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A  visible-light-mediated  C-TiO2 photocatalytic  process  (Vis/C-TiO2) was  employed  to  degrade  antibiotic
norfloxacin.  The  influences  of  catalyst  dosage,  initial  probe  compound  concentration  and  solution  pH
levels  on  the  decay  performance  and  reaction  kinetics  were  investigated  and  optimized.  Based  on  the
experimental  results,  an  equation  was  established  to predict  the  observed  rate constant  under  neutral
pH.  In  addition,  the decay  rate  was  accelerated  under  weak  alkali  in  the presence  of  moderate  OH− anions.
Hydroxyl  radical  was  confirmed  to play  a  major  role  in  the  Vis/TiO2 process,  where  in the presence  of •OH
quencher  and  electron  acceptor,  retardation  and  improvement  were  found  respectively.  Furthermore,  an
hotocatalysis
isible-light-mediated C-TiO2 process

original  schematic  diagram  describing  the surface  property  of  C-TiO2 was built  and  further  verified,  in
which,  NH4

+ cations  normally  served  as  hole  scavengers  showed  a  negligible  effect  because  the  adsorbed
OH− formed  a barrier  for NH4

+ ions  to  approach  the  holes,  and  the  F− anions  presented  a  significant
suppression  on  norfloxacin  decay  due  to the  formation  of  hydrogen  bond  (O  H·  · ·F) around  the  C-TiO2

surface.  Besides,  the  recycling  and  sedimentation  tests  justified  that the  Vis/C-TiO2 process  is a cost-
effective  and  feasible  way  for  wastewater  treatment.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

The release of antibiotics into aquaculture has increased signif-
cantly in recent years [1].  Norfloxacin belongs to fluoroquinolone
ntibiotics, which has been used to treat common and compli-
ated urinary tract infections. It was frequently detected in sewage
nd the concentration reached up to 3.54 �g/L in Hong Kong [2].
ecause the inefficient removal ability of antibiotics in traditional
ewage plants [3],  pollution of these chemicals has been observed in
arious water sources, including sewage treatment plant effluents
4], surface water [5],  seawater [6],  groundwater [7] and drinking
ater [8].  The norfloxacin in aqueous system might lead to adverse

nvironmental effects [9],  including the development of antibiotic
esistance to aquatic bacteria [10], direct toxicity to microorganism
nd possible risks to human health through drinking water and/or
ood-chain [10].

In the past decade, efforts have been made on the removal of
orfloxacin. Among the studies, adsorption is found to be a useful

ethod, since norfloxacin can be absorbed by activated sludge [11],

ctivated carbon [12], carbon nanotubes [12], and silica/alumina
13]. However, the “removed” norfloxacin only physically resides

∗ Corresponding author. Tel.: +852 2766 6075; fax: +852 2334 6389.
E-mail address: cechu@polyu.edu.hk (W.  Chu).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jhazmat.2012.03.074
in sorbent and brings a risk of being released into aquatic envi-
ronment if the used sorbent is improperly disposed. Therefore,
methods resulting in direct or full decomposition are required.

Researchers have examined the degradation of norfloxacin in
aqueous systems by different methods, such as ozonation, UV,
ClO2, KMnO4, UV/O3 and UV/TiO2 [14–16].  Thereinto, photocataly-
sis technique has received intensive attention with key advantage
of low cost and enduring stability. However, the popularly used
photocatalyst, namely TiO2, can only be excited by UV light with
an irradiation wavelength less than 380 nm,  which significantly
limits its application. To broaden the utilizable range of light, the
investigation on visible-light-driven photocatalysts has become
one of the most active research areas. Therefore, various photocat-
alysts responding to visible light have been developed, including
TiO2-based catalyst comprised by doping element [17–19] or com-
posing with other substances [20,21]. Carbon-doped TiO2 (C-TiO2)
has attracted considerable attention due to its high efficiency
and long-term stability [22]. Most previous studies focus on the
improvement of C-TiO2 morphology to enhance the performance
on pollutants decomposition. However, investigation on the degra-
dation performance considering the environmental parameters

effects is limited.

In this study, a visible light mediated C-TiO2 photocatalytic pro-
cess (Vis/C-TiO2) was employed to degrade antibiotic norfloxacin.
To our best knowledge, this is the first time to employ Vis/C-TiO2

dx.doi.org/10.1016/j.jhazmat.2012.03.074
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:cechu@polyu.edu.hk
dx.doi.org/10.1016/j.jhazmat.2012.03.074
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rocess in the norfloxacin decay. Environmental parameters,
ncluding C-TiO2 dosage, norfloxacin initial concentration, and pH
evels were investigated and optimized. To elucidate the reaction
rinciple of this Vis/C-TiO2 process, an original schematic diagram
as built and selected inorganic ions was added into the process to

erify the model. Meanwhile, the involved radical was  confirmed.
urthermore, to evaluate the potential use of this process for real
pplication, the reuse ability and settling properties of C-TiO2 were
arried out as well.

. Materials and methods

.1. Materials

Chemicals for the synthesis of C-TiO2 including titanium
etrachloride (TiCl4), diethanolamine (C4H11NO2) and ethanol
ere purchased from Sigma–Aldrich Inc., USA. The probe

ompound of norfloxacin (1-ethyl-6-fluoro-4-oxo-7-piperazin-1-
l-1H-quinoline-3-carboxylic acid, C16H18FN3O3) was  purchased
rom Wako Pure Chemical Industries, Japan. Other chemicals,
ncluding methanol (CH3OH), hydrochloric acid (HCl), orthophos-
horic acid (H3PO4), sodium hydroxide (NaOH), potassium iodate
KIO3), sodium nitrate (NaNO3), sodium chloride (NaCl), sodium
uoride (NaF) and ammonium chloride (NH4Cl) were all obtained

rom Sigma–Aldrich Inc., USA. All chemicals are of analytical grade
nd used as obtained without further purification. The mobile phase
olvents (i.e. acetonitrile) are of HPLC grade from Tedia Company,
SA. The stock solution was prepared in deionized water with a

esistivity of 18.2 M� from a Bamstead NANOpure water system
Thermo Fisher Scientific Inc., USA).

.2. Synthesis of C-TiO2 photocatalyst

The C-TiO2 photocatalyst was synthesized by a solution phase
arbonization method synthesis as reported by Huang et al. [22].
irst, 10 mmol  of titanium tetrachloride was added dropwise into
0 mL  of ethanol with continuous stirring to form a transparent
ellowish solution. Then 4 mL  of diethanolamine was added into
he above solution and continuously stirred for 24 h at ambient
emperature. The mixture was dried at 100 ◦C, and followed by
aising the temperature to 500 ◦C with a heating rate of 1 ◦C/min
nd maintained for 5 h. After calcination, the obtained powder
as washed by DI water for several times. For comparison, pure

iO2 was synthesized in the same procedure in parallel with the
bsence of diethanolamine. The phases of C-TiO2 and pure TiO2
ere examined and confirmed by X-ray powder diffraction (XRD)

haracterization (date not shown).

.3. Norfloxacin degradation procedures

The photocatalytic reaction was conducted in a comput-
rized Luzchem CCP-4V photochemical reactor containing 12
ow-pressure mercury lamps. The irradiation wavelength of these
amps is mainly located at 420 nm as stated previously [23]. Prior
o the reaction, a predetermined amount of C-TiO2 was added
nto 100 mL  of norfloxacin solution in a quartz beaker/cylinder,
nd stirred in darkness for 1 h to achieve adsorption equilibrium
Remark: pH drop was observed during this period likely due to
he adsorption of hydroxyl ions onto the C-TiO2 as discussed later).
fter equilibrium, the degradation was started by exposing to the
re-heated light source. At preset intervals, exact 1 mL  of sample

as withdrawn and filtered through a 0.2 �m PTFE membrane for

urther analysis. The experiments were carried out at room tem-
erature (air-conditioned) at 23 ± 1 ◦C in duplicate and the error is

ess than 5.0%.
Fig. 1. Effect of catalyst dosage ([norfloxacin]0 = 0.0313 mM).

2.4. Analysis

The remaining norfloxacin after reaction was quantified by
HPLC, which was  comprised of a Waters 515 HPLC pump, Waters
2487 Dual � Absorbance Detector, Waters 717 plus Autosampler,
and a Restek C18 column (5.0 �m,  0.46 cm × 25 cm). The absorp-
tion wavelength was selected as 280 nm for norfloxacin. The mobile
phase was consisted of a mixture of 50% acetonitrile and 50% of
water adjusting the pH level to 3 by H3PO4, and run at a flow rate
of 0.8 mL/min. The pH level was measured by a digital pH meter
(HANNA instrument, B417). The turbidity of C-TiO2 suspension was
monitored by a Hach 2100 Series Laboratory Turbidimeter. The
effective diameters of C-TiO2 at different pH levels were measured
by Zeta Plus/Zeta Potential Analyzer (Brookhaven Instruments Cor-
poration).

3. Results and discussion

3.1. Catalyst dosage and initial concentration

It was  found that the probe norfloxacin is inert to sole visible
light without C-TiO2 existence (Fig. 1), while in the presence of
0.2 g/L C-TiO2, 78% of norfloxacin was  removed in 70 min and the
decay curve presented a pseudo first-order kinetics. In contrast, the
decay of norfloxacin in pure TiO2 was  25% (data not shown) under
other identical conditions, indicating that the Vis/C-TiO2 process is
much effective than Vis/TiO2 process. In Fig. 1, the norfloxacin decay
curves was investigated as the C-TiO2 dosage, [C-TiO2], varying
from 0 to 3.0 g/L. It was found that all decay curves followed pseudo
first-order kinetics and the rate constants (k, min−1) were shown
in the inset of Fig. 1. In general, the rate constant increases with
the increment of catalyst dosage from 0 to 2.0 g/L. The optimum
dosage was  observed at a dosage of 2.0 g/L in this process, in which
the norfloxacin was  completely degraded in 20 min. However, a
significant drop was observed when the dosage further increased
to 3.0 g/L, which needed 40 min  for norfloxacin thoroughly decom-
position. This retardation might be ascribed to the reduction in the
light penetration resulting from the abundance of C-TiO2 particles.
Therefore, an unlimited increase in C-TiO2 dosage is not always
favorable in real operation. It is also interesting to note that there
is a linear correlation between k and catalyst dosage in the range

of 0–2.0 g/L.

To elucidate the effect of probe concentration, the Vis/C-TiO2
process was examined with different initial concentrations of nor-
floxacin, [norfloxacin]0 (Fig. 2). It can be observed that lower initial
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Fig. 3. (a) Decay performance of norfloxacin at different pH levels, and (b)
Fig. 2. Effect of norfloxacin initial concentration ([C-TiO2] = 0.2 g/L).

oncentration leads to higher removal efficiency of norfloxacin, i.e.
hen the [norfloxacin]0 increased from 0.0094 to 0.0939 mM,  the
nal degradation at 70 min  decreased from 100 to 37%. Again, a lin-
ar correlation between k and [norfloxacin]0

−1 can be established
s shown in the insert of Fig. 2.

By using multiple regression from above two  linear correlations,
he observed pseudo first-order rate constant (k, min−1) of this
is/C-TiO2 process becomes predictable in terms of [norfloxacin]0,
M and [C-TiO2], g/L, as shown below:

 = 5.44 × 10−4[norfloxacin]0
−1 + 0.10[C-TiO2] − 1.99

× 10−2(R2 = 0.998) (1)

In addition, the Langmuir–Hinshelwood (LH) model is used to
valuate this heterogeneous reaction if the solid–liquid interface
s the location dominating the process. The LH model is shown as
ollows [24,25]:

1
k

= [norfloxacin]0

kLH
+ 1

kLHKL
(2)

here kLH is the apparent rate constant of the reaction occurring
n the catalyst surface (mM  min−1), k is the observed pseudo first-
rder rate constant (min−1), and KL is the equilibrium adsorption
onstant of norfloxacin on C-TiO2 surface (mM−1). The experimen-
al results fit well with the kinetic model with a R2 of 0.996, which
onfirms that the norfloxacin decay in the Vis/C-TiO2 process dom-
nantly occurs on C-TiO2 surfaces. Besides, it can be judged from
q. (2) that the adsorption is of importance to the pollutant decay.

The KL was  determined separately to be 2.37 × 103 mM−1 from
he original data. By combining above Eqs. (1) and (2),  a general
orm of the apparent rate constant of our Vis/C-TiO2 process (kLH)
an be predicted as Eq. (3).

LH = 0.10[C-TiO2][norfloxacin]0 − 1.99 × 10−2[norfloxacin]0

+ 2.30 × 10−7[norfloxacin]0
−1 + 4.22 × 10−5[C-TiO2]

+ 5.44 × 10−4 (3)

Within the test range of this study, the 3rd and 4th terms on the
ight-hand side are about 2–3 log lower than the others, and can be

eglected. The kLH therefore is abbreviated to be as follows,

LH = 0.10[C-TiO2][norfloxacin]0 − 1.99 × 10−2[norfloxacin]0

+ 5.44 × 10−4 (4)
pH  variation during reaction (�pH = pHt − pHinitial (X = −10)) ([C-TiO2] = 0.2 g/L,
[norfloxacin]0 = 0.0313 mM).

3.2. Effect of pH levels

The influence of pH levels on norfloxacin decay by the Vis/C-
TiO2 process was shown in Fig. 3(a). The pH values were measured
by the initial norfloxacin solution in the absence of C-TiO2. It was
obvious that the pH level strongly affects the performance of nor-
floxacin degradation, where the decay is much faster in weak basic
pH (9.2) than those of acidic (2.5, 3.4 and 4.5), neutral (7.1) or alka-
line (10.1 and 11.8) conditions. Besides, the pH variation during
adsorption (X axis from −10 to 0) and photocatalytic reaction was
also examined (X axis from 0 to 70) as shown in Fig. 3(b). It was
noted that a significant pH drop occurred at adsorption, especially
when the pH level is 9.2 and 10.1. It suggests that the surface of
C-TiO2 is of acid property, thereby, it favors OH− anions and will
leads to a redistribution/adsorption of OH− anion from solution to
the surface of C-TiO2, as illuminated in Scheme 1. It is deserved
to note the pH variation during the photocatalytic reaction as ini-
tial pH of 7.1 (without pH adjustment), where a gradually pH drop
was found. It implies that the continuous consumption and redis-
tribution/adsorption of OH− occurs in the Vis/TiO2 process as well,
where the imperceptible pH variation under other pH conditions

might be ascribed to their buffer capacity.

At weak alkaline condition, the addition of OH− into the process
leads to the increase in its adsorbed amount on C-TiO2 surface,
resulting in a larger amount of hydroxyl radicals (see Eq. (6)).



186 M. Chen, W.  Chu / Journal of Hazardous Materials 219– 220 (2012) 183– 189

Table 1
Effective particle diameter of C-TiO2 in distilled water at different pH levels.

pH 2.5 3.4 4.5 5.5 7.1 9.2 10.1 11.8
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solution to produce peroxide radicals [28]:

O2 + e− → O2
•− (7)

0.2

0.4

0.6

0.8

1.0

C
/C

o

Vis / 0.01M KIO
3

Vis / C-TiO
2
 / 1.2M CH 3

OH

Vis / C-TiO
2

Vis / C-TiO
2
 / 0.01M KIO 3

a

Effective diameter (nm) 300 467 498 

a The effective diameter is the biggest at pH of point of zero charge. It is because
he  C-TiO2 presented a small effective particle size in aqueous solution.

hereby, the decay performance at pH of 9.2 is superior to that
f 7.1. However, as the pH further increased to the 10.1 or 11.8, a
epulsive force between C-TiO2 and norfloxacin quickly builds up
ue to their like surface charges. To verify this, the point of zero
harge (pzc) of C-TiO2 was determined to be around pH 5.5 (as
ndicated in Table 1), while norfloxacin has two acid dissociation
onstants pKa1 and pKa2 at 6.24 and 8.75, respectively [26]. The
egative charge on both sides (i.e. the repulsive force) restrains the
orfloxacin approaching to the surface of C-TiO2, leading to the
uppression of norfloxacin degradation. At acidic condition, simi-
ar charge repulsion (both at positive charges) occurs. In summary,
he Vis/C-TiO2 process performed well at weak basic pH, especially
hen moderate OH− ions present in the suspension.

It is interesting to note that the degradation performance at
xtreme acidic pH follows the order of kpH 2.5 > kpH 3.4 > kpH 4.5. The
aster rate at extreme acidic condition is likely due to the effective
article size of C-TiO2 in suspension solution, as shown in Table 1,
here the smaller size of C-TiO2 at lower pH offers larger surface

rea and provides more opportunities to contact with norfloxacin
olecules and absorb the visible light.

.3. Principle study of the Vis/C-TiO2 process

In photocatalytic reaction, it is compulsory to illumine semicon-
uctor catalyst with sufficient light energy. The effective incidence

ight wavelength (�) can be calculated according to the following
quation [27]:

 = hc

Ebg
(5)

here Ebg is the band gap of semiconductor catalyst (e.g. C-TiO2
f 2.64 eV [22]); h is Plank’s constant, 4.14 × 10−15 eV; and c is the
ight speed, 3 × 1010 cm/s.

As a result, � is calculated to be 480 nm,  which indicates that
ight with irradiation wavelength less than 480 nm has the potential

o participate in a photocatalytic reaction. In this study, the irradia-
ion wavelength selected was 420 nm from low-pressure mercury
amps [23]. Obviously, these low pressure lamps are proven useful
o activate C-TiO2 to generate electron (e−) and hole (h+) pairs.

Scheme 1. (©) represents C-TiO2, and (�) represents OH− anion.
894 583 283 258 338

ke charges of C-TiO2 particles repelled each other at pH away from pzc, as a result,

Subsequently, the h+ reacts with surface OH− to produce •OH
radicals via following equation [28]:

OH− + h+ → •OH (6)

To verify the involvement of •OH radicals in our Vis/TiO2
process, methanol was  added as a hydroxyl radical quencher,
due to its high-rate constant reaction with the •OH radical [29]
(k = 1.01 × 10−12 mL  molecule−1 s−1). As indicated in Fig. 4(a), in the
presence of 1.2 M methanol, a retardation was  found. Therefore, the
generation of hydroxyl radicals is confirmed in the Vis/C-TiO2 pro-
cess. From Eq. (6) and Scheme 1, more hydroxyl radicals will be
produced as the increase of OH− anions on C-TiO2 surface. As a
result, higher norfloxacin decay rate was observed in weak alkali.

On the other hand, photo-generated electrons will immigrate to
the surface of catalyst, then react with dissolved oxygen in aqueous
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Fig. 4. (a) Effect of methanol and KIO3 on the norfloxacin degradation,
and (b) decay performance at different KIO3 dosage ([C-TiO2] = 0.2 g/L,
[norfloxacin]0 = 0.0313 mM).
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four reuses) was 42.23, 40.73, 40.36, 40.87 and 40.99 in sequence.
M. Chen, W.  Chu / Journal of Hazar

To verify the presence of the above electron mechanism, an elec-
ron acceptor KIO3 was added to the reaction, and the degradation
f norfloxacin was improved as illuminated in Fig. 4(a). It is because
he involvement of KIO3 terminates the recombination of e− and h+

30] through the capture of electrons ejected from C-TiO2 surface
y following equation:

O3
− + 6H+ + 6e− → I− + 3H2O (8)

As a result, the number of separated h+ is increased which will
e beneficial to the generation of hydroxyl radicals.

However, it should be noted that the further increment of KIO3
rom 0.01 M to 0.1 M will reduce the decay rates as shown in
ig. 4(b). It might partly be due to the generation of I− (Eq. (8)),
hich was reported as an effective hole scavenger to react with
hotogenerated h+ [31], resulting in the reduction of hydroxyl radi-
als (Eq. (6)). In addition, it was known that the KIO3 can be oxidized
y Cl2 and generate IO6

5− (a weaker oxidant than KIO3) as shown
n Eq. (9)

IO3 + Cl2 + 6KOH → K5IO6 + 3H2O + 2KCl (9)

The above reaction occurs at basic condition, while the OH− is
ikely to accumulate and be concentrated at the surface of C-TiO2
Scheme 1), which makes the hydroxyl radicals (also generated at
-TiO2 surface) have a very good chance to perform a similar oxi-
ation process due to its much higher reduction potential (2.0–2.8)
han Cl2 (1.36). The possible consumption of valuable •OH there-
ore resulted in a slower rate of the norfloxacin decay as KIO3 was
verdosed.

.4. Effect of inorganic ions

In Fig. 5(a), norfloxacin decay in the Vis/TiO2 process was inves-
igated in the presence of various inorganic ions. In view of nitrogen
nd fluoride are elements of norfloxacin, the effect of inorganic ion
ontaining these ions, such as NH4

+, NO3
− and F−, was investi-

ated. Previous studies showed that NH4
+ ion is a scavenger for

hoto-generated holes in photocatalytic process [32,33]:

H4
+ + 8 h+ + 3H2O → NO3

− + 10H+ (10)

However, no effect was found with the addition of 0.10 M NH4
+

on in this study. The positive charge on NH4
+ ions apparently

ake them difficult to approach to the holes as negatively-charged
roups (i.e. OH−) have formed a barrier on the surface and trap
he NH4

+. As a result, Eq. (10) is invalid or minor in this process
nd the structure of catalyst as shown in Scheme 1 is reconfirmed.
esides, there was no apparent effect in the addition of [NO3

−] ions
o the process, this is because the oxidation state of NO3

− is already
igh, the further oxidation of it is difficult and no radical or hole
onsumption was observed.

In the presence of 0.10 M F− anions, the norfloxacin decay was
uppressed. Additional tests with various F− concentrations were
onducted to verify this repressive effect, and the results were
hown in Fig. 5(b), which indicated that the reaction rate pro-
ressively decreased with the increment of fluoride concentration.
arallel tests of the adsorption of norfloxacin (prior to initialize
he photocatalytic reaction) in the presence of F− were also inves-
igated and the results showed that, almost no norfloxacin was
dsorbed onto C-TiO2 at 0.20 M [F−], while 2.3, 5.4 and 5.6% of
orfloxacin were adsorbed at 0.10, 0.01 and 0 M [F−], respectively.
his observation suggests that fluoride ions may  restrain the nor-
oxacin approaching to C-TiO2 surface, leading to the retardation

f the heterogeneous reaction. However, it is interesting to note
hat the chloride ions (0.10 M),  which possess similar chemical
roperty to fluoride ions, did not show an appreciable effect on
orfloxacin decay. Therefore, the repressive effect of F− ions might
Fig. 5. (a) Effect of inorganic ions (all 0.10 M),  and (b) effect of fluoride ion at different
concentration ([C-TiO2] = 0.2 g/L, [norfloxacin]0 = 0.0313 mM).

be ascribed to the exclusive hydrogen bond (O H· · ·F), which most
likely formed around the C-TiO2 surface (as shown in Scheme 1).
This additional bonding kindly tied up the hydroxyl ions so that the
surface property of C-TiO2 was  changed, and then the norfloxacin
approaching was  restrained. In addition, the formation of hydroxyl
radical could be hindered as the hydroxyl ions were bided.

3.5. Reuse of C-TiO2 catalyst

In real applications, it is necessary to demonstrate whether, after
photocatalysis and liquid/solid separation, the reuse of catalyst is
feasible. To find out the reuse possibility of C-TiO2, the efficiency of
the process by using recycled catalyst was  studied, in which 0.2 g of
C-TiO2 was dispersed into 100 mL  0.313 mM norfloxacin solution.
After 70 min  of photocatalytic reaction, the C-TiO2 was separated
and washed with DI water for several times, then dried in an oven
at 80 ◦C. Very little weight loss was  observed during the separation
and wash process (less than 5%). For a fair test, the weight difference
was made up by adding fresh catalyst into the next run to reach the
same weight. The removal efficiency of each trial (one fresh and
No obvious efficiency degrade was  observed with using the same
batch of catalyst. This demonstrates that the chemical stability of
the synthesized C-TiO2 is excellent and the C-TiO2 catalyst has good
potential to be used in water/wastewater treatment.
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�)  commercial Degussa P25 by using gravity settling ([C-TiO2] = 0.2 g/L,
norfloxacin]0 = 0.0313 mM).

.6. Sedimentation property of C-TiO2 catalyst

The sedimentation property of suspended photocatalyst is of
mportance in water treatment, since most photocatalysts pos-
essing fine particle, e.g. Degussa P25 (80% anatase, 20% rutile)
f average particle size of 25–30 nm,  are difficult to be separated
rom water by self-sedimentation once enter into aquatic phase
34]. Thereby, a high operating cost is needed for their separation
35]. The sedimentation study was carried out on dispersions of
he C-TiO2 and Degussa P25 in norfloxacin solution. The profile of
urbidity versus settling time was shown in Fig. 6. It can be noted
hat most of C-TiO2 can be easily settled from the suspension in

 short time, around 85% of C-TiO2 was removed/recycled in 1 h,
hile it took 6 h for the Degussa P25 to reach the same removal
erformance. Because the settling time is reasonably fitted into the
cale of a conventional sedimentation tank in water/wastewater
reatment process, the fast settling property C-TiO2 becomes an
dvantage in real application.

. Conclusion

In this study, a visible-light-mediated C-TiO2 photocatalytic
rocess was employed to degrade antibiotic norfloxacin. The

nfluences of dosage, initial concentration and pH levels on the
ecay performance and reaction kinetics were investigated.
he norfloxacin degradation was found to be a pseudo first
rder kinetics and the observed rate constant (k, min−1) can be
imply expressed with k = 5.44 × 10−4[norfloxacin]0

−1 + 0.10[C-
iO2] − 1.99 × 10−2. The reaction rationale of the Vis/C-TiO2
rocess was proposed to dominatingly occur on the C-TiO2 sur-
ace, and the apparent rate constant of the surface reaction (kLH,

M min−1) can be predicted by the equation of kLH = 0.10[C-
iO2][norfloxacin]0 − 1.99 × 10−2[norfloxacin]0 + 5.44 × 10−4.
ydroxyl radical was confirmed to play a major role in the
is/C-TiO2 process. It was also found that the addition of slight
H− anions in to the system could accelerate the reaction with
roducing more radicals. Besides, the process was benefited from

 small suspension particle of C-TiO2 which offers larger surface
rea for reaction. An original schematic diagram for deciphering

he surface property of C-TiO2 was built from the observation
f redistribution/adsorption of OH− in the treatment process.
urthermore, this model was confirmed by various tests, in which,
he hole scavenger of NH4

+ cations showed an inappreciable effect

[

[

aterials 219– 220 (2012) 183– 189

because the OH− formed a barrier for NH4
+ ions to approach the

holes, and the F− anions presented a significant suppression due to
the formation of hydrogen bond (O H· · ·F). Besides, the recycling
and sedimentation tests justified that the Vis/C-TiO2 process is a
cost-effective and feasible way  for water treatment.
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