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Abstract In the present study, photo-Fenton and Fenton-
like processes were investigated for the degradation and
mineralization of the antineoplastic drug 5-fluorouracil (5-
FU). For the optimization of photo-Fenton treatment under
simulated solar light (SSL) radiation, the effects of several
operating parameters (i.e., 5-FU concentration, Fe3+, and
oxidant concentration) on the treatment efficiency were
studied. According to the results, SSL/[Fe(C2Ο4)3]

3

−/Η2Ο2 process was the most efficient, since faster degrada-
tion of 5-FU and higher mineralization percentages were
achieved. All the applied processes followed quite similar
transformation routes which include defluorination-
hydroxylation as well as pyrimidine ring opening, as dem-
onstrated by the transformation products identified by high
resolution mass spectrometry analysis. The toxicity of the
treated solutions was evaluated using the Microtox assay. In
general, low toxicity was recorded for the initial solution
and the solution at the end of the photocatalytic treatment,
while an increase in the overall toxicity was observed only
at the first stages of SSL/Fe3+/Η2Ο2 and SSL/Fe3+/S2O8

2−

processes.

Keywords 5-fluorouracil . Pharmaceuticals . Photo-Fenton .

Fenton-like processes . AOPs . Toxicity . Transformation
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Introduction

Antineoplastic (Banticancer^ or Bcytostatic^) drugs are one of
the main chemotherapeutic agent families widely used in the
fight against cancer (Lutterbeck et al. 2015a). They have been
shown to have potent genotoxic, cytotoxic, carcinogenic, mu-
tagenic, teratogenic, and/or endocrine disruptor effects on sev-
eral organisms, since they have been designed to disrupt or
prevent cellular proliferation, usually by interfering in DNA
synthesis (Ferrando-Climent et al. 2015).

These substances are mostly discharged into the environ-
ment through the excretion of urine and feces from chemo-
therapy patients. Under controlled situations, they are admin-
istered at hospitals and lately at home by outpatients’ (Besse
et al. 2012). Because of this ongoing move towards outpatient
treatment and the fact that hospital effluent often leads into the
municipal sewer system, municipal wastewater would now be
an important source for the introduction of these drugs into the
environment (Toolaram et al. 2014). Although the measured
environmental concentrations of these compounds are lower
than those of more commonly used pharmaceuticals (Parrella
et al. 2015), the antineoplastic drugs are of particular environ-
mental concern, since even at trace levels they have been
suggested to have a capacity to cause pronounced environ-
mental effects (Ferrando-Climent et al. 2014, Parrella et al.
2014a).

One of the most commonly administered antineoplastic
drugs is 5-fluorouracil (5-FU), while several studies have
shown evidence for its presence in different water compart-
ments, mostly in hospital and municipal wastewaters, in
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concentrations ranging from nanogram per liter up to micro-
gram per liter (Catastini et al. 2008, Kosjek et al. 2013,
Mahnik et al. 2007, Weissbrodt et al. 2009). 5-FU is an anti-
metabolite that exerts its anticancer effects through inhibi-
tion of DNA synthesis and replication, by inhibition of
thymidylate synthase, and by incorporation of 5-FU me-
tabolites into RNA and DNA (Kovács et al. 2015).
Research has shown that 60–90% of the taken 5-FU is
metabolized and then excreted, while the remaining 10–
30% is excreted as the parent form that enters hospital or
municipal wastewater (Straub 2010). More and more in-
vestigations are conducted lately, studying the toxicity of
5-FU, indicating the importance to develop efficient treat-
ment methods to degrade 5-FU and to investigate the na-
ture of transformation of this drug in water treatment pro-
cesses (Brezovšek et al. 2013, 2014, Kovács et al. 2015,
Parrella et al. 2014a, Parrella et al. 2014b).

Advanced oxidation processes (AOPs) have been studied
as an alternative option for treating many types of industrial
and municipal wastewater (Papoutsakis et al. 2015). AOPs
have successfully mineralized or converted persistent
micropollutants to less harmful forms (Ikehata et al. 2006).
Although the hydroxyl radical (HO•) is the main oxidizing
agent in these processes, their application often induces the
production and participation of other reactive oxygen species
(ROS), such as superoxide radical anions, hydroperoxyl rad-
icals, and singlet oxygen (Giannakis et al. 2015). The charac-
teristic versatility of the oxidation processes is one the main
advantages for their applications (De la Cruz et al. 2012).

So far, the degradation of 5-FU was studied by photolysis
under UV light or simulated sunlight (Lin et al. 2013, Miolo
et al. 2011) while Lutterbeck et al. (2015b) and Lin and Lin
(2014) applied different advanced photo-oxidation processes
(Lin & Lin 2014, Lutterbeck et al. 2015b). Lutterbeck et al.
(2015b) investigated 5-FU degradation by UV/H2O2, UV/
Fe2+/H2O2 and UV/TiO2, achieving the highest degree of min-
eralization processes by UV/Fe2+/H2O2, and UV/TiO2. Lin
and Lin (2014) applied heterogeneous photocatalysis under
UV irradiation, using several semiconductors (ZnO, Degussa
P25, Aldrich-TiO2) as photocatalysts and concluded that
Degussa P25 exhibited the highest activity.

Bearing in mind the need for further investigation on the
effectiveness of AOPs for the degradation of 5-FU, the present
work aims to study the application of three different AOPs
(homogeneous photocatalysis), under simulated solar irradia-
tion. The main objectives for this study were: (i) the compar-
ison of photo-Fenton (Fe3+/H2O2) and photo-Fenton-like
([Fe(C2O4)3]

3−/H2O2, Fe
3+/S2O8

2−) treatments under simulat-
ed solar irradiation for the degradation of 5-FU, (ii) the eval-
uation of the efficiency of each treatment for the elimination of
5-FU by means of mineralization, and (iii) the identification
and comparison of the transformation products (TPs) formed
during the studied processes.

Materials and methods

Reagents and materials

5-FU, analytical grade > 99%, was obtained from TCI
(TOKYO Chemical Industry CO). LC-MS-grade solvents
(methanol, and water) were supplied by Fisher Scientific.
The salts used for the oxidation techniques were iron(III) chlo-
ride hexahydrate (FeCl3·6H2O, 99%), sodium persulfate
(Na2S2O8, 99+%), and potassium oxalate monohydrate
(C2K2O4·1H2O, 99.5+%), all purchased from Chem-Lab NV
(Zedelgem, Belgium). Hydrogen peroxide (H2O2, 30% w/v)
was obtained from Panreac (Barcelona, Spain). Sodium car-
bonate (Na2CO3) and sodium hydrogen carbonate (NaHCO3),
used for ion chromatography analyses, were obtained from
Sigma–Aldrich (Germany). Ultrapure water used for the ex-
periments was obtained from Millipore Waters Milli-Q water
purification system.

Photo-Fenton experiments

The photo-Fenton experiments were carried out in a solar
simulator Atlas Suntest CPS+ (Germany) equipped with a
xenon lamp (1.5 kW) using a constant irradiance of
500 W m−2 (measured by a calibrated internal radiometer of
the Suntest apparatus). Τhe spectrum of the Xenon lamp with
the used filters is presented elsewhere (Weber et al. 2009).

In each experiment, 100 mL of 5-FU solution (10 mg L−1,
unless otherwise stated) was mixed with the appropriate
amount of iron (0–4.5 mg L−1) in a double-walled Pyrex glass
reactor, thermostated by a water circuit and magnetically
stirred before and during the illumination. At the beginning
of the experiments, 5-FU solutions were acidified (pH was
adjusted to 2.9–3 in all cases) using HCl. Acidic pH was
selected since optimal Fenton and photo-Fenton processes
require pH values ≤3, in order to prevent the iron precipitation
as Fe(OH)3. The reaction was initiated by adding the appro-
priate amount of hydrogen peroxide (0–90 mg L−1).

Photo-Fenton like processes

Fenton- l ike (Fe3+ /S2O8
2− , [Fe(C2O4)3 ]

3− /H2O2)
photocatalysis was carried out in the solar simulator described
previously in the BPhoto-fenton experiments^ section. The pH
of 5-FU solution was adjusted to 2.8 with HCl. The concen-
tration of Fe3+ and the used oxidant were 4.5 and 100 mg L−1,
respectively. Ferrioxalate ([Fe(C2O4)3]

3−) was prepared as a
mixture containing a 1:3 M ratio of iron(III) chloride hexahy-
drate (FeCl3·6H2O) and potassium oxalate monohydrate
(C2K2O4·1H2O), prior to each experiment. With a view to
achieve not very fast degradation kinetics of 5-FU, which will
favor the identification of TPs as well as the determination of
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mineralization’s evolution, 30 mg L−1 (200 mL solution) of 5-
FU was used as initial concentration.

Analytical procedures

Kinetic studies

An HPLC system (SIL 20A autosampler and a LC-20AB
pump both from Shimadzu, Kyoto, Japan) with a SPD 20A
DAD detector coupled in series with a 2010EV mass spec-
trometry detector, equipped with an atmospheric pressure
electrospray ionization source (ESI), was used for the quanti-
fication of 5-FU, during the applied processes. The analysis
was performed on a C18, 150 × 4.6 mm with 3.5-μm particle
size (Pathfinder) analytical column, thermostated at 40 °C.
The mobile phase was a mixture of LC-MS grade water
−0.1% formic acid (60%) and LC-MS grade methanol
(40%) with a flow rate of 0.4 mLmin−1. The total run analysis
lasted 6 min and the injection volume was adjusted at 20 μL.
The samples were analyzed in negative ionization (NI) mode
and the precursor molecular ion [M-H]− in the selected-ion
monitoring (SIM) mode was acquired (129 m/z) for 5-FU.
The mass spectrometer was operated under the following con-
ditions: drying gas 10 L min−1, temperature 200 °C, nebuliz-
ing pressure 100 psi, capillary voltage −3500 V, and fragmen-
tation voltage 1.65 V.

Mineralization studies

The mineralization percentages achieved during the applied
processes were evaluated by dissolved organic carbon
(DOC) measurements, performed on a Shimadzu TOC V-
csh Analyzer. NO3

− and F− ions were quantified by an ion
chromatography (Metrohm) equipped with an automatic sam-
pler and a Metrosep A Supp 4 (250 mm x 4.0 mm) with 9 μm
particle size analytical column. A mixture of Na2CO3

1.8 mM–NaHCO3 1.7 mM with a flow rate of 1 mL min−1

was used as an eluent. The duration of chromatographic pro-
gram was 20 min, while the injection volume was 20 μL.

Transformation products evaluation

The identification of TPs was performed on a LC-TOF-MS
system (Bruker micrOTOF Focus II connected to a Dionex
UHPLC Ultimate 3000) described in detail previously
(Antonopoulou et al. 2016). The mobile phase was LC-MS
grade water with 0.01% formic acid (A) and LC-MS grade
methanol (B) at a flow rate of 0.3 mL/min. The gradient elu-
tion was started with 1% methanol and increased linearly to
99% at 6.0 min and then reverted to 1%methanol at 10.0 min.
Finally, 2 min was set as equilibration time. The chromato-
graphic program lasted 12 min. The injection volume was
20 μL. MS analysis for the TPs’ identification was performed

in both positive (set capillary at 4000 V) and negative ioniza-
tion mode (set capillary at 4200 V). The other conditions
adopted in the mass spectrometer part using otofControl soft-
ware are similar to those presented in a previous work
(Antonopoulou et al. 2016).

Toxicity evaluation

Acute toxicity (% inhibition of the Vibrio fischeri lumines-
cence in 15 min of incubation) of the treated samples was
estimated using a Microtox Model 500 Toxicity Analyzer as
described previously (Antonopoulou & Konstantinou 2014).
Samples were taken at the beginning, at the first stages and at
the end of each procedure. Sodium thiosulphate was used as a
quenching factor in stoichiometric doses in all treatments.
Additionally, all samples were neutralized at pH 6–8 prior to
toxicity assessment.

Results and discussion

Optimization of photo-Fenton treatment

Preliminary experiments According to background chemis-
try, both Fe2+ and Fe3+ react with hydrogen peroxide through
reactions involving radical intermediates (like HO• and HO2

•)
that can attack organic compounds (Eqs. (1)–(3)) (Evgenidou
et al. 2007, Pignatello et al. 2006):

Fe2þ þ H2O2→Fe3þ þ OH− þ HO• ð1Þ
Fe3þ þ H2O2→Fe–OOH2þ þ Hþ ð2Þ
Fe–OOH2þ→HO2

• þ Fe2þ ð3Þ

In order to compare the effectiveness of the Fenton reaction
with the photo-Fenton reaction, experiments were carried out
under SSL by employing the Fe3+/H2O2 system. It is well
known that the irradiation of Fenton reaction systems with
UV/visible light strongly accelerated the rate of degradation
for a variety of pollutants due to the photochemical reduction
of Fe(III) back to Fe(II) according to the following reaction:

Fe3þ þ H2Oþ hv→Fe2þ þ HO• þ Hþ ð4Þ

As a result, irradiation of the Fenton reaction not only re-
generates Fe(II), the catalytic species in the Fenton reaction
(Eq. 4), but also produces additional hydroxyl radicals for the
degradation of organic substrate. Thus, the photo-Fenton pro-
cess is faster than the conventional thermal Fenton process.

Preliminary results for Fenton and photo-Fenton treatment
of 5-FU using the solar simulator are summarized in Fig. 1. By
Fenton treatment, only 15% elimination of the parent com-
pound is achieved during the first 30 min, while at the same
time the elimination caused by photo-Fenton treatment is

Environ Sci Pollut Res (2017) 24:4791–4800 4793



approximately 96%; thus, further experiments have been fo-
cused on photo-Fenton processes. Direct photolysis (simulated
solar radiation alone) was also studied, showing that only 2%
of 5-FU was removed after 45 min of illumination (Fig. 1),
indicating no significant contribution to the degradation of 5-
FU.

Effect of 5-FU initial concentration

5-FU oxidation by photo-Fenton follows first-order kinetics
according to the fitting high values of correlation coefficient,
R2 = 0.99. Photo-Fenton was applied, using various initial
concentrations of 5-FU (1.5–10 mg L−1), with a view to eval-
uate the effect of initial concentration of 5-FU to the photo-
catalytic rate (Fig. 2). The rest parameters were kept constant
(Fe3+ concentration at 3 mg L−1 and H2O2 at 60 mg L−1).
Obviously, an increase in the concentration of 5-FU leads to
a decrease in the photocatalytic rate constant that could be
attributed to the lower ratio of active oxidative species to the
substrate molecules. This behavior was similar to that reported
for other studies (Lucas and Peres 2006, Modirshahla et al.
2007, Tamimi et al. 2008).

Effect of hydrogen peroxide concentration

The occurrence of adequate amounts of oxidant during the
solar Fenton process is a crucial factor in regards to the con-
tinuation of the reactions and the mineralization of the drug
(Velegraki & Mantzavinos 2015). The effect of the amount of
hydrogen peroxide concentration to the degradation rate was
examined by employing different initial concentrations of hy-
drogen peroxide ranged between 0 and 90 mg L−1. 5-FU con-
centration and Fe3+ were kept constant at 10 and 3 mg L−1.
The results are presented in Fig. 2. It is obvious that the in-
crease of the amount of hydrogen peroxide induces an increase

of the reaction rate since more hydroxyl radicals are produced.
This increase of the reaction rate continues up to a level which
corresponds to an optimum concentration. However, at high
dosages of the oxidant, a decrease of the degradation rate is
observed, due to the hydroxyl radical scavenging effect of
H2O2 (Eq. 5) and the recombination of hydroxyl radicals as
well (Yamal-Turbay et al. 2013, Zazo et al. 2009).

H2O2 þ HO•→HO2
• þ H2O ð5Þ

Although other radicals (e.g., HO2
•) are produced, their

oxidation potential is smaller than that of HO• while the
decomposition-deactivation of H2O2 to water and oxygen is
also favored in the excess of H2O2.

Furthermore, even in the absence of the oxidant, degrada-
tion still occurs due to photolysis of Fe(aq)

3+ according to
Eq. 4. Indeed, at pH ≃ 3, the predominant Fe(III) species is
the [FeIIIOH(H2O)5]

2+ complex which is able to undergo ex-
citation throughout most of the ultraviolet spectral region.
This excitation is followed by electron transfer producing
Fe(II) aqua complex and •OH radical (Poulain et al. 2003):

FeIIIOH H2Oð Þ5
� �2þ þ H2Oþ hν→ FeII H2Oð Þ6

� �2þ þ HO• ð6Þ

Thus, based on the previous observations, the optimum
concentration of H2O2 for photo-Fenton degradation of 5-
FU corresponds to approximately 60 mg L−1.

Effect of iron concentration

In order to examine the effect of iron on the degradation ki-
netics, experiments (5-FU concentration at 10 mg L−1 and
H2O2 at 60 mg L−1) were carried out at different initial con-
centrations of ferric ions (0–4.5 mg L−1). The dependence of
the constant rate on Fe3+ concentration is depicted in Fig. 2. In
the absence of iron, a low reaction rate is observed (Fig. 2),
due to the photolysis of peroxide (Irmak et al. 2004). By
adding Fe3+ to the 5-FU solution, higher reaction rates are
observed which can be attributed to enhanced H2O2 decom-
position which in turn increases hydroxyl radical production
(Velegraki &Mantzavinos 2015). A linear trend was observed
up to ferric ion concentration of 4.5 mg L−1. According to
Eqs. (1–3), the amount of ferric ions added is proportional to
the amount of ferrous ions which in turn is proportional to the
amount of hydroxyl radicals produced and, consequently, to
the degradation rate of 5-FU. At higher concentrations of fer-
ric ions, the degradation rate increases only slightly due prob-
ably to restrictions posed by the available photons at the given
irradiation intensity or by the excess of Fe(II) that could re-
duce the amount of HO• radicals via the reaction:

FeΙΙ þ HO•→FeIII þ ΗΟ− ð7Þ

Fig. 1 Photo-Fenton treatment of 5-FU in comparison to Fenton
treatment and direct photolysis; (Co(5-FU) = 10 mg L−1 ,
C(Fe3+) = 4.5 mg L−1, C(H2O2) = 60 mg L-1)
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However, the residues of iron in treated effluent and settled
sludge is harmful to the environment and needs further treat-
ment to be separated (Gar Alalm et al. 2015). Consequently,
lower concentrations that achieve a short reaction time with-
out the requirement of further treatment for iron removal are
preferable. For the reasons described above, the selected con-
centration of ferric ions for further experiments was
4.5 mg L−1.

Comparison of Fenton and Fenton-like treatment of 5-FU

The efficiency of Fe3+/S2O8
2− system under solar irradiation

for the degradation of 5-FU was studied and compared to the
photo-Fenton (Fe3+/H2O2) system. The ferrioxalate photo-
Fenton reaction system was also investigated as it is known
that the efficiency of the photo-Fenton process can be further
enhanced by using organic carboxylic acids to complex
Fe(III) (Pignatello et al. 2006). Oxalic to iron ratio is set to
1:3 to enable formation of the most stable complex
([Fe(C2O4)3

3−]). A lower oxalate concentration would be in-
adequate, slowing down the ferrous iron regeneration rate,
whereas an excess would act as hydroxyl radicals’ scavenger
(Doumic et al. 2015, Monteagudo et al. 2010). Thirty milli-
grams per liter of 5-FU was used in all cases, while

concentration of ferric ions was 4.5 mg L−1. In each case,
the concentration of the oxidant was 100 mg L−1.

Obviously, the addition of oxalic acid substantially im-
proves the efficiency of photo-Fenton reaction, since the
degradation of 5-FU is approximately 98% at the first
30 min of irradiation, while the rate constant is increased
to 0.146 min−1 compared to 0.024 min−1 for the simple

Fig. 2 The effect of operational
parameters on 5-FU photo-Fenton
degradation. a Effect of 5-FU
loading (C(Fe3+) = 3 mg L−1,
C(H2O2) = 60 mg L−1). b Effect
of H2O2 loading (Co(5-
FU) = 10 mg L−1

(C(Fe3+) = 3 mg L−1). c Effect of
Fe3+ loading (Co(5-
FU) = 10 mg L−1,
C(H2O2) = 60 mg L−1). k
calculated for 10-min reaction

Fig. 3 Comparison of Fenton and Fenton-like treatment of 5-FU; (Co(5-
FU) = 30 mg L−1, C(Fe3+) = 4.5 mg L−1, C(oxidant) = 100 mg L−1)
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photo-Fenton system (Fig. 3). DOC elimination is also
substantially increased, from 25 to 64% (Fig. 4). This
could be explained by the fact that H2O2 photolysis is
not as efficient as ferrioxalate’s complex ([Fe(C2O4)3]

3−)
photolysis. Ferrioxalate complexes can absorb light as far
out as 570 nm, i.e., well expanded into the visible light
region and they are decomposed efficiently (quantum
yields of the order of unity) to Fe(II) and CO2 (Chakma
et al. 2015). On the contrary, H2O2 absorbs photons only
below 350–400 nm (Monteagudo et al. 2008), which

constitute only 3–5% of solar irradiation, because of its
lower molar extinction.

As far as the comparison between Fe3+/S2O8
2− and Fe3+/

H2O2 systems is concerned, the kinetics for Fe3+/S2O8
2− reac-

tion is clearly higher (0.04 min−1 for Fe3+/S2O8
2− and

0.024 min−1 for Fe3+/H2O2). The data obtained from DOC
measurements corroborate also the higher efficiency of Fe3+/
S2O8

2− (Fig. 4). The DOC elimination of 5-FU after 6 h of
irradiation is 25% for Fe3+/H2O2 treatment and 40% for Fe3+/
S2O8

2− treatment.

Fig. 4 Mineralization process of
5-FU. a SSL/Fe3+/H2O2. b SSL/
Fe3+/S2O8

2−. c SSL/[Fe(C2O4)3]
3

−/H2O2; (Co(5-FU) = 30 mg L−1,
C(Fe3+) = 4.5 mg L−1,
C(oxidant) = 100 mg L−1)

Table 1 High-resolution mass spectra data for 5-FU and identified TPs derived from LC-MS-TOF analysis

Rt (min)/code
name

Pseudo-molecular
ion formula

Theoretical m/z
[M − H]−

Experimental m/z
[M − H]−

Δ (ppm) RDBE Process

1.0/TP1 C4H3N2O4 143.0098 143.0103 −3.0 4.5 SSL/Fe3+/S2O8
2−SSL/Fe3+/Η2Ο2

SSL/[Fe(C2Ο4)3]
3−/Η2Ο2

1.5/TP2* C4H3N2O3 127.0149 127.0152 −2.3 4.5 SSL/Fe3+/S2O8
2−

2.0/5-FU C4H2FN2O2 129.0106 129.0105 0.3 4.5

Rt (min)/code
name

Pseudo-molecular
ion formula

Theoretical m/z
[M + H]+

Experimental m/z
[M + H]+

Δ (ppm) RDBE Process

1.0/TP3 C4H7N2O5 163.0350 163.0352 −1.3 2.5 SSL/Fe3+/H2O2

C4H5N2O4 145.0244 145.0249 −3.8 3.5 SSL/Fe3+/S2O8
2−

1.5/TP2* C4H5N2O3 129.0295 129.0296 −0.9 3.5 SSL/Fe3+/S2O8
2−

2.0/5-FU* C4H4FN2O2 131.0251 131.0254 −1.8 3.5

Asterisks indicate compounds detected in both positive and negative ionization modes
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Identification of transformation products and toxicity
evolution

Accurate mass measurements, derived by LC-TOF-MS
analysis in both positive and negative ionization mode,
provided the identification and structural elucidation of
the TPs, generated during the applied AOPs. All the high

resolution accurate LC-MS data of the parent compound
and the identified TPs are summarized in Table 1. Based
on the accurate mass measurements, the proposed transfor-
mation mechanism of 5-FU was depicted in Fig. 5. The
effective transformation of 5-FU was initiated by HO•

radical attack on the C-F bond of the parent molecule
and followed by subsequent substitution of fluorine atom

Fig. 5 Transformation pathways
of 5-FU under SSL/Fe3+/H2O2,
SSL/Fe3+/S2O8

2−, and SSL/
[Fe(C2O4)3]

3−/H2O2 processes
([M-H]−/[M + H]+: experimental
m/z mass)

Fig. 6 Kinetics of 5-FU transfor-
mation products. a SSL/Fe3+/
H2O2. b SSL/Fe3+/S2O8

2−. c SSL/
[Fe(C2O4)3]

3−/H2O2; (Co(5-
FU) = 30 mg L−1,
C(Fe3+) = 4.5 mg L−1,
C(oxidant) = 100 mg L−1,
Ao = initial 5-FU peak area)
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by OH group, leading to the formation of TP2. As previ-
ously reported, TP2 has also been detected during the
hydrolysis of 5-FU in aqueous solutions under alkaline
conditions (Legay et al. 2014). In accordance with our
results, defluorination followed by hydroxylation has been
characterized as a common transformation pathway of
fluorinated organic compounds during their treatment by
different AOPs (An et al. 2010, Minero et al. 1991,
Sturini et al. 2012). Subsequent oxidant attack of HO•

radicals to the aromatic ring leads to TP1, a poly-
hydroxylated derivative of defluorinated 5-FU, which was
identified in all the studied processes and proved the sig-
nificant role of HO • radicals. Successive poly-
hydroxylation is followed by the cleavage of the aromatic
heterocyclic ring and the formation of the TP3 with a
probable structure of carboxylic acid derivative.

The proposed transformation pathways are similar but not
identical to those reported during the degradation of 5-FU by
photolysis and different AOPs (Elsellami et al. 2014,
Lutterbeck et al. 2015b, 2016). The identified TPs proved that
oxidant attack of the HO• radical on the C-F bond and subse-
quently substitution of fluorine by OH group is the major
pathway. For further elucidation of the possible transforma-
tion pathway, the kinetic profiles of the identified TPs were

followed. The evolution profiles of TPs, i.e., % peak area ratio
(A/A0, where A is the TP peak area and A0 is the peak area of
5-FU at 0 min) vs time, are presented in Fig. 6. All identified
TPs were rapidly degraded while maximum concentrations of
TP1 and TP2 were recorded within the first 10 min, pointing
out the parallel formation of defluorinated and mono-
hydroxylated as well as di-hydroxylated derivatives. The gen-
eration of the ring-opened TP3 maximized at 20 min showing
the successive steps after defluorination and poly-
hydroxylation of 5-FU molecule. Despite the rapid degrada-
tion of 5-FU and the generated TPs, the DOC removal was
rather slow for all oxidation techniques (30–50% decrease
after 360 min), except from ferrioxalate’s complex process,
which reaches almost 65% decrease after 360 min.

The slow rate of mineralization implies the formation of
deep oxidation TPs as a consequence of successive ring open-
ing and further oxidation-dealkylation of the identified TPs.
Based on the structure of 5-FU, aliphatic organic acids such as
oxalic acid, tartronic acid, and mesoxalic acid can be consid-
ered as final products, before complete mineralization
(Elsellami et al. 2014).

V. fischeri toxicity bioassay was also conducted, in order to
evaluate the potent toxicity of the TPs formed during the ap-
plied AOPs. As presented in Fig. 7, the original solution at

Fig. 7 Toxicity evolution as a
function of photocatalytic
treatment. a SSL/Fe3+/H2O2. b
SSL/Fe3+/S2O8

2−. c SSL/
[Fe(C2O4)3]

3−/H2O2; (Co(5-
FU) = 30 mg L−1,
C(Fe3+) = 4.5 mg L−1,
C(oxidant) = 100 mg L−1)
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30mg L−1 in ultrapure water without irradiation exhibited low
toxicity to V. fischeri (2–6% inhibition). In contrast, the toxic-
ity increased during the first stages of the photocatalytic reac-
tion, reaching the inhibition value of about 15 and 30% for
SSL/Fe3+/Η2Ο2 and SSL/Fe3+/S2O8

2− treatments. At this
time, the TPs formed are still present in the solution.
Consequently, the toxicity profile indicates that the TPs’ con-
tent during the photocatalytic procedure exhibits more toxic
effects than the parent compound for those two treatments.
However, the toxicity levels at the end of its treatment are
lower than the toxicity levels at the first stages of the photo-
catalytic reaction. On the other hand, SSL/[Fe(C2Ο4)3]

3

−/Η2Ο2 treatment presented almost zero toxicity at all stages
of the photocatalytic reaction. This is probably because the
degradation procedure is quite faster and the TPs responsible
for the toxicity in the other two treatments have been elimi-
nated in short times. Generally, the toxicity of 5-FU and its
TPs was very low at these concentration levels which are in
agreement with previous studies on 5-FU and its TPs’ acute
toxicity (Lutterbeck et al. 2015b, 2016).

Conclusions

In this study, new data are presented about the degradation and
total mineralization of 5-FU using photo-Fenton and Fenton-
like processes. The degradation efficiency was found to be
enhanced by the addition of oxidants and the decrease of the
initial concentration of 5-FU. A comparison between the ap-
plied processes showed that the ferrioxalate system was more
efficient for the degradation and mineralization of 5-FU.
Under the studied processes, the transformation of 5-FU
proceeded through deflurination, hydroxylation, and ring-
opening pathways, involving hydroxyl radical attack on C-F
bond and aromatic ring. All the identified intermediates were
easily degraded within 20–60 min of treatment. Toxicity as-
sessment revealed that both 5-FU and the treated samples
exhibited relatively low toxicity to V. fischeri. According to
the obtained results, the efficiency of photo-Fenton and
Fenton-like processes to remove 5-FU from aqueous phase,
avoiding the formation of highly toxic TPs, was demonstrated.
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