those
using sulfate. Again, to better understand the above results, the
accumulation of oxidants was determined for each process (Fig.
3b). A high accumulation of other oxidants can be observed for
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the EO system, confirming the formation of oxidative species
upon electrolysis of nitrate ions. Considering the high oxidation
state of the nitrate ion, its oxidation at the anode is not plausible.
Therefore, the oxidants observed could come from the reduction
of the anion at the cathode (Ti for EO experiments). Previous
investigations have proved that the cathodic reduction of nitrate
anions into ammonia is possible through electron transfer with
several transition metals in both acidic and alkaline media
(Bouzek et al. 2001; Dima et al. 2003; Lacasa et al. 2011,
2012; Liang et al. 2016; Couto et al. 2016). During the reduction
process, intermediate products such as nitric oxide (NO,
Eo = 1.59 V) or nitrous oxide (N2O, E

o = 1.77 V) can be gener-
ated (Eqs. 25–27). These have similar oxidative powers to HClO
(Eo = 1.63 V). Moreover, carbon-based cathodes have also been
efficiently tested for the electro-reduction of nitrate ions (Hu et al.
2015). Therefore, during PEF, CIP degradation treatment via
nitrogen-based oxidants is a route that can reasonably explain
the superior efficiency for CIP and TOC removal for the exper-
iments in the presence of nitrate compared with the results

observed in the presence of sulfate. Interestingly, the pH showed
a higher decrease (from 4.8 to 3.1) compared with the systems
that used sulfate or chloride (from 5.1 to 4.0). This could be also
attributed to the cathodic reduction of the nitrate ion, which limits
the OH− formation from water electrolysis at the GDE cathode.

NO3
− þ 2Hþ þ 2e−→NO2

− þ H2O ð25Þ
NO2

− þ 2Hþ þ e−→NOþ H2O ð26Þ
2NOþ 2Hþ þ 2e−→N2Oþ H2O ð27Þ

Regarding the accumulation of oxidants during the Fenton-
based processes in the presence of nitrate ions, two effects can
be observed. First is the absence of hydrogen peroxide during
the first 30 min of both treatments. Second is the significantly
lower accumulation of H2O2 compared to the experiments in
the presence of the other two anions (chlorine and sulfate). In
fact, during the PEF test, no hydrogen peroxide was accumu-
lated at all. All these findings support the hypothesis of nitrate
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Fig. 3 a CIP and TOC evolution
in the presence of nitrate as
supporting electrolyte when
submitted to UV, EO, EF, and
PEF. b Oxidant accumulation
during CIP degradation in the
presence of nitrate as supporting
electrolyte. [CIP] = 0.1 mM;
[Fe2+] = 0.09 mM; i = 20 mA; air
flow = 840 mL min−1; reactor
flow = 34 mL min−1
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reduction at the cathode that, in the case of the PEF system,
limits its capacity to electro-generate H2O2. The reduction in
H2O2 formation explains the lower mineralization observed
for the Fenton-based processes in the presence of nitrate com-
pared with the corresponding experiments in the presence of
chloride ions.

Overview of CIP degradation pathways by PEF process
in water containing sulfate, chloride, and nitrate anions

Currently, real water contaminated with fluoroquinolone anti-
biotics, such as domestic and industrial wastewater, and sea-
water, contains a mix of several anions, the most commonly
present ions being sulfate, nitrate, and chloride. Therefore,
from the findings in “Effect of sulfate ions,” “Effect of chlo-
ride ions,” and “Effect of nitrate ions” sections, it is possible to
argue that CIP degradation by PEF in real water containing
these anions can involve different pathways where several
sub-processes and oxidative species participate in the oxida-
tion of the pollutant (Table 1). Therefore, the results indicate
that the OH radical is not the only species responsible for the
oxidation. In fact, direct oxidation via IrO3 was identified,
albeit to a relatively small extent. This seems to occur inde-
pendently of the matrix conditions. Additionally, photolysis
and indirect oxidation, depending on the type of anions in
solution, can also take place. Hence, CIP degradation can be
carried out by HOCl and nitrogen-based oxidants (Noxi) gen-
erated from chloride and nitrate ions, respectively.

A schematic figure can be proposed in order to explain the
complexity of the PEF steps involved in CIP degradation in
matrices containing the tested anions (Fig. 4). As seen, in
route 1 (R1) the electro-generation of H2O2 by GDE action
in the presence of dissolved Fe2+ promotes a homogeneous
Fenton reaction (Eq. 1), producing HO• radicals that oxidize
CIP molecules. Additionally, the GDE cathode can reduce
NO3

−, producing nitrogenated-based oxidants able to contrib-
ute to CIP degradation (R2). On the other hand, at the anode,
direct CIP anodic oxidation takes place (R3). The DSA anode
also promotes the electro-oxidation of chloride to HOCl,
which contributes to CIP degradation (R4). Furthermore, in
the bulk of the solution, other reactions take place in addition
to the Fenton reaction. These are HO• recombination (Eq. 11),

the decomposition of H2O2 by HOCl (Eq. 12), and the HO•
scavenger action of chloride (Eq. 6), sulfate (Eq. 7), and nitrate
ions (Eq. 8). Finally, several photochemical reactions are pro-
moted, where both the direct photolysis of CIP (R5) (Eq. 4)
and the extra HO• produced from the photolytic action on the
iron aquo-complex (Eq. 2), hypochlorous acid (Eq. 24), and
hydrogen peroxide (Eq. 3) contribute to CIP elimination.

Seawater is an interesting example of a complex matrix
containing sulfate, nitrate, and chloride ions (Table 2), where
all of the above-mentioned degradation pathways can contrib-
ute to CIP degradation. Figure 5a compares the evolution of
CIP when submitted to PEF in two different matrices spiked
with the pollutant: distilled water containing chloride ions
(DW) and seawater (SW). Due to its higher ion concentration,
as well as the higher variety and extent of oxidative species
and degradation pathways, one can expect higher CIP elimi-
nation in SW. However, CIP removal was almost equal in both
types of water. In fact, after 10 min of treatment, 100% of CIP
was eliminated in SW and ~ 90% in DW. The results demon-
strate that the positive action of the anions can be partially
counteracted by their HO• scavenger properties (Eqs. 5–7).
The possible interaction of iron with some anions to produce
iron-ion complexes with low reactivity (Pignatello et al. 2006;
Devi et al. 2013) can also negatively affect the process in SW.

To better interpret the results, TOC was also measured
(Fig. 5a). The results show that in DW ~ 70% mineralization
was reached after 180 min; at the same time, only ~ 20% of
TOCwas removed in SW. The lowmineralization achievement
in SW is consistent with the HO• scavenger properties of the
anions. In addition, the extra oxidants produced in SW, mainly
coming from the chloride and nitrate ions, are able to transform
the initial pollutant but not its degradation by-products.

To further investigate this, the formation and accumulation
of oxidants in the course of the process were evaluated
(Fig. 5b). As expected, the results showed accumulation of
both H2O2 and other oxidative species in the two types of
water tested. Regarding oxidants other than hydrogen perox-
ide, no significant differences were seen during the process.
However, large differences were observed in the hydrogen
peroxide accumulation, which after 180 min was four times
higher in DW (~ 0.4 mM) than in SW (0.1 mM). These results
are in line with the OH radical scavenger effect of the anions
in SW. The lower accumulation of hydrogen peroxide in SW
is also due in part to its reactionwithHOCl. On the other hand,
it is noteworthy that in seawater, the initial pH decreased to
~ 3.2 within the first 60 min of treatment. As previously ex-
plained, this could be attributed to water discharge at the an-
ode, the cathodic reduction of nitrate ions, and the possible
formation of carboxylic acids prior to mineralization.

Finally, in spite of the strong OH radical scavenger prop-
erties of the matrix and several detrimental reactions among
the oxidative species, PEF constitutes a very robust system
able to efficiently eliminate CIP in a relatively short period

Table 1 CIP degradation pathways under EO, EF, and PEF action
using chloride, nitrate, and sulfate as supporting electrolyte

System EO EF PEF

Cl− HClO; IrO3 HO•; HClO; IrO3 HO•; HClO; IrO3; hν

NO3
− Noxi; IrO3 HO•; Noxi; IrO3 HO•; Noxi; IrO3; hν

SO4
2− IrO3 HO•; IrO3 HO•; IrO3; hν

[CIP] = 0.1 mM; [Fe2+ ] = 0.09mM; i = 20mA; air flow = 840mLmin−1 ;
reactor flow = 34 mL min−1
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of time. However, unlike the pollutant removal efficiency, the
complete mineralization extent could be seriously affected.
Therefore, and considering the risk of antimicrobial resistance
spread by the CIP by-products, the evaluation of the antimi-
crobial activity of treated CIP solutions and the identification
of organic by-products become crucial. This will be addressed
in the next section.

Identification of the primary organic by-products
and evaluation of the antimicrobial activity of CIP
solutions treated with the PEF system

The participation of several pathways during CIP degradation
by the PEF process in matrices containing sulfate, nitrate, and

chloride ions could be directly involved in the nature of the
organic by-products. Therefore, in order to identify the by-
products coming from UV action, as well as from the attack
of HOCl and HO• radicals during CIP degradation by the PEF
treatment, the antibiotic was treated by UV (15min), EO in the
presence of chloride ions (60 min), and EF with nitrate ions
(30 min). For each experiment, HPLC/MS analyses were car-
ried out and the UV spectrum of each by-product was per-
formed. Based on the HPLC/MS and the UV spectra analyses
for the UV254 system (Supporting material, SM2), EF system
(Supporting material, SM3) and EO system (Supporting
material, SM4), six primary degradation by-products were
found (P1, P2, P3, P4, P5, and P6). Figure 6 shows the pro-
posed structures and the sub-processes (UV, EO, and EF)
where these compounds were detected. The by-products can
be identified as follows: P1, 1-cyclopropyl-6-hydroxy-4-
oxo-7-(piperazin-1-yl)-1,4-dihydroquinoline-3-carboxylic
acid; P2, 7-[(2-aminoethyl)amino]-1-cyclopropyl-4-oxo-1,
4-dihydroquinoline-3-carboxylic acid; P3, 7-[(2-
aminoethyl)(formyl)amino]-1-cyclopropyl-6-fluoro-4-oxo-1,
4-dihydroquinoline-3-carboxylic acid; P4, 1-cyclopropyl-6-
fluoro-7-[(hydroxymethyl)[2-((hydroxymethyl)amino)ethyl]
amino]-oxo-1,4-dihydroquinoline-3-carboxylic acid; P5,

Table 2 Tested water characterization

Analysis TOC0

[mg C L−1]
Cl−1

[mg L−1]
SO4

2−

[mg L−1]
NO3

−

[mg L−1]

DW < 20 772 < 0.2 < 0.2

SW < 20 19,834 2766 0.512

DW distilled water, SW seawater

Fig. 4 Schematic representation of initial CIP degradation by PEF process in complex waters with chloride, nitrate, and sulfate ions

28184 Environ Sci Pollut Res (2017) 24:28175–28189



1-cyclopropyl-2,6-dihydroxy-4-oxo-7-(piperazin-1-yl)-1,4-
dihydroquinoline-3-carboxylic acid; and P6, 8-chloro-1-
cyclopropyl-6-fluoro-4-oxo-7-(piperazin-1-yl)-1,4-
dihydroquinoline-3-carboxylic acid.

Interestingly, the results indicated that P1, P2, and P5 can
be produced from UV action by itself. P1, which arises from
the substitution of the F-atom by an OH group, has been
reported as the main by-product of CIP photolysis
(Vasconcelos et al. 2009; Paul et al. 2010; Razuc et al. 2013;
Batchu et al. 2014; Haddad and Kümmerer 2014; Porras et al.
2016). The process seems to occur via an addition-elimination
mechanism (SN2) [49]. P1 was also detected via HO• radical
attack on CIP (Fig. 6). P5, which corresponds to the di-

hydroxylated product, has also been recently reported as a
photolytic CIP by-product (Batchu et al. 2014; Haddad and
Kümmerer 2014; Porras et al. 2016). Meanwhile, P2, which is
a product of the cleavage of the piperazine ring followed by a
reductive defluorination, was also recently found during CIP
photodegradation (Vasconcelos et al. 2009; Razuc et al. 2013;
Haddad and Kümmerer 2014). The HO• radical attack also
leads to the formation of P3 and P4. Both by-products come
from the oxidative action of the HO• radical on the piperazine
ring (Kugelmann et al. 2011). On the other hand, nitrogen
atoms are very susceptible to chlorinated oxidative species
attack (Deborde and von Gunten 2008; Giraldo et al. 2015).
Therefore, an oxidative action of HOCl in the piperazine ring

Time (min)

0 20 40 60 80 100 120 140 160 180

C
/C

0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

CIP - DW
CIP - SW
TOC - DW
TOC - SW

Time (min)
0 20 40 60 80 100 120 140 160 180 200

O
xi

da
nt

 a
cc

um
ul

at
io

n 
(m

M
)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Oxidants - DW
Oxidants - SW
H2O2 - DW
H2O2 - SW

a

b

Fig. 5 a CIP and TOC evolution
and AA elimination in distilled
water (DW) and seawater (SW)
during the treatment by PEF. b
H2O2 evolution and other oxidant
accumulation in DWand SW
during PEF treatment.
[CIP] = 0.1 mM;
[Fe2+] = 0.09 mM; i = 20 mA; air
flow = 840 mL min−1; reactor
flow = 34 mL min−1

Environ Sci Pollut Res (2017) 24:28175–28189 28185



allows the production of P4. Additionally, the electrophilic
substitution of HOCl on the free ortho position on the piper-
azine ring leads to the by-product P6, which was also found by
Dodd et al. (2005) during the oxidation of fluoroquinolones
by aqueous chlorine (Dodd et al. 2005).

The chemical structure of the reported primary by-products
is quite similar to the CIP molecule. Moreover, total mineral-
ization was not reached with any process in the presence of the
tested inorganic ions. Consequently, the evaluation of the an-
timicrobial activity (AA) of the treated solutions needs to be
investigated in order to verify that the recalcitrant by-products
of the PEF process do not contribute to the proliferation of the
resistant bacteria. Therefore, the AA evolution during the
combination of the UV, EO, and EF systems defined as PEF
was determined against both a Gram-negative bacteria
(E. coli) and a Gram-positive bacteria (S. aureus) (Fig. 7).
Because of the higher environmental risk due to the possible
formation of chlorinated organic by-products, chloride ions
were selected as supporting electrolyte. The results show that
only P1, P2, and P3 were identified during PEF action, sug-
gesting that the successive attack of the species involved,

especially the hydroxyl radical, easily removed P4, P5, and
P6. Figure 7 also shows that the accumulation of P1 and P2 is
maximized after 20 min of treatment, while P3 reaches its

Fig. 6 CIP main by-products identified during CIP degradation when submitted to UV, EO, and EF. [CIP] = 0.1 mM; [Fe2+] = 0.09 mM; i = 20 mA; air
flow = 840 mL min−1; reactor flow = 34 mL min−1
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maximum at 30 min. However, in the case of AA elimination,
after 30 min significant antimicrobial activity persisted in the
solution (~ 40% for S. aureus and ~ 20% for E. coli).
Considering that CIP is practically eliminated after 20 min
of treatment, the remaining AA could be attributed to the
by-products P1, P2, and P3. This hypothesis is supported by
the fact that after 40 min of treatment, when all of these by-
products (P1, P2, and P3) were eliminated from the solution,
antibiotic activity against both of the tested bacteria has
completely stopped.

Conclusions

This investigation showed the high efficiency of the PEF system
at natural initial pH as an alternative treatment of water contam-
inated with fluoroquinolone antibiotics such as ciprofloxacin,
which contain sulfate, nitrate, and chloride anions. The effective-
ness of the process can be attributed to the synergistic action of
light irradiation, electro-chemical oxidation, and the Fenton reac-
tion that degrades the pollutant in the presence of the above
indicated inorganic anions, commonly known as inhibitors of
the degradation of organic pollutants in advanced oxidation pro-
cesses. The identification of PEF as a combination of EO, EF,
and UV254 action allowed for the determination of several deg-
radation pathways in which different species participate in CIP
degradation depending on the inorganic ions present in the water.
Direct oxidation of CIP on the anode surface was evidenced in
the presence of sulfate. This also occurred in all tested PEF
conditions. On the other hand, both chlorine and nitrate ions
significantly improved the antibiotic elimination through the for-
mation of secondary oxidative species. The chlorinated species
were obtained by the oxidation of Cl− at the anode (IrO2), while
the nitrogen-based oxidants were produced by the reduction of
NO3

− at the cathode (GDE). Despite the fact that the sub-
processes tested (UV254, EO, and EF) are able to reach total
CIP elimination in many cases, only the combined PEF system,
through several degradation pathways, was able to promote high
levels of mineralization independently of the inorganic ion pres-
ent in the solution. The involvement of different degradation
pathways leads to several structural transformations of the pol-
lutant. Therefore, six primary CIP by-products were identified
(P1–P6), and the pathways generating them were determined.
Direct photolysis led to the formation of P1, P2, and P5; EO
led to P4 and P6; and EF produced P1, P3, and P4. Fairly similar
structures were observed among the primary by-products and the
antibiotic. Finally, antimicrobial activity was measured, and
found to be completely removed after 60 min of PEF treatment,
i.e., when CIP and the primary by-products were also eliminated.
As such, it can be concluded that the antibiotics and their asso-
ciated by-products can be effectively eliminated by the PEF sys-
tem, and that even if HO• is mainly responsible for the CIP
mineralization, IrO3 (direct EO), HOCl, and Noxi can also

participate in the process, depending on the type and concentra-
tion of anions in solution. The identification of different contri-
butions of the anions leads to the possibility of PEF being used in
complex matrices such as seawater in which a mixture of anions
can be found. However, in this type of water, the positive action
of the anions can be suppressed by a high concentration of them
in the matrix making scavenger reactions that negatively affect
the system predominant.
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