Available online at www.sciencedirect.com
Journal of

i i Photochemist
ScienceDirect otochemistry

Photobiology

A:Chemistry

Journal of Photochemistry and Photobiology A: Chemistry 193 (2008) 139-145

www.elsevier.com/locate/jphotochem

Evidence for hole participation during the photocatalytic
oxidation of the antibiotic flumequine

R. Palominos?, J. Freer?, M.A. Mondaca®, H.D. Mansilla®*

2 Departamento de Quimica Orgdnica, Facultad de Ciencias Quimicas, Universidad de Concepcion, Casilla 160-C, Concepcion, Chile
b Departamento de Microbiologia, Facultad de Ciencias Bioldgicas, Universidad de Concepcion, Casilla 160-C, Concepcion, Chile

Received 8 May 2007; received in revised form 12 June 2007; accepted 15 June 2007
Available online 20 June 2007

Abstract

Photocatalytic degradation of the antibiotic flumequine (FQ) was carried out on TiO, aqueous suspension assisted by simulated solar light. Using
multivariate analysis, it was determined that the most important variable for FQ degradation is pH, where the optimal value is around 6. Hydrogen
peroxide addition does not alter oxidation efficiency. Under optimised conditions, the time required to completely eliminate FQ antibiotics was
30 min. Mineralization after 60 min irradiation was around 80%. The role of hydroxyl and superoxide anion radicals was monitored by using the
radical scavengers isopropanol and benzoquinone, respectively. On the other hand, the participation of oxidative holes in the reaction mechanism
was evaluated by adding iodine anions (hole scavenger) to the reaction system. Isopropanol’s slight influence on degradation indicated that FQ
oxidation was slightly influenced by OH* radicals. The presence of the iodide anion significantly inhibited degradation, thus suggesting that holes
played a major role. Experiments carried out in acetonitrile, in absence of water, confirmed the significant role of holes in FQ oxidation. The
inhibition of the reaction profile in the presence of benzoquinone confirms the participation of the superoxide anion in the FQ oxidation. The
analysis of the reaction products suggests that photo-Kolbe decarboxylation mechanism and hydroxylation of aromatic ring are the reaction’s

primary steps. The Langmuir—Hinshelwood kinetic model was fitted for FQ photodegradation.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The extraordinary growth of agribusiness and the aquaculture
industry has been accompanied by some practices potentially
damaging to human and animal health. In the last 20 years, indus-
trial aquaculture has experienced four-fold growth worldwide,
and in several cases has been accompanied with unrestricted
antibiotic use, converting these productive activities into a public
health concern [1,2]. Several authors have pointed out antibi-
otics” harmful environmental effects [3,1,4]. Involuntary dietary
consumption of antibiotics alters the normal flora, contribut-
ing to increased susceptibility to bacterial infections. Moreover,
antibiotics can also generate allergy and toxicity and favours
the development of antibiotic-resistant bacteria. This resistance
could be transferred to other aquatic or terrestrial bacteria as it
has been demonstrated [5].
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Quinolone structures are commonly found in the composition
of numerous antibiotics in aquaculture cultivation. In particular,
flumequine is one of the most used antibiotics in salmon farm-
ing, producing negative environmental consequences because it
remains active in sediments for prolonged time periods since
they are not readily biodegradable [2,6].

Advanced oxidation processes (AOPs) have been widely
studied because their ability to oxidise different kind of environ-
mentally persistent substances [7-9]. Among the most reported
AOQOPs, semiconductor photocatalysis is considered the most ver-
satile because it is used in environmental remediation and it
can also be used for energy production and storage, chemical
synthesis, sensors and in medical applications [10,11].

The photocatalytic process is initiated with the adsorption
of photons with energy above the semiconductor’s band gap,
typically titania (3.2eV), generating charge carriers, electron
and holes (e-h), a fraction of which arrive to the TiO; surface. On
the surface, these species can be trapped by oxygen or adsorbed
by hydroxyl groups generating superoxide anion and hydroxyl
radicals, respectively. Both reduced oxygen species can oxidise
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dissolved organic matter in contact with the catalyst surface [12].
On the other hand, adsorbed organic substrates can be readily
and directly oxidised by superficial holes. The role that holes
and reduced oxygen radicals plays in the degradation of organic
substances is still controversial and depends on the substrate
structure and catalyst structure. For instance, several authors
suggest the formation of hydroxyl radicals on irradiated TiO;
in experiments carried out with spin trapping and EPR [13,14].
On the other hand, other authors propose the direct participation
of holes on oxidation reactions in assays done hole scavengers
[15,16].

The aim of this work is to evaluate the effect of radicals and
hole scavengers in order to elucidate the paths involved in the
photocatalytic degradation of flumequine.

2. Experimental
2.1. Materials

Titania P-25 (surface area 52 m? g~ ') was obtained from
Degussa (Brazil). Flumequine (99%, Ci4H{2FNO3) and p-
benzoquinone (>99%) were purchased from Sigma. The FQ
structure is depicted in Fig. 1. Isopropanol (99.5%), potassium
iodide, acetonitrile (HPLC grade), methanol (HPLC grade), tri-
fluoroacetic acid, hydrogen peroxide (30%) and trifluoroacetic
anhydride (99.5%) were obtained from Merck. Ethyl acetate
(99.99%) was obtained from Merck (Chile). All the reagents
were used as received without purification.

2.2. Photocatalytic reaction

A typical photocatalytic reaction was carried outin a 120-mL
bottle stopped with a rubber seal, while allowing oxygenation
and gas release through two Teflon tubes. Oxygen was continu-
ously bubbled throughout the reactor’s interior. The catalyst was
used in suspension in amounts ranging from 0.5 to 1.5 g. The
reaction system’s pH was adjusted with NaOH or HNO3. The
FQ solution concentration was 76.5 wM. Before the light was
turned on, the solution was stirred for a 30-min period in the
dark. The reactor was magnetically stirred and irradiation was
performed witha SUNTEST XLS+ Atlas, using 500 W m 2 irra-
diance. Lamp emission range from 300 to 800 nm. For analysis,
samples were taken at different time periods using a 10-mL plas-
tic syringe and then filtered in a 0.20-pm Millipore disk. The
effect of initial concentration was evaluated using the previously
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Fig. 1. Structure of the antibiotic flumequine.

described conditions with a concentration ranging from 19.1 to
95.7 M under illumination and dark conditions. The role of
oxygen was evaluated under nitrogen bubbling.

2.3. Experimental design

A multivariate experimental design was performed follow-
ing the methodology previously described for photocatalytic
reactions [17-19]. The polynomial and contour diagrams were
obtained using the software Modde 7. In the factorial design
of the photocatalytic degradation of FQ, three variables were
simultaneously changed: the initial pH (3—10), the amount of cat-
alyst (0.5-1.5gL~!), and the hydrogen peroxide concentration
(0.17-0.83 mM). In all the experiments carried out for optimi-
sation, irradiation was performed with a solarium device Philips
HB 311 arranged with 6 W x 20 W lamps (X =300-400nm,
540 Wm~2). For n variables and two levels (low and high),
the total number of experiments was 17, determined by the
expression 2" +2n + 3.

2.4. Analytical methods

The filtered samples obtained from the photocatalysed reac-
tions were analysed in a Shimadzu 1603 spectrophotometer. The
maximum at 331 nm was used to monitor the FQ degradation
during the course of the reaction. In parallel, HPLC determina-
tions were carried out in a Merck-Hitachi instrument equipped
with a C-18 column (Merck-LicroCART 250-4/Lichrospher 100
RP-18) using a modified methodology described earlier by
Pilorz and Choma [20]. Total organic carbon determinations
were carried out in a Shimadzu 5000 A TOC analyser.

In order to identify the oxidation products, 1L of concen-
trated FQ solution at pH 6 (0.765mM) and TiO» (0.5gL~")
were illuminated by SUNTEST for 30 min. The solution was
evaporated at low temperature until 125 mlL, then extracted
3 times with ethyl acetate, and finally dried with NaySOg.
Organic solution was concentrated to 10 mL, and separated
in two vials, which were concentrated to 1 mL with nitrogen
gas. One sample was directly injected into the GC (HP-5890
equipped with an HP-5872 mass selective detector) and the other
one derivatised with trifluoroacetic anhydride. Fluoroacetylated
compounds were also injected into the CG—MS for analysis.

2.5. Effect of radical inhibitors

In order to determine the role that radicals and holes play
in the reactions, isopropanol (76.5 mM), iodide ion (0.765 mM
and 7.65 mM) and benzoquinone (7.65 nM) were added to the
antibiotic solutions containing FQ (76.5 uM). In a separate
experiment, acetonitrile instead of water was used to evaluate
water’s function in OH radical formation.

2.6. Antibacterial activity of photocatalysed flumequine
solutions

In order to determine the antibacterial activity of irradi-
ated FQ samples, tripticase agar plates were seeded with a
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103 CFU mL~! suspension of Escherichia coli 6317. The plates
were loaded, in small holes made in the agar, with 100 wL of irra-
diated samples and incubated for 24 h at 37 °C. The inhibition
halo formed around the spot was measured in mm and compared
to the calibration curve made with the pure solutions of antibi-
otic and the respective microorganism. The general procedure
has been previously described [21].

3. Results and discussion
3.1. Factorial design

For the optimisation experiments, the assays were carried out
using the Solarium device. Table 1 summarises the experiments,
in real and codified values (in parenthesis), performed to opti-
mise the photocatalytic FQ degradation. Following the factorial
design, 17 experiments were performed, including three central
points to mathematically validate the model. Experimental and
calculated values after 15 min of irradiation are shown in the
two last columns. There is a great concordance between these
compared values, indicating a well-fitted model. The mathe-
matic solution of the matrices using multiple regression in the
Modde 7 software generates a polynomial (Eq. (1)). The Yrq
represents the independent variable or response factor defined
as the degradation percentage after 15 min irradiation of FQ.

YrQ (%) = 67.66 (£1.27) — 17.78 [pH] (£1.16)
—49.48 [pH]2 (£1.79) (1)

The absence of the variables TiO, amount and hydrogen per-
oxide concentration in the polynomials indicate that the relative
error of these variables is larger than the correspondent coef-
ficients. Observing the polynomial, it can be concluded that
pH is the only variable that affects antibiotic degradation. The
quadratic effect predicts a maximum antibiotic degradation at
medium pH values. It is evident that at high and low pH values,

Table 1
Experimental results from factorial design of flumequine degradation

FQ degradation decreases (see experiments 1-8) independently
of the TiO, amount and hydrogen peroxide concentration. The
contour diagrams obtained from the polynomials confirm that
maximum antibiotic degradation is obtained at neutral pH, low
titania load, and in absence of HyO; (not shown). The results
agree with the fact that the pH simultaneously modify the super-
ficial charge of the catalyst and the extent of FQ ionisation. At
very low pH the surface of the catalyst will be positive (zero
charge point 6.25) and the FQ protonated (pK, 6.35), decreas-
ing the affinity between them. At pH over the ZCP, both species
will be negatively charged provoking the repulsion. In conse-
quence at pH close to 6, the affinity will be optimal, improving
the photocatalytic process.

3.2. Photocatalytic degradation of FQ

Since the optimisation results indicate that neither the TiO,
amount nor the hydrogen peroxide concentration affects the rate
of antibiotic degradation, further experiments were carried out
at pH 6, 0.5 gL’1 TiO,, and without addition of H,O,. The
irradiations were performed in the Suntest XLS+ (500 W m~2).
Initial concentration of the antibiotic was 76.5 wM. The spectral
changes of flumequine during the irradiation in the presence of
TiO, shows a drop in the absorption maximum (331 nm) which
demonstrates that FQ is chemically modified by photocataly-
sis. The formation of a new chromophoric group absorbing at
270 nm is interpreted as a possible formation of phenolic moi-
eties at the beginning of the irradiation [22].

The Langmuir adsorption constant (K1), determined here
in the dark at pH 6, was 9.2 x 103 Lmol~!. This value was
obtained through the adsorption isotherms in dark and using
the Langmuir approach. The FQ adsorption in dark, around
27%, was determined by spectrophotometric measures. After
30 min of contact in dark, no further FQ adsorption on titania was
observed.

The FQ degradation profile recorded at 331 nm is shown in
Fig. 2. FQ presents marked stability against light in absence of
catalyst but in the presence of TiO», indicating a pronounced

Experiment TiO, (g/L) x1 pH x2 H,0; (mM) x3 Y experimental FQ (%) Y calculated FQ (%)
1 0.5(—1) 3(=1) 0.17 (=1) 40 36
2 1.5 (1) 3(-1) 0.17 (1) 37 35
3 0.5(—1) 10(1) 0.17 (=1) 0 1
4 1.5 (1) 10(1) 0.17 (1) 0 0
5 0.5(—1) 3(—1 0.83 (1) 37 36
6 1.5 (1) 3(-1) 0.83 (1) 36 35
7 0.5(—1) 10(1) 0.83 (1) 0 1
8 1.5 (1) 10(1) 0.83 (1) 0 0
9 0.65 (—0.7) 6.5 (0) 0.5 (0) 69 68
10 1.35(0.7) 6.5 (0) 0.5 (0) 67 67
11 1(0) 4.05 (—0.7) 0.5 (0) 45 56
12 1(0) 8.95(0.7) 0.5 (0) 31 31
13 1(0) 6.5 (0) 0.269 (—-0.7) 70 67
14 1(0) 6.5 (0) 0.731 (0.7) 67 67
15 1(0) 6.5 (0) 0.5 (0) 67 67
16 1(0) 6.5 (0) 0.5 (0) 71 67
17 1(0) 6.5 (0) 0.5 (0) 67 67
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Fig. 2. Photocatalytic course of flumequine degradation in suspended solutions
of TiO, (0.5gL~") (M). TOC evolution during the photocatalytic process (@)
and direct photolysis of FQ in absence of catalyst (A). Initial pH 6.0 and initial
antibiotic concentration 7.65 x 10~> mol L~1.

catalytic effect. Complete FQ depletion occurs at 30 min irra-
diation. The profiles were also monitored by HPLC analysis,
giving the same results.

Since the antibiotic’s complete oxidation to CO» is unques-
tionable evidence of the total destruction of the contaminant,
the extent of antibiotic mineralization was also studied by
TOC determinations [23]. Fig. 2 shows 74% mineralization for
FQ after 15 min irradiation, a value that remains almost con-
stant after a longer irradiation period (60 min and longer). This
result is indicative of refractory intermediate formation during
the beginning of the photocatalytic oxidation. Some of these
intermediates were identified in 30-min irradiated solution by
GC/MS analysis (Fig. 3). It can be seen that the primary event
is the saturated ring opening, while the aromatic ring remains
intact. Even after longer irradiation times (90 min), the struc-
ture (1) still remains in solution. Another relevant feature is that
flumequine decarboxylation is one of the reaction’s initial path-
ways. It has been proposed that the mechanism involved is a
photo-Kolbe pathway with the direct participation of holes, as

F

(1) M: 219 uma (3) M: 191 uma
NH

(0]
NH
(o]
N F
(2) M: 221 uma (4) M: 193 uma
NH
M: 261 uma e

shown below (Eq. (2)) [24].
RCOO™ +ht — RCOO®* — R* 4+ CO, 2)

3.3. Effect of the initial flumequine concentration in the
photocatalytic reaction

The effect of initial FQ concentration in the photocat-
alytic process was analysed using the linearised form of the
Langmuir—Hinshelwood (LH) model, shown in Eq. (3). In spite
of the numerous critical studies of the LH model in terms
of the veracity of all the assumptions considered, its use is
recommended for its simplicity and the ability to fit well
with the experimental results in heterogeneous photocatalysis
[25].

1 1 1 3
ro  k * kKLuCo ©)

The values for k and Kp g were calculated from the graphi-
cal representation of Eq. (3) (y=3.7636x + 50749; R2=0.9993).
The calculated manolayer adsorption equilibrium constant
(KLp) on the catalyst surface was 1.35 x 10* Lmol~!, and the
calculated rate constant (k) was 19.7 pM min~". According to
the LH model, if the photocatalytic oxidation adsorption con-
stant (K1) reflects strictly the adsorption affinity of a substrate
on the TiO, surface, its value should be similar to the con-
stant in dark (K1) [26]. Comparing the FQ values for K1, and
Ki g, it can be seen that both values are in the same order of
magnitude (Kpg=1.45K1). The slight increase of adsorption
under illumination could be related to a change in the TiO; elec-
tronic properties, which have been associated to the increase of
adsorption sites [27].

3.4. Effect of radical and hole inhibitors

Several substances that alter the kinetic profile of organic
compound oxidation have been used to elucidate the role of the
different species associated with degradation. In this work, we
have used isopropanol, acetonitrile, benzoquinone and iodide
anion as radical and hole inhibitors during the photocatalytic
degradation of FQ. Control experiments carried out in absence of
light do not alter the adsorption behaviour of FQ on the catalyst

OH
F F

(5) M: 209 uma

OH

F
(6) M: 209 uma

Fig. 3. Oxidation compounds identified after 30 min irradiation of flumequine solutions. Compound (3) was identified as fluoroacetic derivative.
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Fig. 4. Effect of the isopropanol (7.65 x 10~2mol L~!) (O) and acetonitrile as
solvent (A), in comparison with the photocatalysed degradation of the antibiotic
(7.65 x 1075 mol L™1) ().

surface. Radical and hole inhibitors are stable to irradiation and
do not react directly with the antibiotic.

3.4.1. Effect of isopropanol and acetonitrile

Isopropanol has been described as the best hydroxyl rad-
ical quencher due to its high-rate constant reaction with the
radical (1.9 x 10° Lmol~!s~1) [28]. It has been widely used
in photocatalysis in order to discriminate the direct oxidation
of substrates by holes or by HO® radicals [29,30]. A slight
inhibitory effect was found in the FQ kinetic profile when
isopropanol (76.5 mM, concentration 1000 times greater than
antibiotic) was added to the solution at the beginning of the
photocatalytic reaction (Fig. 4). Around 15% of inhibition was
observed in FQ degradation after 15 min irradiation. In the pres-
ence of the alcohol, the complete disappearance of the antibiotic
was not reached even after 60 min irradiation. Therefore, the
hydroxyl radical apparently presents a moderate participation in
FQ oxidation under the experimental conditions studied. Sim-
ilar results have been reported for photocatalytic degradation
of other aromatic organic substrates using Degussa P-25 with a
weak participation of OH® radical [15,28].

The use of a non-aqueous solution as reaction media could
also help to discern the role that hydroxyl radicals play in the
reaction mechanism [31]. Acetonitrile has been widely used
as solvent replacing water because, as an extremely stable
molecule, it can be used to distinguish the participation of holes
and hydroxyl radicals in the photocatalytic reaction mecha-
nism [28,32,33]. The photo-generated holes are strong oxidants
(2.53V versus NHE) capable of oxidising adsorbed hydroxyl
groups or water molecules generating OH® radicals [10]. Con-
sequently, the use of a non-aqueous media could verify the role
of such radicals in the reaction system.

In the FQ reaction in the photocatalytic system using only
acetonitrile as solvent, a severe alteration in the kinetic profile

CiCo

0 10 20 30 40 50 60
time (min)

Fig. 5. Effect of the iodine addition to the reaction system at two different
concentrations: 7.65 x 10™* () and 7.65 x 1073 (») compared to the photo-
catalysed degradation of the antibiotic (7.65 x 10~ mol L~") (H).

was observed changing form a pseudo-first order to close to a
zero-order reaction. The fact that complete FQ removal after
long irradiation periods can be achieved is indicative that OH
radicals are not the only oxidation via.

3.4.2. Effect of lodide ion

The participation of the holes in the photocatalytic reaction
can be assessed with the use of the iodide ion due to its efficient
iodine formation, as in the reaction sequence shown below (Egs.
(4)—(6)) [16]. Iodide has been used to assess the role of the direct
oxidation reaction in organic molecules and to determine the
dynamics of hole formation in spectroscopic studies [15,28,34].

ht+1- > 1° 4)
I*+17 > L 5)
h+5L* > D (6)

When the iodine anion was added to the FQ solution in a
concentration of 7.65 mM (100 times larger than the antibiotic),
an extensive inhibition in antibiotic degradation was observed
(Fig. 5). While at high iodine ion concentrations, a complete
inhibition of FQ degradation occurs until 15 min irradiation; at
lower iodide anion concentrations (10 times larger than FQ),
the same effect was observed but to a lesser extent, reaching
50% inhibition at 15 min reaction (Fig. 5). The results suggest
that the holes play an essential role in the reaction mechanism
of FQ oxidation, sustaining the photo-Kolbe decarboxylation
mechanism [24,35].

3.4.3. Effect of benzoquinone

The superoxide anion (O,° ™) is produced by the reduction of
oxygen molecules adsorbed on the catalyst surface by the photo-
generated electrons. The participation of superoxide anion has
been reported to be involved in several oxidation mechanisms
occurring on the TiO; surface [36,37]. The first evidence of
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Fig. 6. Effect of the oxygen absence (@) and benzoquinone addition
(7.65x107% (A) in the photocatalysed degradation of the antibiotic
(7.65 x 107> mol L) ().

the O,°~ role was observed when the reaction was carried out
in absence of oxygen because its formation requires adsorbed
oxygen on the catalyst surface. Fig. 6 shows the almost total inhi-
bition of the reaction in a solution purged with nitrogen. In order
to determine the superoxide anion participation in the antibiotics
oxidation, benzoquinone (BQ, 7.65 wM, 1/10 of the antibiotic
concentration) was added. Benzoquinone has the ability to trap
superoxide anions by a simple electron transfer mechanism (Eq.

().
BQ+ 02" — BQ*™ 4+ 0, 7

The addition of BQ provokes partial inhibition of the FQ
degradation as shown in Fig. 6. It can be concluded that the
oxidation inhibition of FQ is due to the superoxide anion sup-
pressed by the BQ addition. As mentioned in the literature, the
superoxide radicals attack preferentially aromatic rings with low
electronic density (as deactivated aromatic rings in FQ) [38].

In conclusion, the FQ oxidation by photocatalysis is mainly
explained by the participation of holes and to a lesser extent by
the contribution of hydroxyl radicals and superoxide anions.

3.4.4. Microbiologic assays on irradiated antibiotic
solutions

Furthermore, to find some evidence of photocatalytic mecha-
nistic paths of antibiotic oxidation, an additional significant goal
of this study was to determine if the oxidation products of FQ
still possess antibacterial activity. The susceptibility of E. coli
(ATCC 6317) strains was used to evaluate the antibacterial activ-
ity of the oxidation products. They were chosen because of their
good response at low antibiotic concentrations using the inhi-
bition halo methodology [21]. The smaller the inhibition halo
around the microdrop seeded on the agar plate inoculated with
the bacteria, the less important it is in the antibacterial activ-
ity. A clear correlation between complete antibiotic depletion
and total antibacterial activity inhibition was found (Fig. 7).

30

. .
g
g
e
=
=
=
2
R=
=
=
g

‘ . u

0 10 20 30 40 50 60

time (min)

Fig. 7. Antibacterial activity of FQ photocatalysed solutions (l) and illuminate
d solutions in absence of catalyst (@), measured as inhibition halo (mm) in agar
plates inoculated with E. coli (ATCC 6317) strain.

The inhibition halo disappears completely after 30 min irra-
diation, the same time necessary to eliminate totally FQ (see
Fig. 2). This result is categorical evidence that the oxidation
products formed by photocatalysis of FQ are not biologically
active against selected bacteria. The examination of Figs. 2 and 7
indicates that the residual antibacterial activity is completely
attributed to the antibiotic that remains intact in the course of
the photocatalytic reaction. On the other hand, the modification
of the antibiotic structure by direct photolysis does not alter their
antibiotic activity.

In consequence, photocatalysis is a valuable tool to elim-
inate the harmful environmental effects of this kind of
substances. It has the added advantage that after short peri-
ods of photocatalytic treatment, the oxidation products could
be treated by conventional biological system in an integrated
photochemical-biological system as proposed for other sub-
stances [39-41].

4. Conclusions

Based on our experimental results, we summarise the most
remarkable conclusions:

1. The photocatalytic FQ oxidation is mainly dependent on the
pH of the solution.

2. Experimental evidence obtained with radicals and hole
scavengers indicates that the holes have a preponderant par-
ticipation in the oxidation mechanism of FQ oxidation. Also
a slight contribution in the mechanism pathways can be
attributed to hydroxyl and superoxide anions species.

3. Apparently the decarboxylation of flumequine is the primary
step in the FQ oxidation by a photo-Kolbe mechanism.
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4. The oxidation intermediates do not present antibacterial
activity, indicating that the structural modification of the
antibiotic changes drastically its biological activity.

Acknowledgements

Financial support from FONDECYT (Grant 1040460, Chile)
is gratefully acknowledged. The authors thank Dr. David Contr-
eras (University of Concepcion) for his support in multivariate
analysis.

References

[1] R. Naylor, M. Burke, Annu. Rev. Environ. Res. 30 (2005) 185.
[2] F.C. Cabello, Environ. Microbiol. 8 (2006) 1137.
[3] R. Goldburg, R. Naylor, Front. Ecol. Environ. 3 (2005) 21.
[4] A.B. Boxall, L.A. Fogg, P.A. Blackwell, P. Kay, E.J. Pemberton, A. Craw-
ford, Rev. Environ. Contam. Toxicol. 180 (2004) 1.
[5] H. Sgrum, in: EM. Aarestrup (Ed.), Antimicrobial Resistance in Bacteria
of Animal Origin, American Society for Microbiology Press, Washington,
DC, USA, 2006, p. pp. 213.
[6] G.M. Lalumera, D. Calamari, P. Galli, S. Castiglioni, G. Crosa, R. Fanelli,
Chemosphere 54 (2004) 661.
[7] J. Peller, O. Wiest, P.V. Kamat, J. Phys. Chem. A 108 (2004) 10925.
[8] M. Hincapié Pérez, G. Pefiuela, M.1. Maldonado, O. Malato, P. Fernandez-
Ibafiez, I. Oller, W. Gernjak, S. Malato, Appl. Catal. B: Environ. 64 (2006)
272.
[9] H.-J. Hsing, P.-C. Chiang, E.-E. Chang, M.-Y. Chen, J. Hazard. Mater. 141
(2007) 8.
[10] A. Fujishima, T.N. Rao, D.A. Tryk, J. Photochem. Photobiol. C: Pho-
tochem. Rev. 1 (2000) 1.
[11] Jean-Marie Herrmann, Top. Catal. 34 (2005) 49.
[12] T.L. Thompson, J.T. Yates Jr., J. Phys. Chem. B 109 (2005) 18230.
[13] C.D. Jaeger, A.J. Bard, J. Phys. Chem. 83 (1979) 3146.
[14] P.E. Schwarz, N.J. Turro, S.H. Bossmann, A.M. Braun, A-M.A. Abdel
Wahab, H. Dirr, J. Phys. Chem. B 101 (1997) 7127.
[15] S. Yang, L. Lou, K. Wang, Y. Chen, Appl. Catal. A: Gen. 301 (2006) 152.
[16] K. Ishibashi, A. Fujishima, T. Watanabe, K. Hashimoto, J. Photochem.
Photobiol. A: Chem. 134 (2000) 139.
[17] H.D. Mansilla, C. Bravo, R. Ferreyra, M.I. Litter, W.F. Jardim, C. Lizama,
J. Freer, J. Fernandez, J. Photochem. Photobiol. A: Chem. 181 (2006) 188.

[18] C. Lizama, J. Freer, J. Baeza, H.D. Mansilla, Catal. Today 76 (2002)
235.

[19] J. Fernandez, J. Kiwi, J. Freer, C. Lizama, H.D. Mansilla, Appl. Catal. B:
Environ. 48 (2004) 205.

[20] K. Pilorz, I. Choma, J. Chromatogr. A 1031 (2004) 303.

[21] C. Reyes, J. Fernandez, J. Freer, M.A. Mondaca, C. Zaror, S. Malato, H.D.
Mansilla, J. Photochem. Photobiol. A: Chem. 184 (2006) 141.

[22] H.D. Mansilla, A. Mora, C. Pincheira, M.A. Mondaca, P.D. Marcato, N.
Durdn, J. Freer, Appl. Catal. B: Environ. 76 (2007) 56.

[23] E. Bizani, K. Fytianos, 1. Poulios, V. Tsiridis, J. Hazard. Mater. 136 (2006)
85.

[24] B. Kraeutler, A.J. Bard, J. Am. Chem. Soc. 100 (1978) 2239.

[25] A.V. Emeline, V.K. Ryabchuk, N. Serpone, J. Phys. Chem. B 109 (2005)
18515.

[26] S. Qourzal, M. Tamimi, A. Assabbane, Y. Ait-Ichou, J. Colloid Interface
Sci. 286 (2005) 621.

[27] G.A. Epling, C. Lin, Chemosphere 46 (2002) 561.

[28] Y. Chen, S. Yang, K. Wang, L. Lou, J. Photochem. Photobiol. A: Chem.
172 (2005) 47.

[29] A. Amine-Khodja, A. Boulkamh, C. Richard, Appl. Catal. B: Environ. 59
(2005) 147.

[30] S.Rafqah, P. Wong-Wah-Chung, S. Nelieu, J. Einhorn, M. Sarakha, Appl.
Catal. B: Environ. 66 (2006) 119.

[31] X. Zhu, C. Yuan, Y. Bao, J. Yang, Y. Wu, J. Mol. Catal. A: Chem. 229
(2005) 95.

[32] M. Muneer, D. Bahnemann, M. Qamar, M. A. Tariq, M. Faisal, Appl. Catal.
A: Gen. 289 (2005) 224.

[33] T.M. El-Morsi, W.R. Budakowsky, A.S. Abd-El-Aziz, K.J. Friesen, Envi-
ron. Sci. Technol. 34 (2000) 1018.

[34] J. Rabani, K. Yamashita, K. Ushida, J. Stark, A. Kira, J. Phys. Chem. B
102 (1998) 1689.

[35] Y. Nosaka, M. Kishimoto, J. Nishino, J. Phys. Chem. B 102 (1998) 10279.

[36] M. Stylidi, D.I. Kondarides, X.E. Verykios, Appl. Catal. B: Environ. 47
(2004) 189.

[37] P. Raja, A. Bozzi, H.D. Mansilla, J. Kiwi, J. Photochem. Photobiol. A:
Chem. 169 (2005) 271.

[38] L. Cermenati, P. Pichat, C. Guillard, A. Albini, J. Phys. Chem. B 101 (14)
(1997) 2650.

[39] S. Parra, S. Malato, C. Pulgarin, Appl. Catal. B: Environ. 36 (2002) 131.

[40] A. Gora, B. Toepfer, V. Puddu, G. Li Puma, Appl. Catal. B: Environ. 65
(2006) 1.

[41] C. Gémez, J. Rodriguez, J. Freer, C. Lizama, H.D. Mansilla, Environ.
Technol. 28 (2007) 123.



	Evidence for hole participation during the photocatalytic oxidation of the antibiotic flumequine
	Introduction
	Experimental
	Materials
	Photocatalytic reaction
	Experimental design
	Analytical methods
	Effect of radical inhibitors
	Antibacterial activity of photocatalysed flumequine solutions

	Results and discussion
	Factorial design
	Photocatalytic degradation of FQ
	Effect of the initial flumequine concentration in the photocatalytic reaction
	Effect of radical and hole inhibitors
	Effect of isopropanol and acetonitrile
	Effect of Iodide ion
	Effect of benzoquinone
	Microbiologic assays on irradiated antibiotic solutions


	Conclusions
	Acknowledgements
	References


