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Abstract Cytostatics are part of the forefront research topics
due to their high prescription, high toxicity, and the lack of
effective solutions to stop their entrance and spread in the
environment. Among them, 5-Fluorouracil (5-Fu) has re-
ceived particular attention because is one of the most pre-
scribed active substances in chemotherapy worldwide. The
degradation of 5-Fu by advanced oxidation processes
(AOPs) is a poorly addressed topic, and this work brings valu-
able inputs concerning this matter. Herein, the efficacy of
Fenton’s process in the degradation of 5-Fu is explored for
the first time; the study of the main variables and its successful
application to the treatment of real wastewaters is demonstrat-
ed. Moreover, hydrogen peroxide-based and photo-assisted
techniques (direct photolysis, photodegradation with H2O2

and photo-Fenton) are also investigated for purposes of com-
parison. Under the best operation conditions obtained
(T = 30 °C, [Fe2+]0 = 0.5 mM; [H2O2]0 = 240 mM and
pH = 3 for [5-Fu]0 = 0.38 mM), 5-Fu was completely elimi-
nated after 2 h of Fenton’s reaction and about 50 % of miner-
alization was reached after 8 h. The best performance was
obtained by the photo-Fenton process, with 5-Fu mineraliza-
tion level as high as 67 %, using an iron dose within the legal
limits required for direct water discharge. Toxicity (towards

Vibrio fischeri) of the effluents that resulted from the applica-
tion of the above-mentioned AOPs was also evaluated; it was
found that the degradation products generated from the photo-
assisted processes are less toxic than the parent compound,
putting into evidence the relevance of such technologies for
degradation of cytostatics like 5-Fu.
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Introduction

Water resources contaminated with pharmaceutical com-
pounds have received substantial public and scientific atten-
tion (Klavarioti et al. 2009, Wang et al. 2009, Zhang et al.
2013). Among the various classes of pharmaceuticals, cyto-
static drugs, widely used in chemotherapy, are of particular
environmental concern because of their high consumption rate
(it is expected that anti-cancer treatment will double from
2010 to 2020 (Hoppe-Tichy 2010)), their adverse effects to
humans and to the environment (Li et al. 2015, Lin and Lin
2014, Lutterbeck et al. 2015), as well as to their low degrada-
tion by wastewater treatment plants (WWTPs). On the other
hand, it is worth mentioning the scarcity of valuable alterna-
tives for the effective remediation of cytostatic-containing ef-
fluents (Garcia-Ac et al. 2010, Klavarioti et al. 2009, Lin et al.
2014, Lutterbeck et al. 2015, Mahnik et al. 2007, Negreira
et al. 2014, Zhang et al. 2013).

5-Fluorouracil (5-Fu) combined with its prodrug capecita-
bine is one of the most prescribed cytostatic drugs (Franquet-
Griell et al. 2015, Johnson et al. 2013, Longley et al. 2003).
The high resistance of 5-Fu towards biodegradation, its low
adsorption to suspended solids present in water matrices, and
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its very low vapor pressure suggest that this drug will be
extremely persistent in the aqueous environment (Zhang
et al. 2013). Meanwhile, taking into account that 5-Fu is not
completely metabolized (10–30 % is excreted in the parent
form) and that current technologies available at wastewater
treatment facilities are not prepared to efficiently degrade such
hazardous substance, it is anticipated that 5-Fu can reach sur-
face and ground waters (Li et al. 2015, Zhang et al. 2013).
Franquet-Griell and co-workers predicted high environmental
concentrations for 5-Fu and capecitabine because of being
among the most prescribed cytostatics and of their stability
at WWTPs (Franquet-Griell et al. 2015).

Because the degradation and removal of 5-Fu by conven-
tionalWWTPs is inefficient and incomplete, other alternatives
need to be investigated. Advanced oxidation processes
(AOPs) are recommended for the treatment of wastewaters
contaminated with compounds of high chemical stability
and/or low biodegradability. Up to now, a very limited number
of studies have been published regarding the degradation of 5-
Fu by AOPs (Lin and Lin 2014, Lutterbeck et al. 2015, Yu-
Chen Lin et al. 2015). The most promising results have been
reported by Lutterbeck et al. (Lutterbeck et al. 2015), reaching
73.1 % of 5-Fu mineralization after ca. 4 h of photo-Fenton
reaction.

Until now, the performance of the dark Fenton’s process
in terms of 5-Fu degradation is completely unknown, al-
though this technique has been effectively used in the deg-
radation of many hazardous compounds. Moreover, it is
important to emphasize that Fenton’s process may consti-
tute a simpler and a more cost-effective alternative than the
photo-assisted approaches (Neyens and Baeyens 2003,
Santos et al. 2011). Fenton’s oxidation involves the reaction
between H2O2 and ferrous (Fe2+) or ferric (Fe3+) ions via a
free radical chain reaction (Eqs. (1) and (2)) (Bokare and
Choi 2014), which produces highly active species, mainly
non-selective hydroxyl radicals (HO•), which oxidize the
target compounds (Rahim Pouran et al. 2014, Santos
et al. 2011).

Fe2þ þ H2O2→ Fe3þ þ HO• þ OH− k1 ¼ 63–76 M−1 s−1
� � ð1Þ

Fe3þ þ H2O2→ Fe2þ þ HO2
• þ Hþ k2 ¼ 0:001–0:01 M−1 s−1

� �

ð2Þ

The main advantages of Fenton’s process are related with
the fact that it can be carried out at atmospheric pressure and
room temperature, requires reagents that are readily available,
easy to store and handle, being also safe and environmental
friendly; moreover, the high mineralization efficiencies of this
technology enable the transformation of organic pollutants
into non-toxic carbon dioxide (Babuponnusami and
Muthukumar 2014, Bokare and Choi 2014).

The aims of this study were therefore (1) to study the ef-
fectiveness of the dark Fenton’s process as a potential tech-
nology for 5-Fu degradation in water matrices, including the
study of the main variables that affect the process and the
treatment of a contaminated real wastewater and (2) to com-
pare dark Fenton’s oxidation with photo-assisted technologies
(direct photolysis, photodegradation with hydrogen peroxide
and photo-Fenton) in 5-Fu degradation, including the toxicity
assessment of generated effluents against Vibrio fischeri.

Materials and methods

Reagents

5-Fluorouracil, 97.7 % purity (w/w), was purchased from
Sigma–Aldrich (St. Louis, MO, USA). For the homogenous
Fenton and photo-Fenton processes, it was used iron (II) sul-
fate heptahydrate (FeSO4.7H2O) with 99.0 % purity (w/w) as
catalyst, hydrogen peroxide (H2O2, 30 % v/v) as oxidant and
anhydrous sodium sulphite (Na2SO3, 98%w/w) as quenching
agent; all of them were purchased from Merck (Darmstadt,
Germany). Sulphuric acid (H2SO4, 96 % v/v) was acquired
from José M. Vaz Pereira, Lda (Lisbon, Portugal), while so-
dium hydroxide (NaOH, 98.7 % w/w) was purchased from
José Manuel Gomes dos Santos, Lda (Odivelas, Portugal);
both were used to adjust medium pH. Formic acid (98 % v/
v) (analytical grade) was from Sigma Aldrich (St. Louis, MO,
USA) and me th ano l ( 99 . 9 % v / v ) , H iPe rSo l v
CHROMANORM,was acquired at VWR. Syringe filters with
0.2 μm PTFE membrane were purchased from VWR (Wester
Chester, USA).

Standard preparation

A 5-Fu stock solution (1.9 mM) was prepared dissolving an
appropriate amount of 5-Fu analytical standard in 250 mL of
distilled water. Working solutions of 5-Fu were prepared daily
by dilution of the previous stock solution in water and were
kept in the refrigerator until their use.

Analytical procedures

Quantification of 5-Fu

The 5-Fu degradation was followed by high-performance liq-
uid chromatography coupled with a diode array detector
(HPLC-DAD). The HPLC-DAD was a Hitachi Elite
Lachrom apparatus, consisting in an L-2130 pump, an
L-2200 auto-sampler, and an L-2455 diode array detector.
The chromatographic separation was achieved by a
Pu r o s p h e r® S t a r RP -C18 e nd c a pp e d c o l umn
(250 mm × 4 mm, 5 μm) using a mobile phase composed of
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97 % (v/v) distilled water and 3 % (v/v) of methanol, both
acidified with 0.01 % of formic acid (v/v), at isocratic condi-
tions, with a flow rate of 0.2 mL min−1. The injection volume
was 20 μL. The spectra acquisition was done from 220 to
400 nm and 5-Fu was quantified at 266 nm, with a retention
time of 23.80 ± 0.02 min. The method performance was
assessed by evaluating the linearity, repeatability, and accura-
cy (recovery data); results are presented in the Supplementary
Material section. The calibration curve for 5-Fu in water was
performed by direct injection of 8 standards from 0.00038 to
0.38 mM of 5-Fu. The coefficient of determination obtained
was 0.9999 and the linearity tests revealed an excellent fitness.
A limit of detection (LOD) of 4.6 × 10−5 mM and a limit of
quantification (LOQ) of 3.8 × 10−4 mM were reached. The
recovery results showed that the analytical methodology al-
lows a reliable quantification of 5-Fu in all tested conditions
(cf. Supplementary Material section).

Total organic carbon

Mineralization was monitored through total organic carbon
(TOC) losses by measuring the total carbon (TC) and the
inorganic carbon (IC) in a Shimadzu 5000A analyzer accord-
ing to the standard method 5310 D of the American Public
Health Association (American Public Health Association
1998). The TOC of each sample was calculated by subtracting
the IC to the TC. The reported values of TOC represent the
average of at least two measurements; in most cases each
sample was injected three times or more in order to obtain a
coefficient of variation (CV) lower than 2 %.

Quantification of hydrogen peroxide

The hydrogen peroxide concentration was determined by mo-
lecular absorption spectrophotometry after the reaction of hy-
drogen peroxide with titanium (IV) ions, according to the
method developed by Sellers (Sellers 1980).

Toxicity

The toxicity assays were carried out in a Microtox Model 500
Analyzer by measuring the inhibition of V. fischeri biolumi-
nescence according to the standard DIN/EN/ISO 11348–3
(International Organization for Standardization 2005). The
toxicity of the initial solution and of the generated effluents
was determined based on the changes in V. fischeri lumines-
cence after 15 min of exposure to those solutions.

Degradation processes

The oxidation experiments were conducted with an initial tar-
get compound concentration of 0.38 mM, which corresponds
to an organic carbon concentration of 1.5 mM. This initial

concentration was chosen taking into account the high LOD
of the TOC analyzer (0.020 mM of 5-Fu, which corresponds
to a carbon concentration of 0.083 mM). Only two experi-
ments were carried out with a lower 5-Fu initial concentration
(0.038 and 0.0038mM), but the TOCwas not recorded for the
above reasons.

Regarding the dark Fenton’s oxidation, a parametric study
was performed considering the main variables that affect the
process: the temperature, the concentration of Fenton’s re-
agents and the concentration of 5-Fu (Table 1). The reaction
pH was fixed at 3.0, the optimum value commonly reported
for the degradation of many organic compounds by this pro-
cess (Babuponnusami and Muthukumar 2014, Bagal and
Gogate 2014, Santos et al. 2011). Moreover, the Fenton’s
process performance was evaluated in a real wastewater
spiked with 5-Fu, under the best conditions achieved.

After that, Fenton’s oxidation was compared with photo-
assisted technologies (directed photolysis, photodegradation
with hydrogen peroxide and photo-Fenton). This comparison
was based (i) on the performance of the different processes to
achieve the same 5-Fu degradation percentage and minerali-
zation level, (ii) on the toxicity of the generated effluents to-
wards V. fischeri, and (iii) on a preliminary operating costs
estimation considering the costs of reagents and energy.

Fenton’s oxidation

The Fenton’s process was carried out in a 250-mL batch
jacketed reactor filled with 200 mL of 5-Fu aqueous solution
prepared with distilled water. The temperature was kept con-
stant using a Huber thermostatic bath (Polystat CC1 unit).
After the temperature stabilization, the solution pH was ad-
justed to pH 3.0 using H2SO4 (1 M). To measure the solution
temperature and pH, a thermocouple and a pH electrode
(WTW, SenTix 41 model), connected to a pH-meter from
WTF (model Inolab pH Level 2), were used. Afterwards, a
predetermined amount of FeSO4.7H2O was added and dis-
solved under constant agitation. The H2O2 was added when
FeSO4.7H2O was completely dissolved, this representing the
initial instant (t = 0) of the experiments. Samples were peri-
odically taken from the reactor along the reaction. In order to
eliminate the residual H2O2 for HPLC analysis, the pH was
adjusted to 9 ± 1 with NaOH (0.1 mol L−1). The remaining
H2O2 in samples for TOC analysis was eliminated by adding
an excess of Na2SO3. All samples were filtered with 0.2-μm
PTFE syringe filters and stored at −20 °C until further
analysis.

Photo-assisted processes

The degradation of 5-Fu in the presence of radiation was in-
vestigated exposing 250 ml of a 5-Fu aqueous solution
(0.38 mM) to a 150 W medium-pressure mercury vapor lamp
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(Heraeus TQ 150), whose more intense line is at 366 nm; the
photonic flux of the lamp was estimated to be 6.22 × 10−7

Einsteins s−1. Figure S1 of the supplementary material shows
the emission spectrum of the lamp. A quartz (or glass) jacket
with water recirculation was employed to cool the irradiation
source and filter the infrared radiation, thus preventing any
heating of the solution. Depending on the kind of experiment
performed, the degradation reaction was left to occur only in
the presence of radiation (direct photolysis), in the presence of
radiation and hydrogen peroxide or combining radiation with
Fenton’s reagents (photo-Fenton process). The samples were
treated as described in the previous section.

The influence of visible light radiation was evaluated
through the cut-off the UV-B and UV-C emission lines in
direct photolysis experiments. For that, a DURAN 50® glass
cooling jacket was placed around the UV-Vis lamp, resulting
emission lines at λexc = 365, 405, 436, 646, and 678 nm (cf.
Fig. S2 of the supplementary material).

Results and discussion

Fenton’s oxidation

Parametric study

In this study, the conditions for which the dark Fenton’s pro-
cess has its best performance were determined using a classi-
cal methodology consisting in the variation of one parameter
at a time while keeping the others constant. The studied pa-
rameters were the temperature, and the concentrations of
H2O2, Fe

2+ and 5-Fu, as reported in Table 1. The effect of
the water matrix was studied as well.

Temperature plays an important role in the degradation of
pollutants by Fenton’s process because it affects the rate of all
reactions involved, particularly between H2O2 and Fe2+, as
well as the rate of organic compounds attack by hydroxyl
radicals (HO•) (Babuponnusami and Muthukumar 2014,
Rahim Pouran et al. 2014). The results obtained showed that,
as expected and predicted by Arrhenius law, an increase of the
temperature led to an increase of the 5-Fu degradation rate, as
shown in Fig. 1a. For example, after 1 min of reaction 5-Fu
removals of 67, 74, and 78 % were reached at 15, 30, and
45 °C, respectively, revealing a very quick initial degradation
rate, which is higher as the temperature increases. As time

goes on oxidation rate slows down, but still best performances
are reached at the highest temperature tested. Although the
temperature of 45 °C has been found as the most effective, a
temperature of 30 °C was selected to proceed with the study.
Since the process is still fast and effective at 30 °C, leading to
complete 5-Fu degradation within 1 h, the additional energetic
cost associated to the process operation at the highest temper-
ature (45 °C) is not justified.

The study of the catalyst load effect is necessary as an
overdose of iron would decrease the efficiency of the process
(by HO• scavenging) and would produce iron sludge (Cortez
et al. 2011). Figure 1b shows the effect of Fe2+ dose on the
degradation of 5-Fu in water. The results reveal that the 5-Fu
degradation increases with the dose of catalyst. After 60 min
of reaction, 5-Fu was completely removed for a concentration
of catalyst of 0.5 mM. Lower performances were recorded for
lower catalyst doses (0.1 and 0.25 mM). Concentrations of
Fe2+ higher than 0.5 mM were not considered because iron
precipitation occurs (Santos et al. 2011). It is again observed
an initial rapid decrease in 5-Fu concentration followed by a
more gradual decline, which can be explained by the inter-
conversion of Fe2+ into Fe3+. In the Fenton’s reaction, Fe2+ is
quickly converted into Fe3+ (k1 = 63–76 M−1 s−1,cf. Eq. (1))
and 5-Fu is degraded rapidly. However, Fe3+ is converted into
Fe2+ (k2 = 0.001–0.01 M−1 s−1,cf. Eq. (2)) more slowly,
resulting in the decrease of 5-Fu degradation rate. A similar
degradation profile was previously obtained by Jiang and co-
workers for phenol degradation by Fenton’s reaction (Jiang
et al. 2010) and by Santos et al. for paraquat degradation
(Santos et al. 2011).

The loading of H2O2 plays a crucial role in the efficiency of
the degradation process and the main operating costs associ-
ated with the Fenton’s process are often due to H2O2 (Cortez
et al. 2011). Thus, the loading of H2O2 should be adjusted in
order to maximize the efficiency of its use. The results shown
in Fig. 2a demonstrate that in the range tested, the degradation
of 5-Fu was only slightly enhanced when the H2O2 concen-
tration was increased from 1 to 240 mM. However, different
mineralization degrees were achieved when the different
H2O2 concentrations were tested. The degree of mineraliza-
tion increased from about 0 to 50 % after 8 h of reaction when
the concentration of H2O2 was increased from 1 to 240 mM
(Fig. 2b). These results can be explained by the increase of
HO• concentration that is responsible for the 5-Fu and its
oxidation by-products degradation (Santos et al. 2011).

Table 1 Conditions employed in
each run of the dark Fenton
process parametric study

Temperature (°C) [Fe2+] (mM) [H2O2] (mM) [5-Fu] (mM)

Temperature 15 30 45 0.5 6.5 0.38

[Fe2+] 30 0.10 0.25 0.50 6.5 0.38

[H2O2] 30 0.5 1 15 60 240 0.38

[5-Fu] 30 0.005 0.05 0.5 2.4 24 240 0.0038 0.038 0.38
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However, 5-Fu mineralization was only slightly en-
hanced when the H2O2 concentration increased from
15 to 240 mM. Although the generation of hydroxyl
radicals is higher in the experiments using higher initial
concentrations of H2O2, scavenging reactions start to get
relevance too (Eqs. (3)–(5)); particularly through
Eq. (5), as HO• reacts with the excess H2O2 to produce
hydroperoxyl radicals (with less oxidative power than
HO•).

Fe2þ þ HO•
2→Fe3þ þ HO−

2 k5 ¼ 1:6� 106 M−1 s−1
� � ð3Þ

Fe3þ þ HO•
2→Fe2þ þ O2 þ Hþ k6 ¼ 1:2� 106 M−1 s−1

� � ð4Þ

HO• þ H2O2→H2Oþ HO•
2 k7 ¼ 3:3� 107 M−1 s−1
� � ð5Þ

In order to prove that hydroxyl radicals are essential to
degrade 5-Fu, dark Fenton reaction was performed in the pres-
ence of the radical scavenger dimethyl sulfoxide (DMSO), in
a DMSO:H2O2 molar ratio of 10, following the procedure
reported before (Rodrigues et al. 2016). The results show that
5-Fu cannot be degraded in the presence of DMSO (Fig. 2a),
which supports the existence of a radical-based mechanism
behind the 5-Fu degradation by the Fenton’s process.

In Fig. 2b, it is possible to observe that the mineralization
rate is faster for the first 2 h of reaction and afterwards slows
down, achieving 50 % after 8 h for an initial H2O2 concentra-
tion of 240 mM. Therefore, two different phases can be dis-
tinguished in 5-Fu mineralization. In the first one, a fast con-
version of 5-Fu into its degradation by-products is observed.
In the second phase, the generated by-products were more
slowly degraded, which may be due to their recalcitrance
character or their less reactivity towards hydroxyl radicals. A
similar two-stage mineralization profile was previously re-
ported by Lutterbeck and co-workers (Lutterbeck et al.
2015) for 5-Fu degradation by photo-Fenton process.

The parametric study of the variables affecting the Fenton’s
reaction was up to now done with a 5-Fu concentration of
0.38 mM. Since 5-Fu has been detected in the aquatic envi-
ronment at concentrations ranging from ng L−1 up to μg L−1

(Hartmann et al. 1998, Kovalova et al. 2009, Lin et al. 2013,
Lin et al. 2014, Lutterbeck et al. 2015, Mahnik et al. 2007,
Straub 2010, Tauxe-Wuersch et al. 2006, Yu-Chen Lin et al.
2015), the best operating conditions obtained for a concentra-
tion of 0.38 mM were also tested for 5-Fu initial concentra-
tions of 0.038 and 0.0038 mM (decrease by a factor of 10 and
100, down to 0.5 mg/L), in order to assess the performance of
the process under different pollutant concentrations. It is
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noteworthy that as the initial pollutant concentration was de-
creased, the dose of oxidant and catalyst were also decreased
in the same proportion to keep the ratio 5-Fu:H2O2:Fe

2+ con-
stant in all experiments. The results presented in Fig. 3 indi-
cate that the best degradation performance was attained for the
highest initial concentration because the reaction kinetics is
accelerated. In all cases, the typical two stages of the
Fenton’s process are again observed.

Effect of the aqueous matrix

In this section, the effect of the aqueous matrix on the 5-Fu
degradation performance by Fenton’s process was assessed.
For that, degradation experiments using distilled water and an
effluent from aWWTPwere performed, employing two different
H2O2 doses (60 and 240 mM). High H2O2 concentrations were
chosen because dissolved organic matter present in WWTP ef-
fluent may probably act as radical scavenger (Rahim Pouran
et al. 2015). The results presented in Fig. 4a showed that 5-Fu
is quickly removed by Fenton’s reaction. The best performance
was obtained for the highest H2O2 concentration, for which 5-Fu
was completely removed after 2min of reaction inwater from the
WWTP. The improvement on the 5-Fu degradation rate in real
wastewater may be explained by the presence of some inorganic
ions such as carbonate and bicarbonate (one of themost common
ions in the aquatic environment). Carbonate and bicarbonate
radicals have lower oxidizing powers than hydroxyl radicals,
but due to their selectivity, they could constitute a valuable
contribution to the overall degradation of certain compounds in
real wastewaters. Umschlag and Herrmann (1999) (Umschlag
and Herrmann 1999) found that the carbonate and bicarbonate
radicals significantly enhance the degradation of a series of aro-
matic contaminants (e.g., benzene, 4-methyl anisole, toluene, p-
xylene, nitrobenzene, etc.) in polluted wastewaters. Similarly, the
degradation of 5-Fu, which is also an aromatic compound, could

be strengthened due to the presence of bicarbonate and carbonate
ions in real wastewaters. Another justification relies on the reac-
tivity of carbonate and bicarbonate radicals towards 5-Fu mole-
cules. Some evidences of the specificity of carbonate and bicar-
bonate radicals to attack 5-Fu molecule have been reported (Lin
et al. 2013). Lin et al. (Lin et al. 2013) showed that 5-Fu is
quickly removed in the presence of bicarbonate and attributed
such behavior to the scavenging of HO• by bicarbonate. The
scavenging of HO• by bicarbonate results in a higher generation
rate of CO3

− • (Eq. (6)), which is more selective than HO• and
attacks preferentially 5-Fu molecules (Eq. (7)) (Lin et al. 2013).

HCO−
3 þ HO•→CO−•

3 ð6Þ
5Fuþ CO−•

3 →by–products ð7Þ

This particular behavior was already noticed for other organic
compounds. For example, Merouani and co-workers (Merouani
et al. 2010) concluded that carbonate radicals present more reac-
tivity towards rhodamine B molecules than hydroxyl radical.

Direct photolysis

A limited number of studies about 5-Fu degradation in water by
direct photolysis is available in the literature and contradictory
conclusions have been reported. Lutterbeck et al. (Lutterbeck
et al. 2015), Kosjek et al. (Kosjek et al. 2013), and Lin et al.
(Lin et al. 2013) proved a rapid degradation of 5-Fu in water by
direct photolysis. Lin et al. (Lin et al. 2013) also reported that 5-
Fu degradation in water by direct photolysis depends on the pH
of the solution. On the other hand, Lin and Lin (Lin and Lin
2014) showed that 5-Fu did not undergo direct photolysis in
water, when they performed experiments with UV radiation
(UV lamp, 8 W, 254 nm). Thus, to get further insight regarding
the stability of 5-Fu molecule towards radiation, two different
tests were performed. Firstly, the degradation of 5-Fu, exposing
a contaminated water to UV-Vis and visible radiation only, was
inspected at pH 3.0. Afterwards, the photodegradation perfor-
mance was investigated under different pHs.

To evaluate the effect of irradiation wavelength, direct photol-
ysis of 5-Fu was carried out at two different irradiation condi-
tions: polychromatic light in the range 200–600 nm (UV-Vis)
and polychromatic light at λ ≥ 300 nm (mostly visible light
irradiation, Vis). The results presented in Fig. 5a indicate that
when the radiation source emits light with wavelengths between
200 and 600 nm, 5-Fu is completely degraded after 15–30min of
irradiation by direct photolysis. However, when UV radiation
is almost completely removed (cf. transmission spectrum
of the Duran glass filter used in Fig. S2), the degrada-
tion rate of 5-Fu decreases noticeably. These results can
be explained by 5-Fu’s absorbance spectrum (Fig. 5b).
5-Fu exhibits maximum absorbance at 200 and 266 nm
(and its absorbance is quite reduced at wavelengths
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above 300 nm); therefore, 5-Fu degradation rate de-
creases due to the decrease in the light absorption.

Several studies have shown that the pH of the solution
influences the stability of chemical compounds towards direct
photolysis, increasing or decreasing the degradation rate (Jung
et al. 2009). In this work, the pH effect was evaluated at three
different values: 3, 5, and 7. The results presented in Fig. 5c
show that the initial pH of the solution did not have influence
on the direct photolysis rate of 5-Fu; 5-Fu was completely
degraded after 15–30 min of irradiation and nearly the same
degradation profile is observed. Moreover, about 50 % of the
5-Fu is mineralized after 8 h of reaction whatever the reaction
pH in the range studied (Fig. 5d). Actually, all pH values

tested were below the dissociation constant of 5-Fu
(pKa = 8.0), meaning that the molecule is mainly in the same
form for all experiments and consequently having the same
absorption spectrum (Fig. 5b).

Processes comparison between dark Fenton
and photo-assisted technologies

Radiation has been often coupled with powerful oxidants
(such as H2O2, including in some cases a catalyst), resulting
in various kinds of important photochemical AOPs. These
processes are able to degrade and/or destroy pollutants by
means of several possible reactions, including direct
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photodecomposition (based on irradiation, excitation of pol-
lutant molecules) and photocatalytic oxidation via formation
of HO• radicals. The principal advantage of photo-assisted
technologies compared to dark Fenton’s oxidation is the re-
duction of iron sludge generation. However, the use of radia-
tion energy increases the process costs (Rahim Pouran et al.
2015). In this section, the effectiveness of photo-assisted tech-
nologies for 5-Fu degradation is analyzed and compared with
Fenton’s oxidation.

Lutterbeck et al. (Lutterbeck et al. 2015) compared differ-
ent AOPs (photodegradation with H2O2, photo-Fenton and
heterogeneous photocatalysis with TiO2) and concluded that
photo-Fenton oxidation is the most effective method for 5-Fu
degradation, allowing 74.7 % of 5-Fu mineralization after
256 min of reaction ([5-Fu]0 = 0.15 mM; [Fe2+]0 = 1.6 mM;
[H2O2]0 = 13 mM; pH = 5; T = 20 °C). In the same line, a
comparative study was herein performed considering some of
these processes, but also including direct photolysis and the
Fenton’s oxidation, whose performance in terms of 5-Fu deg-
radation in water is for the first time investigated.

The comparison of Fenton and photo-Fenton processes
was done under two different conditions. Firstly, degradation
experiments were performed using the maximum possible

concentration of catalyst ([Fe2+]0 = 0.5 mM) because above
this concentration iron precipitation occurs. Afterwards, 5-Fu
degradation behavior was analyzed using a much lower Fe2+

concentration ([Fe2+]0 = 0.04 mM) and keeping the
Fe2+:H2O2 molar ratio constant. One should remark that
0.04 mM (2 mg L−1) is the maximum value of Fe2+ allowed
in a effluent ready for discharge, according to Portuguese leg-
islation (Ordinance No. 236/98 of 1st August) and EPA guide-
lines (Environmental Protection Agency 2001).

As can be observed from Fig. 6, a strong effect of the
catalyst and oxidant doses on the degradation and mineraliza-
tion of 5-Fu is observed for Fenton’s process. Although very
poor performance was achieved under lower catalyst and ox-
idant doses, fast and complete 5-Fu degradation was attained
at higher chemical doses (Fig. 6a). Additionally, a significant
improvement on the mineralization degree is observed when
increasing the chemicals concentration (null against 50 % of
mineralization after 8 h)—Fig. 6b. Regarding the photo-
Fenton process, no significant differences were registered for
different doses of chemicals, neither in terms of 5-Fu degra-
dation nor in terms of mineralization. Lutterbeck et al.
(Lutterbeck et al. 2015) achieved a comparable 5-Fu mineral-
ization degree by photo-Fenton in the following conditions:
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[Fe2+]0 = 1.60 mM, [H2O2]0 = 13 mM, pH = 5, T = 20 °C and
with a photon flow rate of 5.71 × 106 mol photons/cm2 s−1 for
[5-Fu]0 = 0.15 mM. Although Lutterbeck et al. (Lutterbeck
et al. 2015) used a lower initial concentration of 5-Fu and
H2O2 as compared to those employed in the current study,
the concentration of iron was 45 times above the legal limit.
Herein, it is proved that similar 5-Fu mineralization degrees
by photo-Fenton (~70%) can be attained without downstream
additional costs regarding the treatment of iron sludge.

To assess the contribution of each pathway in the photo-
Fenton process, the performance of direct photolysis and
photodegradation with H2O2 (thus without the iron catalyst)
in the removal of 5-Fu from water was also investigated
(Fig. 7). In terms of 5-Fu degradation, photo-Fenton, and
photodegradationwith H2O2were the fastest methods, follow-
ed by direct photolysis. In photo-Fenton, 5-Fu was completely
eliminated in less than 8 min, while only 15min after the same
result was achieved by direct photolysis and photodegradation
with H2O2 (cf. inset of Fig. 7). The much faster degradation of
5-Fu in photo-Fenton and photodegradation with H2O2 com-
pared to dark Fenton can be attributed to the quicker hydrogen
peroxide splitting (Fig. S4 of the supplementary material). In

photodegradation with H2O2, 5-Fu degradation occurs due to
direct photolysis and attack by radicals that are generated from
H2O2. In photo-Fenton, there is also the contribution of the
catalytic reduction, in H2O2 aqueous solution, of Fe3+ into
Fe2+, which increases the formation of hydroxyl radicals
(Eqs. (8) and (9)). The same trends reported for 5-Fu degra-
dation are observed in terms of mineralization (Fig. 7b).

Fe3þ þ H2O→
hv

Fe2þ þ Hþ þ HO• ð8Þ

H2O2 →
hv
2HO• ð9Þ

The toxicity was assessed for a 5-Fu solution (0.38 mM)
and for samples obtained after 8 h of Fenton’s reaction, direct
photolysis, photodegradation with hydrogen peroxide and
photo-Fenton (the latter at different doses of chemicals). The
experiments showed a decrease on the toxicity for samples
collected after 8 h of photo-assisted technologies and an in-
crease on the toxicity for the sample collected after 8 h of
Fenton’s reaction (Fig. 8). As 5-Fu was completely removed
(at least below the detection limit) with all AOPs tested, the
results indicate that the degradation products are less toxic

Table 2 Operating costs for 5-Fu
degradation by the studied
processes aiming complete 5-Fu
degradation (*) and/or 50 % of
mineralization (**)

[Fe2+] (mM) [H2O2]
(mM)

Time
(min)a

Cost
(€m−3)a

Time
(hours)b

Cost
(€m−3)b

Fenton’s oxidation 0.5 240 60 10.0 8 10.0

Direct photolysis – – 30 30.0 4 180.0

Photodegradation with H2O2 – 17 15 18.70 2 120.7

Photo-Fenton 0.04 17 8 8.71 0.5 30.7

The costs of reagents and energy consideredwere: H2O2 (49.5 %w/v, density at 25 °C = 1.2 g cm−3 ), 365 € ton−1 ;
FeSO4·7H2O (93 % of purity), 233.7 € ton−1 , while the latter is about 0.10 € kWh−1

a Complete 5-Fu degradation
b 50 % of 5-Fu mineralization
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than the parent compound for photo-assisted technologies. On
the other hand, the degradation products generated during the
dark Fenton’s reaction are more toxic than the parent com-
pound. The mineralization degree achieved in Fenton’s reac-
tion was lower than the one obtained for photo-assisted tech-
nologies, whichmay indicate that during the Fenton’s reaction
more recalcitrant and toxic by-products are generated. Among
all AOPs tested, photo-Fenton provided a higher degree of
mineralization and inherently an effluent that exhibits lower
toxicity towards V. fischeri. A smaller inhibition was even so
obtained in the photo-Fenton experiment with lower dose of
chemicals, which might be a consequence of the very similar
TOC reduction (Fig. 6b) while providing less residual hydro-
gen peroxide and dissolved iron. However, more tests should
be performed in order to evaluate the toxicity of 5-Fu and of
the degradation products once these results correspond to
short term tests, which have low environmental relevance
due to the pseudo-persistent character of 5-Fu.

The evaluation of the treatment costs is another important
aspect to be considered in the processes comparison. The
overall costs of treatment processes are represented by the
sum of the capital costs, the operating costs and maintenance
costs (Rodrigues et al. 2013). In this work, a preliminary cost
estimation for each process was done considering only the
costs of the reagents and of the energy necessary to achieve
100% of 5-Fu degradation and/or 50% of 5-Fumineralization
(Table 2). The costs of the treatment/processing of sludge
generated and the maintenance costs are not included in this
approach. According to the results present in Table 2, photo-
Fenton process is the best option if the main goal is to achieve
100 % of 5-Fu degradation. Although Fenton’s oxidation is
the most cost effective process if the goal is 5-Fu mineraliza-
tion, the generated effluent is the most toxic. Moreover, it
should be pointed out that the costs can considerably decrease
for photo-assisted processes if solar light is used.

Conclusions

Reduction of the input and dispersion of cytostatics in the
environment is an increasing challenge and constitutes one
current hotspot subject. Therefore, the search for effective
degradation technologies is a priority. In this sense, the per-
formance of Fenton’s process to degrade 5-Fu, which is one of
the most prescribed cytostatics worldwide, is investigated for
the first time. This approach revealed to be very effective in
the degradation of the cytostatic (providing complete degra-
dation within 30 min or less), being achieved 50 % of miner-
alization after 8 h of reaction. The performance of the dark
Fenton’s process was also assessed in a realWWTP effluent; it
was found that the process is accelerated, probably due to the
presence of some inorganic ions, which are more selective for
5-Fu than HO• radicals. Concerning the photo-assisted

technologies tested (direct photolysis, photodegradation with
hydrogen peroxide and photo-Fenton), the photo-Fenton pro-
cess proved to be the most promising technique (providing
67 % of mineralization after only 2 h of reaction). It is note-
worthy that, although similar mineralization degrees were
published in the literature, an iron concentration in compliance
with the legislation for direct water discharge was used herein.
The toxicity assays showed a strong decrease on the toxicity
against V. fischeri for the samples after direct photolysis,
photodegradation with H2O2 and photo Fenton, putting into
evidence the relevance of these AOPs for implementation to-
wards and effective degradation of cytostatics like 5-Fu.
Finally, the estimation of treatment costs suggested that
photo-Fenton oxidation is the most cost-effective process if
the main goal is to achieve complete 5-Fu degradation.
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