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Ciproﬂoxacin wastewater treated by UVA
photocatalysis: contribution of irradiated TiO2 and
ZnO nanoparticles on the ﬁnal toxicity as assessed
by Vibrio ﬁscheri†
A. R. Silva,ab P. M. Martins,ab S. Teixeira,c S. A. C. Carabineiro,d K. Kuehn,c
G. Cuniberti,cef M. M. Alves,b S. Lanceros-Mendezagh and L. Pereira*b
Photocatalysis has become an attractive process to treat wastewater since it allows a rapid and eﬃcient
degradation of micropollutants in water. A solution of ciproﬂoxacin (CIP) was photocatalytically treated
by ultraviolet A light (UVA) and titanium dioxide (TiO2) or zinc oxide (ZnO) nanoparticles. Toxicity of CIP
and of the treated CIP solutions, as well as the toxicity of TiO2 and ZnO irradiated nanoparticles, was
evaluated towards Vibrio ﬁscheri. The lowest concentration of CIP tested, 10 mg L1, leads to 50% of
luminescence inhibition. Regarding irradiated nanoparticles, ZnO presented higher bacteria
luminescence inhibition than TiO2, 97 and 38%, respectively. Due to high toxicity of ZnO, it was only
possible to evaluate the CIP solution treated by UVA/TiO2. Initially, the toxicity decreased with the time
of the process, but after 15 min the toxicity increased signiﬁcantly (55%) and after 45 min of treatment,
was 70%. High-performance liquid chromatography (HPLC) and Fourier transform infrared spectroscopy
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(FTIR) analysis proved that the initial decrease of toxicity was caused by CIP adsorption on catalyst
surface, which latter increased due to the generation of by-products and toxicity contribution of soluble

DOI: 10.1039/c6ra19202e

nanoparticles. Ten by-products were identiﬁed by liquid chromatography-mass spectrometry (LC-MS)
and the mechanism of CIP photocatalytic degradation was proposed.
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1. Introduction
The use of pharmaceuticals in human and veterinary medical
practices and aquaculture has led to their constant release into
the environment. The persistence of such residues, namely
antibiotics, in surface water is a serious concern due to their
potential impact in ecosystems and public health. Even at low
concentrations,1,2 it may be a potential threat by inducing multi
resistance in bacteria.3–5 Considering that the raw sewage and
wastewater eﬄuents are a major source of micropollutants, it is
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important to develop eﬀective processes to their removal during
wastewater and drinking-water treatment.6–8 CIP, in particular, is
an antibiotic which tends to persist in aquatic environments.9,10
As the elimination of CIP by conventional wastewater treatments
is incomplete, additional treatments like membrane treatments11 and advanced oxidation processes (AOPs)12 should be
performed to mitigate its undesired eﬀects. AOPs are nonbiological technologies used to remove several compounds
from water and have been successfully applied to remove pharmaceuticals.12 They are mainly based in the in situ production of
hydroxyl radicals (OHc) with great oxidative power.4,13,14 AOPs
comprise degradation treatments such as ozonation,9,15 photolysis,12,16 Fenton oxidation17 and heterogeneous photocatalysis
(semiconductor photocatalysis).12,18 Compared to other AOPs,
photocatalysis is outstanding regarding the operation at
ambient conditions, photochemical stability, low costs and
commercially availability of catalysts.12,17,19 Additionally, this
process allows the complete mineralization of compounds.17 The
basic components for this photocatalytic process are a catalyst
(typically a semiconductor), a source of photon energy (UV
radiation or solar light), oxygen and water.11,19 Several semiconductors have been studied,17,20,21 however suspensions of
TiO2 and ZnO nanoparticles are the most commonly used
in wastewater decontamination.22,23 They are highly active,
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chemically and thermally stable, and chemically resistant to
breakdown and have strong mechanical properties.
Regarding the photocatalytic degradation of CIP, some
studies using TiO2 (ref. 5 and 24) and ZnO25 nanoparticles under
UV or solar radiation24,26 have stated that the degradation occurs
primarily at the piperazine ring originating several by-products.9,27 With longer irradiation time, more functional groups
can be removed, leading to the mineralization of the compound
to innocuous carbon dioxide and water.24,26,28 However, in spite
of mineralizing a wide range of compounds, photocatalysis may
not represent the optimal approach to decrease the toxicity of
water contaminated with pharmaceuticals.5,29 Toxicity assessment is a crucial step to validate degradation processes and
their environmental impacts.30 It has been shown that generated intermediates can be more toxic than their parent
compounds.31,32 Toxicity bioassays are useful tools to evaluate
the toxicological potential of wastewater treated by photocatalysis. The test organisms traditionally used in bioassays,
can be grouped in: algae and plants, crustaceans, sh, rotifers,
annelids, molluscs and microorganisms.33–36 V. scheri has been
used as sensitive biosensor with a short time of toxicity
response, 15–30 min. Toxicity bioassays with these bacteria are
based in the assessment of bacterial luminescence emission
when exposed to toxic substances. Bioluminescence is coupled
to metabolic activity. A decrease is associated with the toxicity of
the tested sample, explicitly the lower light output, the higher
the toxicity.37,38
This study is focused on the toxicity evaluation of a solution
containing CIP treated by UVA/TiO2 and UVA/ZnO. The toxicity
of by-products formed during CIP photocatalytic degradation
and the contribution of irradiated TiO2 and ZnO nanoparticles
on global toxicity was evaluated. To the best of our knowledge,
this is the rst report where the contribution of TiO2 and ZnO
nanoparticles for the global toxicity of nal treated solution was
assessed.

2.
2.1

Experiments
Chemicals and bacteria

TiO2 P25 (CAS 13463-67-7) was kindly provided by Evonik
Industries AG; ZnO particles (CAS 1314-13-2) were obtained
from Iolitec. TiO2 P25 present nanoparticles size of 30 nm in
diameter and specic surface area values, ranging between 35
to 65 m2 g1. ZnO particles size of 120 nm in diameter and
specic surface area between and 4.9 to 6.8 m2 mL1.39–41 CIP
(98%) (CAS 85721-33-1) and paraformaldehyde (CAS 30525-894) were obtained from Sigma-Aldrich. CIP was used without
further purication. A stock solution of 1 mg L1 was prepared
in ultra-pure water and two droplets of hydrochloric acid were
added to ensure the complete solubility of CIP. Formic acid
(98%) (CAS 64-18-6) was acquired from MERCK, acetonitrile
(ACN, HPLC analytic grade) (CAS 75-05-8) and zinc sulfate
heptahydrate (ZnSO4$7H2O) (7446-20-0) were obtained from
Panreac. 4,6-Diamidino-2-phenylindole (DAPI) (CAS 28718-903) was obtained from Thermo Fisher Scientic (Molecular
Probes). The bioluminescent bacteria, Vibrio scheri NRRL B11177, BioFix® Lumi medium, diluent and osmotic pressure
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adjusting solutions were purchased from Macherey-Nagel
GmbH & Co. KG (Düren, Germany).
2.2

Photocatalytic degradation of ciprooxacin

The photoreactor set up is presented in ESI (Fig. S1, ESI†). A
beaker containing 50 mL of an aqueous solution containing 300
mg L1 of CIP and 1 g L1 of the photocatalytic nanoparticles
(TiO2 or ZnO) was, rstly, placed in the dark for 30 minutes
under magnetic stirring, in order to allow the adsorption–
desorption equilibrium before starting the photocatalytic
process. Aer that time, the beaker was placed for 45 min under
UVA, intensity peak at 365 nm, previously stabilized towards an
intensity value of 1.6 to 1.7 mW cm2, as measured by a luxmeter (UV34 Lux Meter-PCE). During the process, samples were
withdrawn at times 30 min (before irradiation, sample t30),
0 min (sample t0), 6 min (sample t6), 10 min (sample t10), 15 min
(sample t15), 30 min (sample t30) and 45 min (sample t45), and
centrifuged during 40 min at 14 000 rpm and 21  C, in order to
remove the suspended nanoparticles.
For HPLC and LC-MS analysis, samples were ltered with
a Spartan 13/0.2 RC lter pore size 0.2 mm, from Whatman TM.
CIP was analyzed by HPLC, using an Ultra HPLC (Shimadzu
Nexera XZ) equipped with a diode array detector (SPD-M20A),
autosampler (SIL-30AC), degassing unit (DGU-20A5R), LC
-30AD solvent delivery unit, and a Labsolutions soware. A RP18 endcapped Purospher Star column (250 mm  4 mm, 5 mm
particle size, from MERCK, Germany) was used. Mobile phase
was composed of two solvents: 0.1% formic acid aqueous
solution and ACN. Compounds were eluted at a ow rate of 0.8
mL min1 and 40  C, with an increase from 5 to 15% of ACN
over 6 minutes, followed by an isocratic step during 12 minutes,
then from 15% to 40% of ACN during 12 minutes, condition
maintained for 10 minutes. A calibration curve at increasing
CIP concentrations (0 and 300 mg L1) was made. The calibration curves presented linearity in the range evaluated with
correlation coeﬃcients, R2, higher than 0.990. The estimated
detection limit of the equipment was 19.33 mg L1.
FTIR of the dried TiO2 nanoparticles, withdrawn during the
photocatalytic process at t0, t15 and t45, were performed in an
ALPHA FTIR spectrometer (Bruker) over a range of 650–4000
cm1, using 64 scans with a resolution of 4 cm1. The spectra
were obtained with Bomem sowareGRAMS/LT (v 7.0) –
(Thermo Galactic).
2.3 Identication of the by-products of ciprooxacin
photocatalysis
The by-products generated during CIP photocatalytic degradation were identied by LC-MS. Samples were separated on an
HPLC Accela system (Thermo Fischer Scientic, Bremen, Germany) using a Kinetex XB-C18 column (Phenomenex. 1.7 mm
particle size and dimensions 2.1 mm ID  100 mm). Gradient
elution was applied using 10 mM ammonium acetate adjusted
to pH 2.5 with formic acid as solvent A, and methanol with 0.1%
formic acid (v/v) as solvent B. The mobile phase composition
(A : B, v/v) was 80 : 20 at 0 min, 50 : 50 at 10 min, 10 : 90 at 13
min, which was kept unchanged until 14 minutes of elution and
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then, 0 : 100 at 14 : 50 until 16 min, followed by column reequilibration at condition 80 : 20 from 17 to 20 min. Sample
trays were kept at 4  C and the ow rate was of 150 mL min1.
The MS analysis were done on an LTQ Orbitrap™ XL hybrid
mass spectrometer (Thermo Fischer Scientic, Bremen, Germany) controlled by LTQ Tune Plus 2.5.5 and Xcalibur 2.1.0.
The capillary voltage of the electrospray ionization source (ESI)
was set to 3.5 kV. The capillary temperature was 300  C. The
sheath gas and auxiliary gas ow rate were at 40 and 10 (arbitrary unit as provided by the soware settings). The capillary
voltage was 26 V and the tube lens voltage 80 V. MS data
handling soware (Xcalibur QualBrowser soware, Thermo
Fischer Scientic, Bremen, Germany) was used to search for
predicted metabolites by their mass-to-charge (m/z) value. The
m/z ratios were obtained in positive mode and all peaks were
checked for m/z values.
2.4

Vibrio scheri characterization

V. scheri morphology was assessed by epiuorescence
microscopy using a bacteria concentration of 108 cells per mL to
facilitate their observation. Furthermore, in order to estimate
the bacteria average size and distribution, they were xed,
dehydrated and stained. For this purpose, 1 mL of bacteria
culture was centrifuged at 10 000 rpm, during 5 min at room
temperature, 500 mL of supernatant were removed and the
bacteria pellet was re-suspended. Next, 500 mL of 4% (w/v)
paraformaldehyde was added and kept for 60 minutes at
room temperature to x the cells. For bacteria dehydration,
samples were centrifuged again at 10 000 rpm, during 5 min, at
room temperature and 500 mL of 50% (v/v) ethanol was added
for 30 min before staining. With respect to staining, the alcoholic bacteria suspension was centrifuged at 10 000 rpm for 5
min at room temperature. The bacteria pellet was placed on the
microscope slide, stained with DAPI and kept in the dark for 10
min. Microscopic analysis were performed in an epiuorescence microscope (Olympus BX51) coupled with a DP72
digital camera and equipped with a lter set (DAPI-365-370/
421). The statistical analysis was performed with a total
number of 70 cells.
For the emission spectrum, V. scheri was placed in
a microplate reader Biotek® Cytation3 in spectrum mode, using
a Gen5 Data Analysis soware integrated with a BioTek imaging
and detection system using the Olympus Cellsense soware.
2.5

Toxicity assays

Toxicity analysis were performed with a bioassay using V.
scheri, according to the standard ISO 11348-3, “water quality –
determination of the inhibitory eﬀect of water samples on the
light emission of V. scheri (luminescent bacteria test)”,42 using
the method freeze-dried bacteria. The bacteria concentration
used in the tests was 1.5  106 cells per mL instead of the
concentration proposed in the ISO 11348-3 (1.5  106 cells per
mL). This change was based in the study of luminescence
intensity with increasing cells concentration (Fig. S2, ESI†).
ZnSO4$7H2O was used as a positive control as described in ISO
11348-3.
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The luminescence assays were carried out in a microplate
reader Biotek® Cytation3, using a 96 well optical Btm Plt polymer base Blk plate, from Nalge Nunc™ International. Samples
were prepared in eppendorfs of 1 mL according to the ISO
11348-3, but a volume of 200 mL was transferred for the
microplates for reading. The intensity of luminescence was read
at diﬀerent contact times (Ct) between the bacteria and the
samples to be evaluated: 0 min (Ct0), 15 min (Ct15) and 30 min
(Ct30). Samples evaluated include the solutions of CIP aer UVA/
TiO2 treatment at increasing degradation times (t0 to t45); TiO2
and ZnO irradiated nanoparticles at increasing irradiation
times (t0 to t90) and solutions of increasing concentrations of
CIP (10 to 1000 mg L1). The Ct0 corresponds to the luminescence intensity measured immediately aer the contact
between the bacteria's suspension and the samples. The toxicity
evaluation of the samples is based on the luminescence inhibition (INH%) caused by the presence of potentially toxic
samples to the bacteria (eqn (1)).43,44


ITT
ICT
 100; with KF ¼
INH% ¼ 100 
(1)
KF  IT0
IC0
where KF is the correction factor and characterizes the natural
loss of luminescence of the control; IC0 is the initial luminescence intensity of the control sample; IT0, the luminescence
intensity of the tested sample, immediately before the addition
of the tested sample at the time 0; ICT is the luminescence
intensity of the control aer the contact time and ITT is the
luminescence intensity of the sample aer the contact time.
For the evaluation of the toxicity exerted by the nanoparticles, a solution containing 1 g L1 of nanoparticles was
prepared in ultra-pure water at a nal volume of 50 mL. The
solution was placed under UVA radiation (365 nm) for
increasing irradiation times (0–45 min). Samples were centrifuged before analysis to remove nanoparticles. All the assays
were performed in triplicate.

3.
3.1

Results and discussion
Photocatalytic degradation of ciprooxacin

Photocatalytic degradation of CIP was evaluated by HPLC at
degradation times 30, 0, 6, 15, 30 and 45 min. CIP was
detected at 275 nm with a retention time (Rt) of 13.2 min
(Fig. 1). HPLC results indicate the presence of CIP in the sample
t30, for both catalysts, with an estimated concentration of
266.12 for ZnO and 285.68 mg L1 for TiO2 (Table S1, ESI†). At
the degradation time t0, CIP concentration in solution treated
by ZnO nanoparticles was 97.59 mg L1 and by TiO2 nanoparticles was 42.36 mg L1, representing a decrease of CIP in
solution of 63% and 85% for ZnO and TiO2 nanoparticles,
respectively. In sample t6, CIP was no longer detected in the
treated solution. The abrupt decrease in CIP concentration in
the rst 30 minutes of the process without UVA, is addressed to
the adsorption of CIP onto the nanocatalyst surface.45 The
higher adsorption exhibited by TiO2 nanoparticles regarding
ZnO nanoparticles is consistent with their specic surface area
values, ranging between 35 to 65 m2 g1 for TiO2 (ref. 41) and 4.9
to 6.8 m2 g1 for ZnO.39 On the other hand, the decrease of CIP
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HPLC analysis of CIP degraded samples with ZnO nanoparticles (a) and TiO2 nanoparticles (b) at degradation times 30, 0, 6 and 45 min.

from t0 to t6 occurs due to the photocatalytic activity by UVA.
Other authors have reported about the eﬃciency of both catalysts in the degradation of micropollutants, which is highly
dependent on compound and catalyst characteristics. For
instance, Evgenidou et al. (2005) studying the degradation of
dichlorvos, have obtained higher eﬃciency with TiO2 than with
ZnO.46 In contrast, for example, photocatalytic degradation of
an azo dye was more eﬃcient with ZnO than with TiO2.47
In order to evaluate the adsorption of CIP on TiO2 nanoparticles surface, the recovered nanoparticles at degradation
times t0, t15 and t45 were analyzed by FTIR (Fig. 2). The FTIR
spectrum of TiO2 nanoparticles shows an absorbance broad
band at 3750–3000 cm1 related with the stretching hydroxyl
(O–H), which represents the water as moisture. Also, the
characteristic band of TiO2 was found at 1635 cm1, indicating
the stretching of titanium carboxylate which is in accordance
with the literature.48,49 Additionally, the CIP characteristic
absorption band at 2950.5 cm1 is displayed. This is in
agreement with other works that report a band at 3000–2950
cm1, representing the alkene and aromatic C–H stretching.
The C–H stretching vibration of the cyclopropyl group is also

This journal is © The Royal Society of Chemistry 2016

responsible for this band.50 FTIR analyses were not performed
with ZnO nanoparticles as the high solubility of these nanoparticles did not allow recovering the required amount for
analysis.

FTIR analysis of CIP, TiO2 nanoparticles and recovered TiO2
nanoparticles after CIP photocatalytic degradation times 0, 15 and 30
minutes.
Fig. 2
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The CIP characteristic band at 2950.5 cm1 shows an
increasing intensity of the nanoparticles recovered from treated
samples from t0 to t15, indicating that the amount of CIP
adsorbed onto nanoparticles surface increased. At the degradation time of t45, this band disappeared, signifying that there
was no more antibiotic adsorbed on the catalysts' surface.
Therefore, the results from FTIR analysis are consistent with
those obtained by HPLC. It is possible to establish an inverse
relation between the decrease of CIP in solution, assessed by
HPLC, and an increase of the amount of CIP on the catalysts'
surface, by FTIR. At t0, HPLC analysis indicated a decrease of
CIP in solution and FTIR analysis of the recovered nanoparticles
at that time, showed the presence of CIP on its surface, pointing
out that the decrease of CIP in solution was caused by adsorption onto the particles surface. In samples t6, t15, t30 and t45 CIP
was not detected in the solution, as monitored by HPLC.
However, FTIR results of the nanoparticles recovered at irradiation times (0, 6, 15, 30 and 45 min) showed an increase in the
intensity of the characteristic band of CIP at irradiation times
from 0 to 15 min, revealing increasing adsorption of the antibiotic at those times. This explains the non-detection of CIP in
the solution at t6 by HPLC. Probably, during this 15 min of
reaction two processes are occurring at the same time:
adsorption onto nanoparticles and photocatalytic degradation.
At t45, CIP was not detected in solution, by HPLC, nor on the
nanoparticles surface, by FTIR, showing a complete photocatalytic degradation of the antibiotic and proving that UVA/
TiO2 photocatalysis is an eﬃcient approach to remove CIP from
contaminated water.

3.2 Identication of by-products of CIP photocatalytic
degradation
LC-MS analyses were performed in order to identify CIP photocatalytic degradation products. These by-products may result
from the reaction at specic sites of CIP, such as the piperazine
ring and the quinolone moieties by hydroxyl radicals.26
Regarding the m/z ratios obtained in positive mode, 7 structures
were identied for samples degraded in the presence of TiO2
and 9 with ZnO (Tables S2 and S3, ESI†). Therefore, a mechanism of CIP photocatalytic degradation is proposed (Fig. 3a and
b). The mechanism of CIP degradation was similar for both
catalysts and followed two routes. One starts with the loss of
a uorine ion, yielding the molecular ion m/z 313 corresponding
to product 1 (P1), followed by the loss of the piperazine ring (P2,
m/z 244). The molecular ion at m/z 330 was also found, and may
result from the insertion of an OH group, which can also lead to
the compound P2, by losing the piperazine ring and the OH.
Compound P2 is further degraded, losing CO or C3H4, originating the molecular ions m/z 217 (P3) and m/z 205 (P4),
respectively. Additionally, the molecular ion m/z 186 (P5) was
identied in samples degraded by TiO2, which results from the
loss of NH and COO by P2 and the molecular ion 231 (P50 ) in
samples degraded by ZnO, due to the loss of NH by P2. In the
other route, CIP receives an H2O molecule and loses the
piperazine ring originating the molecular ion m/z 279 (P6)
which is further degraded losing the C3H4 (compound P7, m/z
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239) or the uorine and an OH group (compound P2, m/z 244).
In samples degraded by ZnO, two other compounds (m/z 223, P8
and m/z 288, P9) were also identied. P9 results from the loss of
an OH by P7 and P9 results from the loss of a COO group by CIP.
The molecular structures of the identied compounds were
assigned to C17H19N3O3 (P1), C13H12N2O3 (P2), C12H12N2O2 (P3),
C10H8N2O3 (P4), C12H11NO (P5), C13H12NO3 (P50 ), C13H11N2O4F
(P6), C10H7N2O4F (P7), C10H7N2O3F (P8) and C16H18N3OF (P9).
Results are in accordance with previous reports stating that CIP
photocatalytic degradation occurs primarily at the piperazine
ring.9,27,28
3.3

Bacteria characterization

The results of the bacteria stained with DAPI (Fig. 4a and b)
showed that it present a signicant size variation ranging from
1.5 to 4.5 mm (Fig. 4c), which is in good agreement with the work
developed by Ruby et al. (1993).51
Fig. S2 (ESI†), shows that light emission of bacteria depends
on factors, such as cell concentration and nutrients availability
in solution, which is in good agreement with the work of S.
Scheerer et al.37
The bacteria emission spectrum was obtained approximately
2 h aer activation in culture medium. Fig. 4d represents the
emission spectrum of V. scheri. The luminescence emission is
a broad peak ranging between 425 to 600 nm and the
maximum luminescence was observed approximately at 490
nm, which is in accordance with literature.52,53
3.4

Toxicity assays

3.4.1 Toxicity of UVA irradiated nanoparticles. The toxicity
caused only by TiO2 and ZnO nanoparticles that remains in
aqueous solution aer the UVA photocatalytic treatment was
assessed at diﬀerent irradiated times. The assays were performed with the irradiated samples at diﬀerent Ct with the
bacteria, Ct0, Ct15 and Ct30, and the results are presented in
Fig. 5a and b. At Ct0, the luminescence inhibition caused for the
diﬀerent times of irradiation, over 45 min, has ranged between
16 and 39% and 18 to 54%, for ZnO and TiO2 nanoparticles,
respectively. Aer 15 minutes of Ct, the toxicity of the ZnO
samples increased and ranged from 83 to 95% of inhibition. At
Ct30, the ZnO toxicity continued to increase until no luminescence was detected. Instead, TiO2 nanoparticles displayed
a lower luminescence inhibition, varying between 30 to 48%.
According to these results, the solution obtained by ZnO/UVA is
considered “very toxic”. TiO2 did not show a signicant toxicity
increase for all the tested samples, being “slightly toxic”.33,54,55
Further, for TiO2 samples with reduced irradiation time, until 20
min, there is no signicant variation on luminescence inhibition
between the diﬀerent Ct. However, with increasing irradiation
time, above 40 min, the luminescence inhibition diﬀerences
increases between diﬀerent Ct. During the photocatalytic
process, nanoparticles are exposed to UVA and this irradiation
may interfere with the nanoparticles surface properties and
inuence the toxicity. Therefore, for water treatment by photocatalysis the study of the toxicity caused by irradiated nanoparticles has particular relevance. Previous studies were devoted
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Fig. 3 Degradation mechanism of CIP photocatalytic degradation after 45 minutes of process with: (a) TiO2 and (b) ZnO nanoparticles. P1–P9
match the products assigned to the corresponding molecular ions.

to ZnO and TiO2 toxicity assessment in direct contact with the
bacteria. The results showed that these nanoparticles promote
cytotoxicity in V. scheri and other organisms, such as T.

This journal is © The Royal Society of Chemistry 2016

platyurus and Daphnia magna.44 The photo-induced reactive
oxygen species (ROS) produced have the ability to oxidize organic
contaminants and cause fatal damages in microorganisms.20,56
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(a and b) Fluorescence microscopy images of Vibrio ﬁscheri cells labeled with DAPI; (c) bacterium size distribution histogram (n ¼ 70) and
(d) Vibrio ﬁscheri emission spectrum.

Fig. 4

Additionally, studies with crustaceans and fungi, showed that
ZnO has a higher toxic eﬀect than TiO2.44,57 The high toxicity of
ZnO is probably related to dissolution of ZnO nanoparticles into
ionic species (Zn2+), which together with the ROS species
produced on the nanoparticles surface, under UVA irradiation,
will play a synergetic role in the enhanced toxicity towards TiO2
nanoparticles.44,46 The ionic species yielded by ZnO easily
destabilize bacteria membrane and homeostasis. With respect to
TiO2 nanoparticles, published works revealed good stability
during the irradiation time.17
The concentration of nanoparticles used in this study was
1.0 g L1 for both catalysts, the same as used in the photocatalytic degradation of CIP. However, other studies, reported

Fig. 5

EC50 values of 1.9 mg L1 for ZnO and 20 g L1 for TiO2, aer 30
min of bacteria contact, but all those studies concern nonirradiated nanoparticles.35,44,46 Therefore, our ndings draw
attention to the eﬀect of irradiated catalysts that remain in the
treated wastewaters by UVA photocatalytic processes on the
nal toxicity, which must be taken into account when using non
immobilized catalysts.
3.4.2 Toxicity of CIP. To evaluate the eﬀect of CIP, toxicity
of solutions with increasing concentrations between 10 and
1000 mg L1, were tested. Fig. 6 a shows the luminescence
inhibition caused in V. scheri at Ct0 and Ct30. As can be seen,
the prole and extent of luminescence inhibition at Ct0 and Ct30
is similar. The results show that CIP presents high toxicity

Luminescence inhibition of Vibrio ﬁscheri caused by irradiated ZnO (a) and TiO2 (b) nanoparticles. (,), Ct0; (O), Ct15 and (-), Ct30.
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Fig. 6 Luminescence inhibition of Vibrio ﬁscheri caused by increasing CIP concentrations (a) and treated CIP solution by UVA/TiO2 (b), at
diﬀerent contact times. (,), Ct0; (O), Ct15 and (-), Ct30.

towards V. scheri with all the concentrations tested. At the
lowest concentration, 10 mg L1, V. scheri luminescence inhibition was 50%. Inhibition increased to 60% with the increase
of CIP concentration until 100 mg L1, which was maintained for
concentrations until 300 mg L1, but for higher amounts (400 to
1000 mg L1) the inhibition increases up to 80%. Relatively to
other studies, the concentration that caused 50% of luminescence inhibition found in this work is considerably lower. For
instance, Hernando et al. (2007) found an EC50 value for CIP of
5.9 mg L1 during an exposure to V. scheri of 30 minutes.58
Nevertheless, as mentioned before, the bacteria response
depends on other variables, such as cells concentration and
medium nutrients. In this study, a higher concentration of
bacteria (1.5  106 cell per mL) was used to obtain better
luminescent signal. With high bacteria concentration there is
greater competition for nutrients in the medium. This competition together with the antibiotic toxicity may explain the lower
EC50 value. Indeed, to evaluate the bacteria behavior when
exposed to a toxic reference substance (ZnSO4$7H2O), diﬀerent
concentrations of V. scheri were tested. Results have shown
that for cell concentrations between 1.0  106 to 2.5  106 cell
per mL the luminescence decay rate increased from 0.081 
0.003 to 0.159  0.014 min1, respectively (Fig. S3, ESI†). This
indicates that increasing bacteria concentration increases the
decay rate in the luminescence signal.
3.4.3 Toxicity of CIP solution treated by UVA/TiO2 photocatalysis. Due to the high solubility and high toxicity caused by
irradiated ZnO nanoparticles, luminescence inhibition assays
could only be performed for CIP samples degraded with TiO2
nanoparticles. Results are presented in Fig. 6b.
A decrease of luminescence inhibition of the treated CIP
samples (initial concentration 300 mg L1) was observed from
degradation t0 to t15. However, for higher degradation times, the
toxicity increased reaching the maximum of luminescence
inhibition at t45. Additionally, the luminescence inhibition
increased with the increase of Ct, reaching the maximum values
at Ct30. Based on the obtained results, aer 15 min of photocatalytic degradation, the sample can be considered “slightly
toxic” and the samples corresponding to degradation times of
30 and 45 minutes considered “very toxic”.33,54 Toxicity results
are consistent with HPLC and FTIR analysis. From the degradation t0 to t15, toxicity decreased as the antibiotic was adsorbed
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on nanoparticles and, consequently, degraded. Additionally,
LC-MS analysis have shown that most of the products were
already present in the rst 15 min of reaction, proving that
adsorbed CIP was simultaneously degraded (Fig. S4, ESI†).
However, at those treatment times, the concentration of byproducts may be too low to aﬀect the bacteria. As the photocatalysis proceeded, increasing concentration of formed byproducts lead to the abrupt increase of toxicity, which was
higher at t45 of treatment. The results have shown that the CIP
solutions aer UVA/TiO2 degradation are more toxic than the
original compound. Some studies concerning electrochemical
degradation support the herein obtained results, reporting
a drastic increase of toxicity aer 20 minutes of treatment,
which is probably caused by the formation of highly toxic byproducts.59,60 However, the toxicity of the treated solution
comprises not only the by-products but also the contribution of
irradiated TiO2 nanoparticles, as stated before. Indeed,
considering the 38% obtained merely with TiO2, the byproducts exerted only 32% of inhibition which is low than the
initial 55% caused by 300 mg L1.

4. Conclusions
This work demonstrates that photocatalysis, using UVA and
TiO2 and ZnO nanocatalysts, is an eﬃcient process to remove
300 mg L1 of CIP from water in less than 6 minutes. Additionally, the toxicity of the catalytic nanoparticles and the
potential toxicity of CIP by-products, towards Vibrio scheri, was
also addressed. With respect to nanoparticles toxicity, the
results showed that ZnO nanoparticles irradiated with UVA are
“highly toxic”, causing 97% of bacteria luminescence inhibition.
TiO2 nanoparticles are considered “slightly toxic”, displaying
49% of luminescence inhibition. Testing increasing CIP
concentrations, it was found that 10 mg L1 caused 50% of
bacteria luminescence inhibition, aer 30 minutes of contact.
Considering the photocatalytic treatment of CIP model wastewater, combining UVA and TiO2 nanoparticles, HPLC and FTIR
analysis conrm that the initial decrease of toxicity was caused
by CIP adsorption on catalyst surface and the toxicity increases
as increasing the degradation time, due to by-products formation. Moreover, samples treated during 45 min presented
superior luminescence inhibition (70%) than in the begging of

RSC Adv., 2016, 6, 95494–95503 | 95501

View Article Online

Published on 26 September 2016. Downloaded by SLUB DRESDEN on 17/07/2017 08:43:50.

RSC Advances

the process (55%), indicating that instead of detoxication,
photocatalytic process increased the toxicity of the solution, due
to the contribution of by-products and soluble irradiated catalysts. Finally, with respect to identication of CIP by-products
during 45 min of treatment, ten compounds were identied
and the mechanism of CIP photocatalytic degradation was
proposed.
This work indicates that through the photocatalytic process
using TiO2 or ZnO nanoparticles is eﬀective to degrade CIP, the
toxicity introduced by by-products and, especially, by the irradiated nanoparticles, may be a limitation. Increasing degradation time will provide further insights about by-products fate
and their toxicity.
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