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a b s t r a c t

Ciprofloxacin (CIP) is a famous synthetic chemotherapeutic antibiotic. It is widely found either in water
or wastewater. In this study ciprofloxacin was photocatalytically degraded using commercial anatase
titanium dioxide (TiO2) under simulated sunlight. The rate of reaction was found to be affected by pH, TiO2
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vailable online 23 November 2010

eywords:
iprofloxacin
xidation

concentration and antibiotic concentration. The best reaction rate was obtained in natural ciprofloxacin
pH (5.8) and 1000 mg/L TiO2. More titania concentration was found to reduce the reaction rate because
of the limitation in light transmittance. From kinetic studies, the reaction was proved to proceed through
adsorption step then photooxidation and obeys pseudo-first order kinetics.

© 2010 Elsevier B.V. All rights reserved.
iO2

imulated sunlight

. Introduction

Over the past few years, pharmaceuticals were considered
s an emerging environmental problem due to their continuous
nput and persistence into the aquatic ecosystem even at low
oncentrations. After their use, human pharmaceuticals or their
etabolites are excreted into the effluents and reach the sewage

reatment plants (STPs). Unfortunately, conventional STPs are not
ble to degrade residues of pharmaceutical compounds, and as a
esult they are introduced into the aquatic environment. Residual
mounts of pharmaceuticals can reach surface waters, groundwa-
er or sediments. Many studies have reported a large number of
harmaceuticals at concentrations ranging from ng/L to mg/L in STP
ffluents, and in some cases up to several mg/L, in natural waters
nd even in drinking water [1–4].

After the introduction of the fluorinated quinolone norfloxacin
n the early 1980s, successive drugs such as ciprofloxacin (CIP) or
floxacin represent a significant advance in the history of infection
ontrol [5]. The fluoroquinolone group is one of the most impor-
ant pharmaceuticals used worldwide for humans and veterinary
urposes. The presence of broad-spectrum antibiotics like these

n aquatic environments may pose serious threats to the ecosys-
em and human health by inducing proliferation of bacterial drug

esistance [6,7].

The removal of such kind of pollutants from the environment
ecame a mandatory issue. Unfortunately the low cost conven-
ional degradation processes lack of enough efficiency for the
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removal of ciprofloxacin from water or wastewater [8]. Advanced
oxidation processes (AOPs) provide a good tool for the destruction
of organic contaminants. These processes rely on the production
of reactive hydroxyl radicals that are able to oxidize almost all
organic compounds. One of these processes is the heterogeneous
photocataylsis; in which semiconductors are used as photocata-
lysts. Titanium dioxide is still the photocatalyst due to its coherent
properties, e.g., chemically and biologically inactive, cheap, photo-
stable, and very photoactive, although it does have a large band gap
[9–11].

The mechanism of photocatalytic oxidation is presented in Eqs.
(1)–(9) [12]. After receiving energy equal to or greater than the tita-
nia band gap (3.2 eV), an electron transfer to the conduction band
leaving hole in the valence band. The electron and hole may recom-
bine as one possibility. Another possibility is the reaction between
photogenerated hole and adsorbed water or hydroxide ion to form
hydroxyl radicals.

TiO2
h�−→e− + h+ (1)

h+ + RXad → RXad
+ (2)

h+ H2Oad → OHad
• + H+ (3)

h+ OHad
− → OHad

• (4)

e− + O2 → O2
− (5)

O2
− + H+ → HO2

• (6)
H+ + O2
− + HO2

• → H2O2 + O2 (7)

H2O2 + h� → 2OH• (8)

OHad
• + RXad → Intermediate (9)

dx.doi.org/10.1016/j.jhazmat.2010.11.066
http://www.sciencedirect.com/science/journal/03043894
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Table 1
Apparent rate constants of ciprofloxacin degradation using different TiO2 concen-
trations and the corresponding t0.5.

TiO2 concentration (ppm) Kapp (min−1) t1/2 (min)

0 0.001 693.15
500 0.02 34.66
Fig. 1. Chemical structure of ciprofloxacin (CIP).

In the past few years, degradation of ciprofloxacin was studied
sing sonolysis [13] and Photo-Fenton [14]. This work aims to study
he photocatalytic oxidation of ciprofloxacin as a model of pharma-
eutical compounds under simulated sunlight, which hopefully will
e reflected on the cost of treatment process. Different parameters
ave been investigated such as pH, ciprofloxacin concentration and
itania concentration. Kinetic studies were also carried out.

. Experimental

The photocatalyst, anatase titanium dioxide (99.9%), was
urchased from Sigma–Aldrich Chemicals Company, Germany.
iprofloxacin HCl (CIP) was kindly supplied by Unipharma Com-
any for Pharmaceutical Industry, Egypt (Fig. 1). Sodium hydroxide
nd hydrochloric acid, used for pH adjustments, were purchased
rom Fluka Chemicals Company, Germany. All chemicals were used
s received without any further purification.

Commercial visible metal halide lamp (HQI-T 250/Daylight,
SRAM GmbH, Germany) was used as the source of irradiation. The
uminous flux of irradiation is 20,000 lm with luminous efficacy of
2 lm/W.

Ciprofloxacin photodegradation was done in batch mode. The
ntibiotic solution was mixed with photocatalyst and stirred prior
o the experiment to allow adsorption of ciprofloxacin on pho-
ocatalyst surface. Then, the lamp was switched on to start the
hotooxidation process. After pre-defined irradiation times, defi-
ite volumes of solution were sampled, then filtered (using 0.22 �m
ellulose filter, Agilent, USA) to separate the photocatalyst. Degra-
ation process was performed until complete mineralization of CIP.
ollowing this procedure, different experimental conditions such as
nitial ciprofloxacin concentration, TiO2 concentration and initial
H could be investigated.
The concentration CIP in the filtered portion was determined
sing high performance liquid chromatograph (HPLC Agilent 1100,
SA) equipped with analytical column, Zorbax reversed C18

4.6 mm i.d. × 250 mm, 5 �m). Before entering analytical column,
amples were allowed to pass through guard cartridge system

Fig. 2. Effect of TiO2 concentration on CIP photodegradation, (a) pseudo-first order k
750 0.032 21.66
1000 0.04 17.33
1500 0.02 34.66

(SB-C18) to keep analytical column clean. Both column and guard
cartridge system were purchased from Agilent Company, USA. Oven
temperature was kept at 35 ◦C during analysis. Isocratic elution was
carried out using 0.017 M phosphoric acid and acetonitrile of ratio
80:20, respectively. Total flow rate was kept at 1 ml/min.

3. Results and discussion

3.1. Effect of catalyst dose on reaction rate

The concentration of photocatalyst is a critical parameter in
photocatalytic oxidation. It affects on the reaction rate and conse-
quently on the cost of treatment. The effect of TiO2 concentration on
50 mg/L CIP conversion was studied in the range 0–1500 mg/L and
natural solution pH of about 5.8. The obtained results are shown
in Fig. 2a and b and the calculated t1/2 is presented in Table 1. In
absence of TiO2, degradation is not possible which indicates that CIP
cannot be degraded by photolysis only. Under all TiO2 concentra-
tions, the visible-assisted photooxidation process of CIP was found
to follow pseudo-first order reaction kinetics. The rate of reaction
was found to increase with the TiO2 concentration (Fig. 2b) up to
1000 mg/L. After that a decline in reaction rate was observed which
is due to the increase in turbidity of CIP solution caused by excess
photocatalyst. This turbidity lowers the light transmittance inside
the solution leading to lower light intensity reaching the catalyst
surface. Thus, the optimum concentration can be concluded to be
1000 mg/L TiO2 concentration.

The order of reaction in titania concentration can be deduced
using the formula [15]: ln kapp = ln k1 + n ln[TiO2]

Plot of the apparent rate constant (kapp) and TiO2 load resulted in
a straight line (Fig. 3) with n = 1, which reveals that rate of reaction
depends on photocatalyst concentration as well. This is because

addition of more TiO2 to the reaction medium increases the total
surface area exposed to light so that more free radicals would be
generated. On the hand, the number of active sites available for CIP
adsorption was enhanced by the addition of more TiO2. These two
factors explain the dependency of reaction rate on photocatalyst

inetics of the reaction and (b) change in rate constant with TiO2 concetration.
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Table 3
Apparent rate constants of degradation of ciprofloxacin of different initial concen-
tration and the corresponding t0.5.

Initial ciprofloxacin conc. (ppm) Kapp (min−1) t1/2 (min)

10 0.0671 10.33
Fig. 3. Order of reaction in TiO2.

oncentration. The above plot (Fig. 3) could only be applied at low
atalyst dose. At high catalyst concentration opacity and aggrega-
ion of photocatalyst particles led to a deviation from linearity.

.2. Effect of pH

The photooxidation of CIP does not depend only on TiO2 con-
entration but also on pH value of CIP solution, since it determines
he surface charge properties of the photocatalyst and therefore the
dsorption behavior of the organic substrate. Therefore, the influ-
nce of pH on the degradation of CIP in aqueous suspensions of TiO2
as studied at pH ranging from 3 to 9. Fig. 4a and b represents the

onversion of cirpofloxacin as a function in time under different
H conditions and Table 2 summarizes the calculated kapp and t1/2.
rom Fig. 4b the degradation rate constant of ciprofloxacin reached
he maximum at pH 5.8, which is the natural pH of ciprofloxacin
olution. This result differs from previous that obtained by An
t al.[7]. In their study, they found that rate constant is nearly same
or pH values 5, 7 and 9, which is not same to data obtained in this
tudy. This discrepancy may be due to that ciprofloxacin hydrochlo-
ic acid was used in the current study instead of ciprofloxacin. The
resence of hydrogen proton and chloride ion affects the natural pH
f ciprofloxacin solution as well as the titania surface as will be dis-
ussed later. Under best conditions, i.e., pH 5.8 and 1000 mg/L TiO2,
hotocatalytic degradation of CIP was found to proceed faster than
onolysis process (kapp = 0.0058 min−1) [13] and slower than Photo-
enton reaction using pillared iron catalyst (kapp = 0.533 min−1)
14] under nearly same conditions. In case of Photo-Fenton process
igh concentration of hydrogen peroxide (60 mM) should be used
o accelerate the reaction, which adds extra cost for the treatment
f water or wastewater contaminated with CIP. This suggests that
hotocatalytic oxidation under sunlight is the best candidate for the
reatment of water or wastewater contaminated with ciprofloxacin

ompound.

The interpretation of pH effect on the photocatalytic process
s very difficult task because of its multiple roles such as elec-
rostatic interactions between the semiconductor surface, solvent

able 2
pparent rate constants of ciprofloxacin degradation under different pH values and

he corresponding t0.5.

pH (−) Kapp (min−1) t1/2 (min)

3 0.021 33.01
6 0.040 17.33
7 0.034 20.39
9 0.024 28.88
25 0.041 16.91
50 0.040 17.33
75 0.026 26.66

molecules, substrate and charged radicals formed during the reac-
tion process. The ionization state of the surface of the photocatalyst
can be protonated and deprotonated under acidic and alkaline con-
ditions, respectively, as shown in the following equations [16,17]:

TiOH + H+ → TiOH2+ (10)

TiOH + OH− → TiO− + H2O (11)

The point of zero charge (pzc) of the TiO2 is reported at pH 6.25
[17]. Thus, the TiO2 surface will remain positively charged in acidic
medium (pH < 6.25) and negatively charged in alkaline medium
(pH > 6.25). In this study it has been shown that the degradation
of ciprofloxacin is strongly influenced by the reaction pH (Fig. 4).
The best efficiency for the degradation of cirpofloxacin in natural pH
(5.8) could be attributed to adsorption affinity. Fig. 5 represents the
chemical structures of CIP under different pH values. Under acidic
condition, CIP is positively charged which is same as TiO2 surface
resulting in repulsion between them. Furthermore, Cl− may com-
pete with water molecules for the adsorption on TiO2 surface; this
blocks the active sites of TiO2 and hence production of hydroxyl rad-
ical decreases. On the other hand, both TiO2 and CIP are negatively
charged under basic conditions leading to the same phenomenon
of repulsion between them and lower rate of reaction. The high
rate of reaction in case of pH 5.8 (natural pH of CIP) might be due
to the available protons from NH2

+ and COOH groups of CIP, which
interact with TiO2 surfaces according to Eq. (10), i.e., protonation of
TiO2 by CIP itself. This leads to the formation of negatively charged
CIP, molecules which can be adsorbed efficiently on the positively
charged TiO2 surface.

3.3. Effect of ciprofloxacin initial concentration

Another important factor that affects the photocatalytic degra-
dation of organic pollutants is the initial concentration of the
organic pollutant itself. Fig. 6 illustrates the change in CIP con-
centration as a function in time at 1000 ppm TiO2 concentration
and natural pH (5.8). Table 3 contains the calculated kapp and t0.5.
Comparing the obtained rate constants (Fig. 6b), it is obvious that
the rate constant gradually decreases with the increase in initial
CIP concentration because of the increase in Cl− concentration. Cl−

scavenges simultaneously the holes and hydroxyl radicals (Eqs. (3)
and (4)) resulting in prolonged reaction time. Formation of inor-
ganic radical anions (e.g. Cl•, ClOH•−) under these circumstances is
possible.

Cl− + hvb
+ → Cl• (12)

Cl− + •OH → ClOH•− (13)

Although the reactivity of these radicals may be considered, they
are not as reactive as hvb

+ and •OH, and thus the observed retarda-
tion effect is still thought to be the strong adsorption of the anions
on the TiO2 surface [18].
Langmuir-Hinshelwood (LH) kinetics is the most commonly
used kinetic expression to explain the kinetics of the heterogeneous
catalytic processes. This mechanism proposes that both molecules
adsorb and the adsorbed molecules undergo a bimolecular reaction,
in this case hydroxyl radical and CIP. The Langmuir-Hinshelwood
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Fig. 4. Effect of pH on CIP photooxidation, (a) Pseudo-first order kinetics and (b) change in rate constant with pH value.
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Fig. 5. Chemical structures of CIP under different pH values,

xpression that explains the kinetics of heterogeneous catalytic
ystems is given by:

= −dC

dt
= krKC

1 + KC

here r represents the rate of reaction that changes with time.
he term r is represented in terms of initial reaction rate, r0
mg/L min−1), as a function of the initial CIP concentration, C0
mg/L), or in terms of Ce, where Ce is the equilibrium CIP concen-
ration in solution after the completion of dark experiments. The
nitial rate of reaction as a function of C0 and Ce is given by the
ollowing equations, respectively:

krKC0

0 =

1 + KC0

0 = krKCe

1 + KCe

Fig. 6. Effect of CIP concentration on degradation process, (a) pseudo-first o
HN

w pH value, (b) natural pH of CIP and (c) high pH value [12].

The parameters kr and K, which are a function of C0 or Ce can be
predicted by linearizing the above equations as follows [19,20]:

1
r0

= 1
kr

+ 1
krKC0

where kr is the reaction rate constant (min−1), and K is the adsorp-
tion coefficient of the reactant onto the catalyst particles (L/mg).
Plotting 1/r against 1/C0 (Fig. 7) gave a straight line with corre-
lation coefficient R2 = 0.9513, which reveals that adsorption step

is involved in the photodegradation process (reactions (2) and
(9)). The calculated adsorption coefficient and actual rate constant
are 0.032 mg/L min−1 and 2.726 min−1, respectively. The relatively
high value of adsorption coefficient indicates that the adsorption
of CIP on TiO2 surface is favorable at natural CIP pH (5.8).

rder kinetics and (b) change in rate constant with CIP concentration.
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Fig. 7. L-H model verification.

. Conclusions

Ciprofloxacin photocatalytic degradation using TiO2 under sim-
lated sunlight was found to obey pseudo-first order kinetics under
he studied reaction conditions. Best degradation has been obtained
t natural ciprofloxacin pH (5.8), 1000 mg/L of TiO2 dose. Order of
eaction in TiO2 concentration was found to equal one indicating
hat catalyst concentration is important factor in the photocatalytic
egradation. More catalyst concentration reduces the rate constant
ue to limitations of light transmittance. Application of L-H model
evealed that degradation occurs through adsorption step. Adsorp-
ion was supposed to be high in case of pH 5.8 due to the static
ttraction between ciprofloxacin and TiO2.
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