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Removal  of the fluoroquinolone  antibiotic  levofloxacin  (LEVO)  was  studied  in two  oxidation  processes:
photocatalysis  (UVC  lamp  (254  nm),  TiO2) and  ozonation.  LEVO  (Co = 20 mg/L)  was  no  longer  detected  after
an ozone  dose  of 20.5  mg/L  and  after  180 min  of  photocatalytic  oxidation.  COD  removals  of  59%  and  70%
were  measured  for  270  mg/L  of  transferred  ozone  dose  and  300 min  of photocatalytic  oxidation,  respec-
tively. Extensive  treatment  with  ozone  did  not result  in further  reduction  in  COD  levels  reaching  a  plateau
evofloxacin
hotolysis
hotocatalysis
ntibacterial activity

at the above  mentioned  value,  however  increased  irradiation  time  led to increased  COD  removal  during
photocatalytic  treatment.  Both  treatment  methods  proved  to  be  effective  ways  of removing  antibacterial
activity.  From  agar  diffusion  test  with  Escherichia  coli,  it was  observed  that a transferred  ozone  dose  of
at least  20.5  mg/L  and  180  min  of  irradiation  were  enough  to completely  remove  antibacterial  activity.
Both  treatments  methods  were  shown  to efficiently  remove  LEVO  and  its antibacterial  activity  and  show
promising  results  as possible  applications  for removal  of antibiotics  in wastewater.
. Introduction

The risk associated with pharmaceuticals in the environment
s a rising issue of global concern as significant amounts have been
etected up to �g/L levels in the aquatic environment [1].  After their
se, these substances are usually excreted only partially metabo-

ized and end up in the sewage system. A great portion of these
ompounds is not removed by conventional sewage and wastew-
ter treatment plants and is eventually discharged into receiving
ater [2].  Several of them are antibiotics that were demonstrated

o lead to increased antibiotic-resistant pathogens in wastewater
3,4] and potentially in receiving streams. Recent work also demon-
trated that mixtures of various antibacterial classes can exert
nexpectedly high levels of algal growth inhibition at individual
oncentration levels on the order of 1 �g/L [5].

Levofloxacin (LEVO) is a more recently developed antibiotic
elonging to the fluoroquinolones (FQs) which are synthetic broad
pectrum antibiotics. The first and second generation quinolones
re active against gram-negative bacteria whereas the third and
ourth generation quinolones have extended activity against gram-
ositive bacteria as well. Ciprofloxacin belonging to the 2nd

eneration was the mostly prescribed quinolone in Europe in 2003.
urrently the prescription trend is shifting towards levofloxacin
nd moxifloxacin both of which are 3rd generation quinolones [6].

∗ Corresponding author. Tel.: +1 514 398 2273; fax: +1 514 398 6678.
E-mail address: viviane.yargeau@mcgill.ca (V. Yargeau).
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© 2012 Elsevier B.V. All rights reserved.

There are limited reports on the presence of LEVO in aquatic envi-
ronments; however other FQs such as ofloxacin and ciprofloxacin
were commonly detected in effluents of hospital wastewaters,
sewage and wastewater treatments plants at �g/L levels [7–9].
The biodegradability of quinolones was  shown to be very low [10]
thus making conventional biological treatment methods ineffective
for their removal. Due to the fact that multiple FQs are commonly
found to occur within wastewater matrices [5,8] the total biolog-
ical activity associated with all such compounds is considerably
higher than the activity attributable to a single compound. Within
a typical wastewater treatment facility, conventional wastewater
treatment will result in prolonged exposure of wastewater-borne
bacteria to significantly higher FQ concentrations than are present
in wastewater effluents. Prolonged exposure of bacterial commu-
nities to an antibacterial compound is a condition which can result
in evolution of low-level antibacterial resistance in affected bac-
terial communities [11,12]. Therefore, it is necessary to propose
efficient treatment methods to transform these antibiotic agents
to non-toxic, pharmaceutically less active or more biodegradable
species.

Oxidation processes (OPs) have received great interest in the
recent years as alternative or complementary methods to con-
ventional wastewater treatment to prevent the release of these
compounds into aquatic environments. Among these OPs; ozona-

tion [13–15];  fenton and photo-fenton oxidation [16]; photolysis
and H2O2 enhanced photolysis [17,18]; heterogenous photocatal-
ysis [19,20] were frequently studied. During advanced oxidation of
pharmaceutical compounds, intermediate compounds are formed

dx.doi.org/10.1016/j.cej.2012.02.016
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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hat might show more toxic effects than the parent compound [21];
herefore the overall goal of treatment processes should be the
ransformation into non-toxic or biologically less active products
ather than just the removal of the parent compounds.

Reports on the advanced oxidation of relatively older FQs such
s ofloxacin and ciprofloxacin are abundant [22–30];  however
dvanced oxidation of LEVO has seldom been investigated. The
ain results on ozonation of LEVO were very recently published

31] and only few other papers report the fate of this compound
uring UV radiation under close to sunlight conditions [32,33].
here is only one study in literature on photocatalytic removal of
EVO under UVA radiation [34] reporting reaction rate constants
or reactions of LEVO with hydroxyl radicals and hydrated elec-
rons and proposing reaction pathways. There are no reports on
hotocatalytic degradation of this compound under UVC radiation
nd no data on residual antibacterial activity during the any type of
hotocatalytic treatment of LEVO. Considering that UVC radiation

s commonly used as a disinfection method for a variety of water
reatment facilities, that possible synergistic effects can arise from
oupling UVC radiation with TiO2 and that absorption spectra of
EVO [32] show significant absorption in the UVC range, it is essen-
ial to fill that knowledge gap and determine the fate of LEVO during
hotocatalytic treatment based on UVC radiation.

The focus of the work presented here was to show the appli-
ability of ozonation and UVC photocatalysis towards removal
f LEVO in aqueous systems. The simultaneous study of perfor-
ances of ozonation and UVC photocatalysis towards the removal

f LEVO also allowed for the first time to compare the efficiency of
hese oxidation techniques for the removal of this compound. Dur-
ng both advanced oxidation methods the evolution of generated
roducts was monitored and the corresponding residual antibacte-
ial activity was investigated. COD removal during treatment was
sed as a way of comparing mineralization capacity of both pro-
esses. Finally combination of ozonation followed by photocatalysis
reatment was used to investigate the resistance of transforma-
ion products towards reaction with ozone and other oxidizing
pecies formed during photocatalysis (e.g. hydroxyl radicals, super-
xides or holes). In addition to providing knowledge on the fate
f LEVO during ozonation and photocatalysis, this work also pro-
ided insight on the applicability of this type of treatment as a
retreatment step to industrial or hospital wastewater before their
ischarge to municipal treatment facilities to minimize the expo-
ure of bacteria community to antibiotics and mitigate the risks of
eveloping resistant bacteria.

. Materials and methods

.1. Reagents

Levofloxacin (C18H20N3O4F, >98%) and sodium dihydrogen
hosphate were obtained from Sigma–Aldrich, Canada. Aqueous
tock solution (20 mg/L LEVO) was prepared in reverse osmosis
RO) water and kept at 4 ◦C in the dark until the time of treatment
maximum time of storage was one week). Initial pH of the solution
as 6.5 and no buffer was added during the treatment of samples.
ommercial TiO2 Degussa P25 (70% anatase and 30% rutile) was
sed as catalyst with an average particle size of 30 nm and BET
urface area of 50 m2 g−1, according to the manufacturer. HPLC
rade methanol, acetonitrile and isopropanol were purchased from
isher Scientific, Canada. All the chemicals were used as received
ithout purification.
.2. Ozonation setup

Ozonation experiments were carried out in a 2-L acrylic reactor
600 mm height, 70 mm  diameter) with continuous supply of an
ng Journal 189– 190 (2012) 41– 48

ozone–oxygen gas mixture to the bottom of the reactor containing
500 mL  of LEVO solutions at a concentration of 20 mg/L. Ozone was
produced by an OZO-4VTT (Ozomax) at a rate of 3.3 g/h, using oxy-
gen as a feed gas, and the O3/O2 gas was  bubbled through a porous
stainless steel diffusion plate (Mott Corporation, 2 �m)  located at
the bottom center of the ozonation column. Ozonation experiments
were run for various times so that different doses could be applied
(and thus transferred). The amounts of ozone fed to the system
and leaving from the system per unit of time were measured using
the standard iodometric titration (Standard Method # 2350 E). The
rate of ozone transfer into the solution was calculated as the differ-
ence between the amounts fed and leaving the system. All ozone
doses reported here correspond to the ozone transferred to solu-
tion during experiments and are referred to as ozone dose (mg/L).
It was  observed that the presence of LEVO did not influence the
rate of ozone transfer when compared to pure water. This indicated
that the transfer of ozone to the solution was  not affected by the
reaction of ozone with dissolved constituents as observed in pre-
vious research [35]. Prior to ozonation all solutions were adjusted
to a temperature of 17 ◦C which corresponds to the average annual
values for a typical wastewater treatment plant effluent in Quebec.

2.3. Photocatalysis setup

Irradiation experiments were carried out in 2-L capacity cylin-
drical acrylic photoreactor (215 mm height, 108 mm diameter). The
reactor walls were covered with aluminum foil to avoid exposure
to UV radiation. 1.6 L of an aqueous solution of LEVO (20 mg/L)
was charged to the reactor for each experiment. The solution was
irradiated by a Hg–Ar (Germicidal UV-C) lamp (Atlantic Ultravi-
olet Corp. GPH212T5L) located in the center of the reactor and
protected in a quartz sleeve (maximum output at 254 nm) and mix-
ing was achieved by magnetic stirring. Light intensity inside the
reactor was measured by azoxybenzene actinometry. It was pre-
viously shown that light intensity inside the reactor varies highly
with respect to the position inside the reactor and that the max-
imum intensity of incident radiation per unit volume measured
was 1.3 × 10−3 ± 0.3 einstein/min/L at a radial distance of 0.7 cm
from the lamp and 10 cm from the bottom of the reactor [36]. For
photocatalytic degradation experiments, a wide range of titanium
dioxide concentrations of 0.05, 0.2 and 0.5 g/L was  chosen to be
studied based on our previous work using the same reactor [36].
Before each experiment the required amount of titanium dioxide
particles were suspended in RO water and sonicated for 30 min  to
reduce agglomeration and create a more stable suspension. In pho-
tolytic experiments no titanium dioxide was added to the reaction
mixture.

In order to determine if the hydroxyl radicals contribute signifi-
cantly to the removal of LEVO or if other oxidizing species generated
during photocatalysis play a more important role, the effect of
dissolved oxygen concentration and scavenging of hydroxyl radi-
cals was  investigated. Different concentrations of dissolved oxygen
were obtained by continuously bubbling air (8.8 mg/L) or pure oxy-
gen (42 mg/L) into the reaction mixture through a sparger located
at the bottom of the reactor. For close to anoxic conditions, the
dissolved oxygen in the reaction mixture was  purged off by con-
tinuously bubbling nitrogen for 2 h before turning on the lamp and
maintaining the flow of nitrogen through out the reaction time to
obtain low dissolved oxygen levels (0.5 mg/L).

The method of scavenging and concentrations of scavenging
compounds were based on results reported by Palominos et al.
[19]. Isopropanol, described as one of the best hydroxyl radical

quencher due to its high reaction rate constant with the radical
(1.9 × 109 mol/L/s) [37], was  used in this work to scavenge the
hydroxyl radicals. Isopropanol was added to the reaction mixture
(10 mg/L LEVO and 0.2 g/L TiO2) at a molar concentration which
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ferred into the solution, which corresponds to a half-life time for
LEVO of 6 s. When compared with the only data available on ozona-
tion of LEVO in literature by Witte et al. [31], the half-life time
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as three orders of magnitude larger than the initial concentration
f LEVO.

.4. Analytical methods

Prior to analysis, the collected samples were filtered using
.22 �m syringe filters. LEVO concentration was monitored by
PLC (Agilent 1200 series) equipped with a diode array detector set
t a wavelength of 294 nm.  The ozonation and photocatalysis prod-
cts were monitored at a wavelength of 225 nm. The column used
as Agilent Zorbax Eclipse Plus C-8 (4.6 mm × 150 mm,  3.5 �m).

he eluents used were 15 mM sodium dihydrogen phosphate at
H 2.6 (A) and acetonitrile (B). A gradient from 20% B to 30% over
0 min  at a constant flow rate of 0.8 mL  min−1 was  employed. COD

evels were monitored using a HACH Digital Reactor Block (DRB
00), a HACH spectrophotometer (DR/2500) and ultra low range
0–40 mg/L) COD digestion vials (HACH).

Agar diffusion tests were performed to evaluate the remaining
ntibacterial activity of LEVO after treatment by ozonation and pho-
ocatalysis. Strains of Escherichia coli (ATCC 1303) and Pseudomonas
uorescens (ATCC 13525) were inoculated onto nutrient agar. Ten
illiliters aliquots were withdrawn from both the ozonation and/or

he photocatalytic reactors at various reaction times. Filter papers
diameter of 8 mm,  Millipore 0.20 �m GNWP04700) were soaked
n these aliquots for 30 s and were placed in duplicates on to the
acteria inoculated agar plates. The plates were incubated for 24 h
t 26 ◦C. Residual antibacterial activity of the samples was deter-
ined by measuring the inhibition diameter produced around the

lter papers. The magnitude of the inhibition zone diameter was
sed as a semi-quantitative way to compare the efficiency of the
xidation processes studied at removing the antibiotic activity.

. Results and discussion

.1. Removal of levofloxacin (LEVO) during photocatalysis

Preliminary experiments were performed at an initial con-
entration of LEVO of 10 mg/L to determine the amount of
hotocatalyst that would lead to highest LEVO removal. Highest
emoval of LEVO after 10 min  was achieved when the reaction mix-
ure contained 0.2 g/L of TiO2. Percentages of LEVO removed after
0 min  of irradiation were 53.1 ± 2.4%, 72.1 ± 2.7% and 52.5 ± 2.1%
or TiO2 concentrations of 0.05, 0.2 and 0.5 g/L, respectively. The
oncentration of TiO2 observed for maximum removal of LEVO in
he work presented here is lower when compared to other pho-
ocatalytic systems [19,20,27–30]; this can be explained by the
arger diameter of the reactor employed. From our previous work
36], significant portion of the reactor was found to operate under
V dark indicating that only part of the volume of reactor partic-

pates in removal of the target compound since the TiO2 particles
way from the lamp do not receive enough light. Increasing catalyst
oncentration above 0.2 g/L leads to reduced removal rates since
hese high catalyst loadings lead to unfavourable light scattering
nd reduction of light penetration [38,39]. For the remainder of the
hotocatalytic experiments a concentration of 0.2 g/L of catalyst
as used.

Fig. 1 compares the performances of photolytic and photocat-
lytic removal of LEVO (Co = 20 mg/L) for longer irradiation times.
fter 120 min  of irradiation under photolysis (UVC) 65% of LEVO still
emains in solution, however during photocatalysis after 120 min
f reaction 97% of LEVO is removed and it is no longer detected

t 180 min  of irradiation. These results indicate that the pho-
olytic removal of LEVO is not significant under UVC radiation.
rom the UV–vis absorption spectrum of LEVO (Supplementary
aterial, Fig. S1)  it is evident that this compound absorbs the
Fig. 1. Removal profiles of LEVO (Co = 20 mg/L) with photolysis (CTiO2
= 0 g/L) and

photocatalysis (CTiO2
= 0.2 g/L) for long irradiation times. Error bars = ±1 standard

deviation.

most in the UVB range (280 < � < 315 nm)  with moderate absorp-
tion in the UVC (� < 280 nm) and UVA (315 < � < 400 nm) ranges.
Since the lamp used in the experiments operates in the UVC range,
there is only slight photolytic removal of LEVO but the removal is
enhanced when TiO2 is present due to generation of other oxidizing
species. When using light sources operating at higher wavelengths
(� > 280 nm), direct photolysis of LEVO may  be more pronounced.
Lam and Mabury [32] reported that 50% of LEVO was  removed
within 20 min  of irradiation when using a Xe lamp as the UV  radia-
tion source and radiation below 290 nm was cut off with filters.
Significantly higher removal observed when working at higher
wavelengths for LEVO suggests that its photolytic removal in the
environment is possible; however the nature of the transforma-
tion products should be examined carefully to assess any remaining
antibacterial activity.

3.2. Removal of levofloxacin (LEVO) by ozonation

Removal profile of LEVO by ozonation for an initial concentra-
tion of 20 mg/L is presented in Fig. 2. The rate of ozone transferred
into the solution was  determined from iodometric titrations to be
0.45 mg/L/s. It was  found that after 20.5 mg/L of ozone was trans-
ferred into the solution, LEVO was  no longer detected (corresponds
to 45 s of continuous ozone bubbling). Furthermore, in order to
remove 50% of the initial LEVO, 2.65 mg/L of O needs to be trans-
2520151050
Ozone dose (mg/L)

Fig. 2. Removal of LEVO (Co = 20 mg/L) as a function of ozone dose transferred. Error
bars = ±1 standard deviation.
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ig. 3. Effect of the presence of hydroxyl radicals during (a) photocatalysis and (b)
zonation on removal of LEVO (Co = 10 mg/L, CTiO2

= 0.2 g/L) studied by scavenging
he  hydroxyl radicals by addition of isopropanol. Errors bars = ±1 standard deviation.

bserved here is about 80 times shorter than the reported value
f 12.8 min  (initial concentration of LEVO was 16.4 mg/L). Witte
t al. [31] reported an ozone consumption value of 0.61 mmol dur-
ng 60 min  of reaction for a reaction volume of 1.75 L. This value
orresponds to an ozone transfer rate of 4.7 �g/L/s. This lower rate
f ozone transfer, compared to our of 0.45 mg/L/s, explains the dis-
repancy in the half-life values reported here (6 s) and in the work
f Witte et al. (12.8 min) [31]. However, the calculated ozone dose
orresponding to their reported half-life time is 3.6 mg/L, which is
n the same order of magnitude as the value of 2.65 mg/L reported
bove. The lower transfer rate they observed might be explained by
he higher temperature they used, 27.5 ◦C, compared to the tem-
erature of 17 ◦C used here. The difference in temperature greatly

nfluences the solubility of ozone leading to a reduction in transfer
ate and higher half-lives. Other mass transfer limitation factors,
uch as gas retention time and bubble size may  also explain this
ifference. Our results showed that ozonation can remove the tar-
et compound from the solution and emphasized the importance
f mass transfer limitations in semi-continuous systems.

.3. Effect of hydroxyl radicals and dissolved oxygen
oncentration on removal of LEVO

Participation of hydroxyl radicals on oxidation of LEVO during
zonation and photocatalysis was studied by addition of iso-
ropanol. Results associated to scavenging of hydroxyl radicals are
resented in Fig. 3a and b for photocatalysis and ozonation, respec-
ively. Because previous work in our research group (unpublished)
howed that addition of isopropanol during the ozone bubbling
nhanced removal of pharmaceuticals due to increased mass trans-

er of ozone, scavenging experiments were carried out in batch

ode. This phenomenon was also observed by De Witte et al. [24],
here adding a t-butanol as a scavenger for hydroxyl radicals dur-

ng continuous ozonation led to formation of smaller gas bubbles
ng Journal 189– 190 (2012) 41– 48

and increased mass transfer coefficient due to increased interfacial
area. The stock solution of ozone was prepared by bubbling ozone in
a glass-washing bottle containing reverse osmosis water to obtain
a solution having an ozone concentration of 11 mg/L. Required vol-
ume  of the stock ozone solution was  added to the LEVO-containing
water to obtain three different ozone doses (1.1 mg/L, 2.2 mg/L and
4.4 mg/L). For scavenging experiments, isopropanol was  added to
the LEVO (Co = 10 mg/L = 2.8 × 10−5 M)  containing water (at a con-
centration three orders of magnitude larger than the initial molar
concentration of LEVO, 2.8 × 10−2 M)  prior to dosing with the ozone
solution.

As evident from Fig. 3a addition of a scavenger during pho-
tocatalysis significantly inhibited the removal of LEVO. When no
scavenger was present, 95% of LEVO was removed after 30 min  of
irradiation compared to 53% when the scavenger was present. This
result suggests that the hydroxyl radicals contribute significantly to
the removal of LEVO. Significant contribution of hydroxyl radicals
on photocatalytic removal of fluoroquinolones under UVA radia-
tion was demonstrated by An et al. [22,34], and Van Doorslaer et al.
[40]. The work of Van Doorslaer et al. [40] also showed that contri-
bution of photogenerated holes towards removal of moxifloxacin
was more significant than hydroxyl radicals under UVA radiation.
However, this could not be verified in our work because potassium
iodide also absorbs considerable amount of radiation in the UVC
radiation, thus distinction between oxidizing species scavenging
effect and light reduction effect would not be possible. On the other
hand, during ozonation (Fig. 3b) no significant inhibitory effects
were observed when the scavenger was present (only 7% reduc-
tion in final removal). This result suggests that the main removal
mechanism of LEVO during ozonation is due to direct reaction with
ozone and that hydroxyl radicals play only a minor role in removal
of the target compound. Dodd et al. [41] demonstrated that for flu-
oroquinolones the second reaction rate constants with hydroxyl
radicals are significantly larger than rate constants with molec-
ular ozone (>2.2 × 105 times). Based on the fact that scavenging
of hydroxyl radicals do not lead to considerable deviation in the
removal of LEVO during ozonation, it can be hypothesized that
there is limited generation of hydroxyl radicals during the ozona-
tion experiments. This can also be supported by the fact that the
initial pH is 6.5, after the instantaneous reaction with ozone, the pH
drops to 4.8; at this point the generation of hydroxyl radicals would
be limited. It has been shown that hydroxyl radicals are generated
more at higher pH during ozonation [24].

The effect of the presence of hydroxyl radicals on removal of
total organic content during photocatalysis was also studied by
analyzing the UV–vis absorption spectra of samples with and with-
out the addition of the scavenger. The results are shown in Fig. 4a
and b as absorption spectra observed for various irradiation times.
As irradiation time was  increased up to 60 min  treated samples
showed considerably less UV absorption when no scavenger was
present. Thus, it can be concluded that hydroxyl radicals are not
only responsible for the removal of the target compound but also
of the products generated during oxidation of LEVO during photo-
catalysis.

Effect of dissolved oxygen concentration on photocatalytic
removal of LEVO was  also studied. Removal of LEVO after 10 min
of irradiation were measured for three different types of gases
bubbled in the solution in order to vary the dissolved oxy-
gen concentration. As expected, enhanced removal was achieved
when pure oxygen was  introduced into the system; removal
of 91.6 ± 3.3% of LEVO over 10 min  of irradiation compared to
72.1 ± 2.7% and 42.6 ± 4.3% for air and nitrogen, respectively. The

presence of oxygen reduces the recombination of electrons and
holes generated upon irradiation of TiO2, thus allowing holes to
either directly react with the target molecule or lead to genera-
tion of hydroxyl radicals as well as making it possible for super
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he  addition of hydroxyl radical scavenger isopropanol for various irradiation times
Co = 10 mg/L, CTiO2

= 0.2 g/L).

xide molecules to be formed. When the system is purged with
itrogen, recombination of electrons and holes are enhanced thus

eading to lower concentrations of oxidizing species to remove the
arget compound. The considerable reduction in the photocatalytic
emoval of another fluoroquinolone, moxifloxacin, when the sys-
em is sparged with pure nitrogen (instead of air or oxygen) was
lso demonstrated by Van Doorslaer et al. [40].

.4. Evolution of products and chemical oxygen demand (COD)
emoval

During both photocatlysis and ozonation, the pH of the solu-
ion decreases with increased irradiation time or increased applied
zone dose (from pH 6.5 to 4.8). This suggests the generation and
ccumulation of acidic products. The evolution of the HPLC peak
reas and the retention times of the major products detected are
resented in Fig. 5a and b for photocatalysis and ozonation, respec-
ively. During photocatalysis three of the five major products were
emoved from the system within 3 h of irradiation. For ozonation
our of the six major products were removed when 55 mg/L of ozone
ere transferred into solution (2 min). However, two products of

zonation were found at higher HPLC peak areas and were persis-
ent towards further removal by ozone. These ozonation products
ere found to exist even after 10 min  of ozonation (270 mg/L of

pplied ozone). Even though considerably high peak areas were

lso detected for two of the products generated during photocatal-
sis, the evolution over time of their peak areas indicates that they
re continuously being removed with increased irradiation time.
tion times during (a) photocatalytic treatment, (b) ozonation of LEVO (Co = 20 mg/L,
CTiO2

= 0.2 g/L).

These observations are in accordance with the chemical oxy-
gen demand (COD) evolution results presented in Fig. 6a and b. For
ozonation (Fig. 6a), the COD reduction is halted after an applied
ozone dose of 55 mg/L, corresponding to a maximum COD  removal
of 46–59% and suggesting that the organic matter is no longer being
removed. On the other hand, the residual COD during the photo-
catalytic process started to monotonically decrease after 120 min  of
irradiation and reached 70% removal at 300 min (Fig. 6b). Hapeshi
et al. [27] showed that for 20 mg/L of ofloxacin (racemic mixture of
levofloxacin and its stereoisomer), UVA photocatalysis led to about
70% reduction in dissolved organic content (DOC) after 120 min
whereas here UVC photocatalysis led to a reduction in COD of about
45% after 120 min. The discrepancy can be attributed to the fact that
Hapeshi et al. [27] used a much smaller reactor volume (350 mL)
and the distribution of light was  more homogenous leading to a
larger portion of the reactor to be illuminated (i.e. more fraction
of catalyst particles are illuminated leading to higher number of
reactive radical species). Additionally, lower COD removal during
ozonation compared to photocatalysis of another fluoroquinolone,
ciprofloxacin, in hospital wastewater was also demonstrated by
Vasconcelos et al. [42]. They showed that a maximum of 40% of ini-
tial COD was removed during heterogenous photocatalysis whereas
this value was limited to only 10% for ozonation and enhanced
ozonation did not lead to further decrease. Based on the previously
published data for other compounds and on our results, it can be
hypothesized that the active species generated during photocatal-
ysis (e.g. hydroxyl radicals, superoxide radicals and holes) are less
selective than ozone and react better with the transformation prod-
ucts. In order to investigate this hypothesis, ozonated samples of
to obtain a solution containing no residual LEVO but containing the
ozonation transformation products, were subjected to photocatal-
ysis. The COD removal for the combined ozonation/photocatalysis
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Fig. 7. Antibacterial activity measured as inhibition zone diameters from Agar

ig. 6. COD removal during (a) ozonation, (b) photocatalysis and photocatalysis
fter ozonation. Error bars = ±1 standard deviation.

rocess is also presented in Fig. 6b. Since the LEVO was  already
emoved by ozone when the photocatalytic treatment was started,
he initial COD value was 80%. With increased irradiation time,

ore COD was removed and again after 120 min  of irradiation in
he presence of TiO2, COD started to monotonically decrease. This
ndicates that the products generated during ozonation, which can-
ot be removed by additional amounts of ozone, can be removed by
eaction with the oxidizing species present during photocatalysis.
hese results confirm that oxidative species formed during pho-
ocatalysis are less selective than ozone for oxidation of organic
ontent and can then enhance the removal of the transformation
roducts.

The products of ozonation and UVC photocatalysis for LEVO
ere not identified; however published data on removal of
uoroquinolones demonstrate that during ozonation, molecular
zone leads to the degradation in the piperazinyl substituent
24,25,31,42]. It is also hypothesized that due to the hydroxyl
adical mediated reaction mechanism during ozonation (at pH 7)
emoval of carbonyl and carboxyl groups at the quinolone moi-
ty, essential for antibacterial activity, is achieved [25,31].  The
cavenging results presented here for ozonation show that there
s limited generation of hydroxyl radicals thus degradation at
uinolone moiety is not expected for ozonation at the conditions
tudied. The major products generated from the photodegradation
nder UVA radiation of fluoroquinolones are due to the substitu-
ion of the fluorine substituent, the piperazine ring cleavage or
he opening of quinolone ring following reactions with holes or
ydroxyl radicals [22,29,34].  There is a need for further inves-
igation into the nature of the UVC photocatalysis products of
EVO; however based on results obtained for other quinolones

ubjected to ozonation and UVA radiation, the ozonation products
ould most probably maintain an intact quinolone moiety while

or products of UVC photocatalysis the quinolone ring might be
nactivated.
diffusion tests during (a) photocatalytic treatment and (b) ozonation of LEVO
(Co = 20 mg/L) for E. Coli and P. Fluorescens.

3.5. Residual antibacterial activity in treated solutions

Even though both treatment methods were shown to com-
pletely remove LEVO, formation of organic species was  observed.
In order to assess the residual antibacterial nature of LEVO and its
transformation products for each treatment type, agar diffusion
tests were performed for E. coli and P. fluorescens.  The inhibition
zone diameters measured as a semi-quantitative indication of
residual antibacterial activity are presented in Fig. 7a and b for
photocatalysis and ozonation, respectively. For both photocatal-
ysis and ozonation, the antibacterial activity was removed with
increasing irradiation time and ozone dose, respectively. For
treated solutions in which LEVO was no longer detected, the
inhibition ring was  barely measurable and reliable values were
hardly obtained. As a result, the solid lines representing the data
on Fig. 7a end when the minimum measurable zone diameter
was observed. Pass that point, the dashed lines indicate that there
might still be slight antibacterial activity whose magnitude could
not be determined accurately. This observation can also be viewed
on the photographs of the agar diffusion test plates shown in Fig. 8
for the photocatalytic treatment of LEVO. Similar observations
were made for ozonation (images not presented). As observed on
the P. fluorescens plate exposed to the solution after 120 min  of
irradiation, the slight inhibition observed is not measurable. How-
ever, for both organisms the antibacterial activity is completely
removed after 180 min  of irradiation since no inhibition halo is
observed and the organisms clearly grew over the filter paper.
The absence of antibacterial activity was considered obtained
only when the microorganisms clearly grew over the placed filter

papers. Considering that Paul et al. [29] showed that the antibacte-
rial activity removal followed closely the fluoroquinolone removal
even though a large number of photocatalysis products having an
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Fig. 8. Photographs of agar diffusion test plates during photocatalytic treatment of
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Fig. 9. Comparison of antibacterial activity effect of treated and untreated solu-

Further investigation on removal of this compound in more com-
EVO (Co = 20 mg/L, CTiO2
= 0.2 g/L) at various irradiation times. Left hand side: E. coli

ight hand side: P. Fluorescens.

ntact quinolone moiety were present, the complete removal of
he antibacterial activity as observed here, cannot be interpreted
s an inactivation of the core quinolone structure of levofloxacin.

As observed from the inhibition zone diameters, E. coli shows
ore sensitivity to the presence of LEVO than P. fluorescens. For

n initial concentration of 20 mg/L LEVO, there is at least 3 cm of
ifference in the inhibition zone diameters between E. coli and P.
uorescens. Looking at the plates of E. coli, transferred ozone dose
f at least 20.5 mg/L and 180 min  of irradiation were sufficient to
emove completely antibacterial activity. In order to distinguish the
ntibacterial activity of products from the antibacterial activity of
he parent compound, the agar diffusion tests were also performed
n dilutions of LEVO with varying concentrations corresponding
o the residual concentrations of LEVO in the treated samples. The

easured inhibition zone diameters were normalized by the ini-
ial zone diameter observed for the untreated 20 mg/L of LEVO and
efined as normalized inhibition zone diameter (d/do). The val-
es obtained were compared to those obtained for ozonation and
hotocatalysis in Fig. 9 but this time presented as a function of
esidual LEVO concentration as the abscissa to facilitate compari-
on. The untreated case refers to the samples that contain only LEVO
t varying concentrations. All the data points for both treatments
nd for the untreated case scatter around a single curve indicat-
ng no observable difference between the treatment methods and
he diluted LEVO samples. This suggests that for the two  organisms

tudied the antibacterial activity is only related to the parent com-
ound (LEVO) and that the generated products (transient or per-
istent) do not show any antibacterial activity. These observations
tions. Untreated case contains only LEVO in solution. Ozone and UVC/TiO2 treated
cases also contain their oxidation products as well as residual concentration of LEVO
plotted as C/Co (photocatalysis conditions: Co = 20 mg/L, CTiO2

= 0.2 g/L).

were also demonstrated by De Witte et al. [25] for ozonation and by
Paul et al. [29] for UVA photocatalysis. De Witte et al. [25] showed
that residual antibacterial activity of ciprofloxacin after ozonation
towards E. coli and P. Fluorescens to be mainly determined by the
target compound degradation rate. Paul et al. [29] showed that
antibacterial activity correlated well with the residual ciprofloxacin
concentration and antibacterial activity of reaction products to
appear to be insignificant against E. coli during UVA photocatalysis.

4. Conclusion

Comparison of performances of ozonation and photocatalysis
under UVC radiation for removal of LEVO was reported for the
first time. Both methods ensured removal of the target compound
below the detection limit (200 �g/L). A transferred ozone dose
of 20.5 mg/L was  found to completely remove LEVO correspond-
ing to a half-life time of only 6 s. Only 35% of LEVO was removed
by direct photolysis after 120 min  of UVC radiation (254 nm). The
removal of LEVO was enhanced in presence of TiO2, suggesting that
the oxidizing species generated during photocatalysis are effective
towards oxidation of LEVO. At 120 min  of irradiation 97% of LEVO
was removed and it was no longer detected at 180 min  of irra-
diation. Ozonation products detected by HPLC were shown to be
more persistent than the products observed during photocatalysis
as indicated by the products HPLC peak area profiles and the respec-
tive COD removals obtained. Hydroxyl radicals were shown to play
a significant role in the removal of LEVO during photocatalysis
but to have a minor influence of removal of LEVO during ozona-
tion. The hydroxyl radicals were also shown to play a significant
role in removing the transformation products generated during
each treatment. This observation was also supported by the COD
removal results obtained for a two-step process combining ozone
and photocatalytic treatments during which the persistent ozona-
tion products were removed during the second step treatment by
photocatalysis.

Antibacterial activity was  removed completely both by ozona-
tion and photocatalysis indicating no formation of transformation
products having antibacterial properties. These results indicate that
both ozonation and photocatalysis are effective in removing LEVO
however, COD results indicate that photocatalysis seems to have a
higher mineralization efficiency. The results presented here pro-
vide strong evidence that removal of LEVO and its antibacterial
activity in pure water is possible by ozonation and photocatalysis.
plex matrices is necessary to assess the applicability of ozonation
and photocatalysis as potential pre-treatment methods of hospi-
tal or industrial wastewaters, prior to their discharge into sewage
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ystems and to evaluate the residual toxicity associated with trans-
ormation products. This approach would also help minimize the
isk of increasing antibacterial resistance of microorganisms found
n biological treatment systems. Also, since UVC radiation is com-

only used as a disinfection method in various treatment facilities,
his research also allows estimating the UV doses that would be
equired for elimination of antibacterial activity of pharmaceuti-
als during disinfection and confirm the possibility of enhanced
enefits when coupled with TiO2 photocatalysis.
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