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Abstract The degradation of ciprofloxacin was studied in
aqueous solutions by using a continuous flow homogeneous
photo-Fenton process under simulated solar light. The effect
of different operating conditions on the degradation of cipro-
floxacin was investigated by changing the hydrogen peroxide
(0–2.50 mM) and iron(II) sulphate (0–10 mg Fe L−1) concen-
trations, as well as the pH (2.8–10), irradiance (0–750Wm−2)
and residence time (0.13–3.4 min) of the process. As expect-
ed, the highest catalytic activity in steady state conditions was
achieved at acidic pH (2.8), namely 85 % of ciprofloxacin
conversion, when maintaining the other variables constant
(i.e. 2.0 mg L−1 of iron(II), 2.50 mM of hydrogen peroxide,
1.8 min of residence time and 500 W m−2 of irradiance).
Additionally, magnetite magnetic nanoparticles (ca. 20 nm
of average particle size) were synthesized, characterized and
tested as a possible catalyst for this reaction. In this case, the
highest catalytic activity was achieved at natural pH, namely a
55 % average conversion of ciprofloxacin in 1.8 min of
residence time and under 500 W m−2. Some of the photocat-
alytic activity was attributed to Fe2+ leaching from the mag-
netic nanoparticles to the solution.
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Introduction

The low biodegradability and generalized use of pharmaceu-
tical and personal care products (PPCPs) boosted the interest
on finding environmentally friendly technologies to treat
waste waters containing this specific class of contaminants
(Onesios et al. 2009; Yu et al. 2006). Antibiotics are PPCPs of
major concern and, due to the increasing bacterial resistance to
this class of drugs, public health may recede in the coming
years to stages equivalent to those of pre-penicillin (Baquero
et al. 2008; Batt et al. 2006; Kolpin et al. 2002). Specifically,
ciprofloxacin (CIPRO) is a broad-spectrum synthetic antibi-
otic (a second generation fluoroquinolone) widely employed
for the treatment of bacterial infections (Oliphant and Green
2002). CIPRO can be found in pharmaceutical waste waters as
well as in hospital effluents (Harris et al. 2013; Vasconcelos
et al. 2009b) and surface waters (often in the pharmaceutically
active form) since this antibiotic is excreted during human
therapy (Gad-Allah et al. 2011; Paul et al. 2007; Tokumura
et al. 2011; Vasconcelos et al. 2009a, b).

Advanced oxidation processes (AOPs) are known as effi-
cient, relatively low cost and easy to operate technologies that
could be coupled with biological or traditional physico-
chemical processes for waste water treatment. Different AOPs
have been already applied for degradation of the CIPRO
antibiotic, such as ozonation (Sui et al. 2012), photocatalysis
(El-Kemary et al. 2010; Van Doorslaer et al. 2011) and photo-
Fenton process (Perini et al. 2013). However, most of these
studies have been performed in batch or semibatch reactors; to
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the best of our knowledge no reference to continuous flow
treatment of CIPRO-contaminated water can be found in the
literature.

From the above, the photo-Fenton process (named after the
Fenton’s reaction following the 1894 studies of Henry Fenton,
on the oxidation reaction of tartaric acid (Fenton 1894)) con-
sists on the generation of highly reactive hydroxyl radicals
(HO•) from a mixture of hydrogen peroxide (H2O2) and Fe2+

ions at low pH (2–3), as shown in Eq. (1) (Herney-Ramirez
et al. 2010; Ortega-Liébana et al. 2012; Punzi et al. 2012;
Tokumura et al. 2011).

Fe2þ þ H2O2→Fe3þ þ OH− þ HO• ð1Þ

An optimized excess of H2O2 initiates the regeneration of
Fe3+ into Fe2+ species—Eqs. (2) and (3). However, the
amount of H2O2 in excess should be finely controlled since
the H2O2 concentration cannot be far above its optimal; oth-
erwise, termination by reaction with excess of hydroxyl rad-
icals can occur—Eqs. (4) and (5) (Herney-Ramirez et al.
2010).

Fe3þ þ H2O2⇌Fe‐OOH
2þ þ Hþ ð2Þ

Fe‐OOH2þ→Fe2þ þ HO2
• ð3Þ

H2O2 þ HO2
•→HO2

• þ H2O ð4Þ

HO2
• þ HO•→H2Oþ O2 ð5Þ

When ultraviolet or visible light is used to assist the Fenton
process, in what is known as the photo-Fenton process, there
is a faster regeneration of Fe3+ into Fe2+ species—by Eq. (6)
or by accelerating the reaction in Eq. (3)—and, as conse-
quence, the normal cycle of the Fenton reaction is restarted
(Herney-Ramirez et al. 2010; Tokumura et al. 2011).

Fe3þ þ OH−→Fe2þ þ HO• ð6Þ
Although the homogeneous photo-Fenton process has

proved to be highly efficient for the degradation of several
pollutants, there are several concerns when using iron salts as
source of Fe2+ species, such as the generation of sludge wastes
when the pH is increased after the treatment to precipitate the
iron species. Iron-based heterogeneous catalysts have been
developed in the last decades aiming to avoid the following:
(1) high concentrations of iron species in the treated waters
(the European Union standards for discharge of treated waters
being 2.0 mg Fe L−1), (2) the loss of catalyst, as well as (3) the
sludge produced in the homogeneous process. The resulting
system is known as photo-Fenton-like process (or heteroge-
neous photo-Fenton process) (Cong et al. 2012; Guo et al.
2010; Narayani et al. 2013; Patra et al. 2012; Soon and
Hameed 2011; Zhu et al. 2012) and has been considered a

promising alternative to overcome the main problems associ-
ated to the homogeneous route. Heterogeneous catalysts can
be implemented in continuous flow reactors and, in particular,
iron-based magnetic nanoparticles (MNP) have recently
gained major relevance as catalysts of the photo-Fenton-like
process since they can be used in slurry operation and easily
separated from the treated water by an external magnetic field
(Fu andWang 2011; Guo et al. 2011; Liu et al. 2012; Narayani
et al. 2013; Variava et al. 2012).

In order to make this process feasible for the treatment of
high volumes of waste waters, as in the case of industrial or
municipal effluents, the understanding of the effect of the
main operating variables on the degradation of the target
pollutants in the continuous regime is mandatory. The aim of
this study is to study the influence of operating conditions on
the continuous flow photo-Fenton treatment of CIPRO-
contaminated water under simulated solar light, to select ref-
erence conditions for the photo-Fenton-like experiments with
MNP prepared by chemical co-precipitation. The production
of MNP was undertaken using the NETmix reactor, a propri-
etary rapid mixing technology developed at the University of
Porto (Lopes et al. 2005). The NETmix reactor was previ-
ously proven successful for the co-precipitation synthe-
sis of hydroxyapatite nanoparticles (Gomes et al. 2009)
and, in the present work, it was used for the synthesis
of magnetite (Fe3O4) by co-precipitation of two different
iron precursors.

Experimental

Materials and reagents

Photo-Fenton experiments were performed using iron sul-
phate heptahydrate (99.5 %, Merck), ciprofloxacin (≥98 %,
Fluka) and hydrogen peroxide (30 %, Fluka Analytical). So-
dium sulphite anhydrous (≥98 %, Fluka) was used to stop the
reaction when collecting the samples. Sulphuric acid (95–
98 %, Sigma-Aldrich) and sodium hydroxide (97 %, Sigma-
Aldrich) were used for pH adjustment. Acetonitrile (high-
performance liquid chromatography (HPLC) grade, VWR),
sodium hydrogen phosphate (≥99.0 %, Fluka Analyti-
cal), phosphoric acid (85.4 %, Fisher Scientific UK) and
ultra-pure water (Direct-Q Millipore system) were used
for HPLC analysis. Ammonium acetate (99 %, Fluka),
acetic acid (99.8 %, Fluka), ascorbic acid (99 %,
Sigma-Aldrich) and 1,10-phenantroline (≥99 %, Sigma-
Aldrich) were used for the spectrophotometric measurement
of dissolved iron.

Synthesis of MNP was done using iron(III) chloride hexa-
hydrate (97 %, Sigma-Aldrich), iron(II) chloride tetrahydrate
(99 %, Sigma-Aldrich), ammonium hydroxide solution (28–
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30 %, Sigma-Aldrich) and sodium citrate tribasic dehydrate
(99 %, Sigma-Aldrich).

Synthesis and characterization of magnetic nanoparticles

A stock solution of 0.250 mol L−1 iron(III) chloride and
0.125 mol L−1 iron(II) chloride was prepared using deoxy-
genated distilled water (solution A). Another stock solution,
consisting of 2.50 mol L−1 ammonia was prepared by diluting
a concentrated solution (solution B). Both solutions were
prepared the earliest 24 h prior to the production run and kept
under nitrogen atmosphere. Just before the production,
trisodium citrate was dissolved in solution A to yield
0.02 mol L−1 citrate concentration.

MNP were then produced by pumping 500 mL of each
solution at a total flow rate of 860 mL min−1 through the
NETmix reactor (coupled to two Ismatec BVP Z pump drives
with Z040 pump head). The resulting black dispersion was
mixed for 10 min under nitrogen atmosphere to eliminate any
possible unreacted iron and then centrifuged until the supernatant
solution was clear. The supernatant solution was discarded and
the precipitate was dispersed in deoxygenated distilled water by
sonication. The cleaning run involving centrifugation and disper-
sion was repeated three times to achieve >99 % product purity.
The final dispersion was spray-dried (on a Buchi Mini spray
dryer B290) and kept under nitrogen atmosphere until used. The
spray-dried powder was analysed by scanning electron micros-
copy (SEM) using a Phenom World Pro desktop SEM. MNP
were re-dispersed in water prior to usage in photo-Fenton-like
experiments and dynamic light scattering (DLS) analysis was
performed in a Malvern Zeta Sizer Nano ZS equipment.

Photo-Fenton experiments

The continuous flow photo-Fenton system used for the deg-
radation of CIPRO is illustrated in Fig. 1. A 9.5-mL glass
reactor (E), with an inlet tube connected to a distilled water
reservoir (A) and a second inlet tube connected to a reservoir
containing a mixture of the catalyst and 10 mg L−1 of the

CIPRO solution (C), was placed inside a solar simulator (G,
Solarbox Model 1500e, CO.FO.MEGRA). In a typical exper-
iment, before turning on the lamp (F), the reactor was filled up
by means of a peristaltic pump (D) with the CIPRO solution
mixed with the catalyst, and the system was stabilized during
25 min in dark conditions. Then, the flow from the reservoir
filled with water (A) was replaced by the flow from a reservoir
containing the H2O2 solution (B) and the lamp was immedi-
ately turned on. The continuous flow catalytic experiments
were performed during 25 min, this period being enough to
reach steady state (SS) conditions. Samples were periodically
withdrawn from the reactor outlet tube for analysis and
sodium sulphite immediately added to stop the reaction
by consumption of the H2O2 remaining in the sample.

The effect of several key operating parameters on CIPRO
degradation were studied, such as H2O2 (0–2.50 mM) and
Fe2+ (0–10 mg L−1) concentrations, as well as the initial pH
(2.8–10), irradiance (I, up to 750 W m−2) and residence time
(τ, from 0.13 to 3.4 min), as summarized in Table 1. CIPRO
conversion at SS (XCIPRO,SS) was considered as the average
conversion obtained between 20 and 25 min of irradiation.

In the photo-Fenton-like experiments, Fe2+ was replaced
by a given amount of the magnetically recoverable catalyst
(corresponding to 4.0 mg Fe L−1).

Analytical techniques

The CIPRO concentration was determinedwith a Hitachi Elite
LaChrom system equipped with a diode array detector
(L-2450), a solvent delivery pump (L-2130) and a Hydro-
sphere C18 column (250 mm×4.60 mm i.d., 5 μm, YMC
Europe GmbH). An isocratic method set at a flow rate of
1 mL min−1 was used with the eluent consisting of 85 % of
20 mM NaH2PO4, adjusted to pH 2.8 with phosphoric acid,
and 15 % of acetonitrile. The concentration of dissolved iron
was analysed colorimetrically according to ISO 6332:1988,
bymeasuring the absorbance at 510 nmwith anUV–Vis Jasco
V-560 spectrophotometer.

Fig. 1 Schematic view of the experimental setup
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Results and discussion

Homogeneous photo-Fenton process

The optimization of the homogeneous photo-Fenton process
for the degradation of CIPRO under continuous flow condi-
tions must consider several parameters. In Fig. 2, the influence
of such parameters on the SS conversion of CIPRO can be

assessed, namely the concentrations of Fe2+ (Fig. 2a) and
H2O2 (Fig. 2b), the initial pH (Fig. 2c, d at 2.0 and
0.07 mg L−1 of dissolved iron, respectively), the residence
time (τ, Fig. 2e) and the irradiance (I, Fig. 2f). Each parameter
was tested independently (i.e. while keeping the others con-
stant, in general at 2.0 mg L−1 of Fe2+, 2.50 mM of H2O2, pH
of 2.8, 1.8 min of τ and 500Wm−2 of I). In these figures, each
data point corresponds to the result obtained in SS conditions
when running a single experiment.

The influence of [Fe2+] on CIPRO conversion (Fig. 2a)
shows that an increase up to 4.0 mg L−1 of the Fe2+ species has
a positive effect on the CIPRO degradation. Above this con-
centration, CIPRO conversion is not affected. In addition, the
pH of the final solution was similar to that of the initial one.
Different H2O2 concentrations were tested by setting the ini-
tial Fe2+ concentration at 2.0 mg L−1 (corresponding to the
maximum threshold of iron species allowed by the Portuguese
legislation for discharge of treated waters—Decreto-Lei 236/
98). In Fig. 2b, it is possible to observe that CIPRO conversion
increases with H2O2 concentration up to 0.30 mM of H2O2

because more radicals are formed and effectively used in the
reaction as the oxidant concentration increases. For higher
H2O2 concentrations, the CIPRO conversion remains con-
stant. The H2O2 concentration was maintained at 2.50 mM
in the following experiments since an excess of H2O2 could
regenerate Fe3+ to Fe2+, as described previously, when other
conditions are employed, and because the excess of hydroxyl
radicals is not negatively affecting the CIRPO conversion.
Even so, for scaled-up processes, the H2O2 concentration
could be reduced to avoid non-efficient use of H2O2 and, thus,
to decrease the operating costs of the process.

There are large discrepancies in reported optimal molar ratio
of H2O2 to Fe2+ in photo-Fenton processes mostly due to the
different organic charge of the waste waters treated and to
different methods of determining this optimal dosage (Deng
and Englehardt 2006). Perini et al. (2013) reported the photo-
Fenton degradation of ciprofloxacin using H2O2/Fe

2+ molar ratio
of around 40. Bobu et al. (2013) have varied this ratio between
13.3 and 100 (at pH 3), the optimal value that maximized CIPRO
conversion and total organic carbon removal being found for a
H2O2/Fe

2+ molar ratio of 20. Awide range of H2O2/Fe
2+ molar

ratio was studied in the present work. For instance, this ratio was
changed between 0 and 70 when the experiments were per-
formed at different H2O2 concentrations (Table 1).

It is well known that the Fenton reaction performs better at
acidic medium (pH between 2 and 3), preventing the precip-
itation of iron and promoting the formation of photo-active
Fe2+ species (Carra et al. 2013). It has been also reported that
in the Fenton process the influence of the pH on the CIPRO
oxidation reaction depends on the Fe2+ concentration
(Parojčić et al. 2011). In this context, the influence of the
initial pH was studied at two Fe2+ concentrations, namely
0.07 and 2.0 mg L−1. At 2.0 mg L−1 of Fe2+ (Fig. 2c), the

Table 1 Experimental conditions employed in continuous flow homo-
geneous photo-Fenton (using Fe2+) and photo-Fenton like (using MNP)
processes and respective H2O2/Fe

2+ molar ratio, in terms of H2O2 and
Fe2+ concentrations, as well as initial pH, irradiance (I) and residence time
(τ)

[H2O2] [Fe2+] pH I τ H2O2/Fe
2+

(mM) (mg L−1) (W m−2) (min) (molar ratio)

0 2.0 2.8 500 1.8 –

0.075 2.0 2.8 500 1.8 2.1

0.15 2.0 2.8 500 1.8 4.2

0.30 2.0 2.8 500 1.8 8.4

0.60 2.0 2.8 500 1.8 17

1.25 2.0 2.8 500 1.8 35

2.50 2.0 2.8 500 1.8 70

2.50 0 2.8 500 1.8 –

2.50 0.07 2.8 500 1.8 1,995

2.50 0.5 2.8 500 1.8 279

2.50 1.0 2.8 500 1.8 134

2.50 4.0 2.8 500 1.8 35

2.50 10 2.8 500 1.8 14

2.50 2.0 6.8 500 1.8 70

2.50 2.0 10 500 1.8 70

2.50 2.0 2.8 0 1.8 70

2.50 2.0 2.8 250 1.8 70

2.50 2.0 2.8 500 1.8 70

2.50 2.0 2.8 750 1.8 70

2.50 2.0 2.8 500 0.13 70

2.50 2.0 2.8 500 0.42 70

2.50 2.0 2.8 500 0.63 70

2.50 2.0 2.8 500 0.93 70

2.50 2.0 2.8 500 3.4 70

0 4.0 (MNP) 6.8 500 1.8 –

1.25 4.0 (MNP) 6.8 500 1.8 17

2.50 4.0 (MNP) 6.8 500 1.8 35

2.50 0 (MNP) 6.8 500 1.8 –

2.50 2.0 (MNP) 6.8 500 1.8 70

2.50 4.0 (MNP) 2.8 500 1.8 35

2.50 4.0 (MNP) 10 500 1.8 35

2.50 4.0 (MNP) 6.8 0 1.8 35

0 0 6.8 500 1.8 –

Bold parameters in a column means a set of experiments performed
varying the respective parameter while keeping the others constant
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homogeneous photo-Fenton process performs better at acidic
pH (2.8), the efficiency decreasing gradually when increasing
the initial pH (to natural, 6.8, or alkaline, 10). However, at the
lowest Fe2+ concentration tested (0.07 mg L−1), Fig. 2d shows
that the efficiency of the photo-Fenton process is the highest at
natural pH (pH=6.8).

It is known that the presence of iron species and the pH of
the solution have influence on the solubility of CIPRO, as well
as on the form as this antibiotic exist in the solution, influenc-
ing the CIPRO degradation rate (An et al. 2010; Carabineiro
et al. 2012; Parojčić et al. 2011). The pKa values for CIPRO
are 5.90±0.15 (for the carboxylic acid group) and 8.89±0.11
(for the basic-N-moiety) and therefore it can exist as cation,
anion and zwitterion (Drakopoulos and Ioannou 1997). The
highest conversion observed at pH 6.8 when low

concentration of Fe2+ (0.07 mg L−1) is used can be related to
the formation of CIPRO–iron complex, avoiding the precipi-
tation of the metal and increasing the solubility of the antibi-
otic (Parojčić et al. 2011). On the other hand, when a Fe2+

initial concentration of 2.0 mg L−1 was used (corresponding to
a near to 30-fold increase in Fe2+ concentration), the decrease
of CIPRO removal efficiency with increasing pH should be
attributed to the precipitation of iron as well as to a decrease in
CIPRO solubility (Parojčić et al. 2011).

The τof the solution in the reactor was varied between 0.13
and 3.4 min (Fig. 2e). CIPRO conversion reaches ca. 68 % at
0.13min (the lowest τ), near 85% at 1.8 min, and increases up
to ca. 90 % at 3.4 min (the highest τ). The τwas set at 1.8 min
in the following experiments. This τ allows high CIPRO
conversions and assures complete mixing of the catalyst

Fig. 2 Effect of operating
parameters on the steady state
conversion of CIPRO: a Fe2+

concentration (in milligram per
litre); bH2O2 concentration (in
millimolar); c pH for 2.0 mg L−1

of Fe2+; d pH for 2.0 and
0.07 mg L−1 of Fe2+; e residence
time, τ; and f irradiance, I, when
changing one variable at a time
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during photo-Fenton-like experiments (“Photo-Fenton like
process” section) that is not observed when lower flow rates
(higher τ) are used.

Finally, in order to understand the influence of the irradi-
ance (I) on CIPRO conversion, homogeneous photo-Fenton
experiments were conducted under different irradiances. An
experiment in the absence of light (Fenton process) was also
performed. Figure 2f shows that at such conditions CIPRO
conversion increases linearly with I. Aiming real-scale tech-
nological applications, the continuous flow systemmust mim-
ic natural conditions to avoid the increase of associated costs.
Therefore, an I of 500 W m−2 was chosen with the aim to
simulate the typical solar irradiation conditions on Mediterra-
nean countries (Šúri et al. 2007).

The degradation of CIPRO using the homogeneous photo-
Fenton process was already reported in literature. In general,
the studies were performed using batch reactors, typically at
acidic pH (3.0–4.5 pH), a wide range of H2O2 concentration
(1.5–10 mM) and relatively high concentration of CIPRO
(15–50 mg L−1). For instance, the CIPRO conversions were
lower than 20 % at 10 min in the work of Perini et al. (2013)
and found as high as 40 % in 5 min by Bobu et al. (2013). For
very low concentrations of CIPRO (<0.002 mg L−1) in efflu-
ents from a municipal wastewater treatment plant (together
with around 60 other pollutants), the conversion after the
photo-Fenton treatment (in a batch pilot compound parabolic
collector solar plant) was 65 and 50 %, respectively at acidic
and natural pH, after 20 min (Klamerth et al. 2013).

In our study, using a CIPRO initial concentration of
10 mg L−1, 1.8 min of τ, 2.50 mM of H2O2 and 500 W m−2

of I, conversions of 85 and 73 % were achieved in a contin-
uous flow homogeneous photo-Fenton system at pH of 2.8
and 6.8, respectively. Some preliminary photo-Fenton exper-
iments were also performed at these conditions using a mix-
ture consisting of CIPRO, trimethoprim and sulfamethoxazole
antibiotics (10 mg L−1 for each and with a pH of 2.8), the
conversion of these pollutants decreasing from 85, 87 and
65%, when tested separately, to 54, 75 and 38%, respectively,
when tested together in the mixture. These results prove that
the system could be scaled up to degrade mixtures of pollut-
ants, after adjusting some of the operating parameters.

Photo-Fenton-like process

In the present work, the heterogeneous iron catalyst was
obtained in the form of MNP that were synthesized by co-
precipitation. The obtained magnetite particles (72 wt% of
iron content) were analysed by SEM after the drying proce-
dure used for the storage of these MNP, and also by DLS after
dispersed in an aqueous solution for photo-Fenton-like exper-
iments. MNP seem to agglomerate in the form of microparti-
cles when they are dried (Fig. 3a) and easily dispersed to
nanoscale in the aqueous solution, as shown by the respective

particle size distribution (Fig. 3b). The dispersed MNP have
ca. 20 nm average size with a narrow particle size distribution
(as also observed by transmission electron microscopy, not
shown).

The CIPRO conversion (XCIPRO) for different initial pH in
the presence of suspended MNP as catalyst for the photo-
Fenton-like process is shown in Fig. 4a. It was found that the
photo-Fenton-like reaction was positively influenced when
using natural pH (6.8). Under these conditions, 50 % of
CIPRO removal was achieved at SS, while only 25–30 %
was obtained at the other pH (2.8 and 10), as also found in the
homogeneous photo-Fenton experiments performed with a
low concentration of Fe2+ (0.07 mg L−1 in Fig. 2d). In addi-
tion, the pH was similar from the beginning during the run
where the initial pH was the lowest, and a decrease (to 9.0)
was observed when using the highest initial pH.

In fact, although it has been long established in literature
that homogeneous photo-Fenton and photo-Fenton-like pro-
cesses are often more efficient at acidic pH (Alizadeh Fard
et al. 2013; Devi et al. 2013; Fassi et al. 2013), some recent
studies (Carra et al. 2013; Klamerth et al. 2013) have pointed
out the possibility of efficient photo-Fenton reactions at natu-
ral pH conditions. The higher catalytic activity at natural pH is
of interest for technological applications since the commonly
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Fig. 3 MNPused in the photo-Fenton like process: aSEMmicrograph of
the spray-dried powder; bDLS analysis showing the average particle size
distribution of the MNP dispersed in aqueous solution
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required acidification of the reactionmedium and the posterior
neutralization of the treated water is not needed.

The influence of the MNP load and H2O2 concentration on
the efficiency of CIPRO removal was also studied, as shown
in panels b and c of Fig. 4, respectively. Figure 4b shows that
the incorporation of MNP in the H2O2 photo-assisted process
significantly increases the degradation of CIPRO in SS con-
ditions (from 15 to 53 % for 0 to 2.0 mg Fe L−1, respectively).
Therefore, the non-catalytic process is not efficient and MNP
can be successfully used to increase the process efficiency.

Similar results for CIPRO degradation were observed when
the load of MNP was increased from 2.0 to 4.0 mg Fe L−1,
suggesting that low loads of MNP are enough to drive the
catalytic process.

Regarding the effect of the H2O2 concentration, Fig. 4c
shows the results obtained in the absence of oxidant (0 mM of
H2O2) and with two different H2O2 concentrations (1.25 and
2.50 mM, respectively). In SS conditions, it is possible to
observe a gradual increase of the CIPRO degradation with
the H2O2 concentration. For the homogeneous photo-Fenton
process, an increase of the CIPRO conversion was observed
when the H2O2 concentration was increased up to 0.5 mM, but
similar CIPRO conversions were achieved in experiments
with 1.25 and 2.50 mM of H2O2 (Fig. 2b), in contrast
with the effect observed on the photo-Fenton-like pro-
cess (Fig. 4c).

Therefore, natural pH, 2.50 mM of H2O2 and 2.0 mg
Fe L−1 in the form of MNP are adequate conditions to achieve
significant CIPRO degradation at SS. Complete CIPRO deg-
radation could be probably achieved by optimizing the τ
(lower τ results in higher CIPRO conversions) or the applied
I (perhaps by implementing lamps with higher I than solar
light), as observed for the homogeneous photo-Fenton process
(panels e and f of Fig. 2, respectively).

Having into account the higher catalytic activity achieved
in the photo-Fenton-like process under natural pH (triangle in
Fig. 5), control reactions performed under natural pH have
been summarized in Fig. 5, i.e. in the absence of catalyst
(square) and in the absence of oxidant (circle), including also
the results obtained in an experiment performed in the absence
of light (inverted triangle) and with light only (diamond). In
this figure, it is clear that catalytic CIPRO degradation can be
greatly enhanced in the presence of light (55 %), which
contrasts with the heterogeneous Fenton experiment per-
formed in the dark, where negligible degradation of CIPRO
is observed. Therefore, the irradiation is relevant in the photo-
Fenton-like process with MNP. In addition, CIPRO degrada-
tion is very low (15%) in the absence of the catalyst and in the
presence of H2O2; in this case, the CIPRO degradation is only
related to the action of light, since similar CIPRO conversions
are obtained when using only photolysis. It is also noticed that
MNP have photocatalytic activity even in the absence of H2O2

(35 % of CIPRO removal at SS conditions). Adsorption of
CIPRO into MNP was never observed in the performed
experiments.

The catalyst stability was examined by analysing the
amount of iron species leached to the liquid phase in the
experiment performed at natural pH, 2.50 mM of H2O2 and
2.0 mg Fe L−1 in the form of MNP, a very low amount being
leached from the nanoparticles to the solution (0.07 mg L−1).
However, considering the relatively high catalytic activity
achieved in the homogeneous photo-Fenton experiment with
this concentration of Fe2+ (Fig. 2d), it is important to verify if

Fig. 4 Continuous flow photo-Fenton like experiments using MNP: a at
different initial pH conditions, i.e. square, 2.8; triangle, 6.8; and circle, 10
(2.50 mM of H2O2, 4.0 mg Fe L−1 in the form of MNP); b different loads
of MNP: square, 0 mg Fe L−1; circle, 2.0 mg Fe L−1; and triangle, 4.0 mg
Fe L−1 (pH of 6.8 and 2.50 mM of H2O2); and c different H2O2 concen-
trations: square, 0 mM; circle, 1.25 mM; and triangle, 2.50 mM of H2O2

(pH of 6.8 and 4.0 mg Fe L−1 in the form of MNP). These experiments
were performed using 1.8 min of τ and 500 W m−2 of I
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MNP are acting as catalysts or if the photocatalytic activity is
due to the presence of dissolved iron in the solution.

In fact, a significant percentage of the photocatalytic activ-
ity of MNP may be provided by the homogeneous phase due
to leaching of iron species, since the CIPRO conversions
obtained in homogeneous photo-Fenton and photo-Fenton-
like experiments (with comparable amount of dissolved iron
in aqueous phase) for a giving pH (2.8 and 6.8) are quite
similar (Figs. 2d and 4a, respectively). Only in the case of the
highest pH tested (10) these differences were more notorious,
the photo-Fenton-like process presenting significantly higher
CIPRO conversion.

Therefore, the present work demonstrates that aqueous
solutions containing CIPRO can be treated by the photo-
Fenton process under natural pH conditions and that in the
case of the synthesized MNP a low leaching of iron species to
the solution was observed, the amount of iron species dis-
solved being enough to drive the process. These MNP can be
easily recovered after the treatment, by applying a magnetic
field as shown in Fig. 6, and the treated water can be then

discharged. Even so, the required concentration of dissolved
iron species (0.07 mg L−1) for degradation of CIPRO in the
investigated photo-Fenton processes is far below the Europe-
an Economic Community standards for discharge of treated
waters (2.0 mg L−1) and, therefore, a heterogeneous catalyst is
not really required when treating effluents polluted with the
CIPRO antibiotic. However, typical waste waters are often
polluted with several organic pollutants and, therefore, the
possible implementation of such MNP should be further in-
vestigated with actual waste waters where higher loads of
catalyst will be probably required. In any case, capital and
operating costs should be compared before any final decision.
For the particular case of solar energy-driven systems (as in
this particular case where solar energy was simulated), it is
necessary to consider how the energywill be collected (Bolton
et al. 2001). It is assumed that the capital cost of a solar
collector is proportional to its area and, together with the
first-order rate constant, it is possible to predict the system
costs and an indication of the capital investment by using
standard figures-of-merit that are useful tools when comparing
advanced oxidation technologies.

Conclusions

The continuous flow photo-Fenton process is capable to de-
grade the CIPRO antibiotic. A higher efficiency was obtained
at acidic pH (2.8), than at natural or alkaline pH (6.8 or 10,
respectively), namely 85 % of ciprofloxacin conversion in
steady state conditions (when employing 2.0 mg L−1 of
Fe2+, 2.50 mM of H2O2, 1.8 min of residence time and
500 W m−2 of I). For the photo-Fenton like process, using
MNP, CIPRO removal was maximized at natural pH, instead
of the acidic pH normally used as an optimized condition for
the photo-Fenton reaction. The photocatalytic activity of the
iron oxide MNP can be partially attributed to the homoge-
neous Fenton reaction occurring due to leaching of iron spe-
cies to the solution. Nevertheless, this effect was more signif-
icant for pH 2.8 and 6.8. At higher pH values (pH 10) the
heterogeneous photo-Fenton like process leads to higher
CIPRO conversions than the respective homogenous reaction.
The separation of the catalyst from the treated water was easily
achieved by applying an external magnetic field that allows
the use of the catalyst in consecutive reactions and avoids the
production of sludge.
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