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ABSTRACT

Porous La,Ti,O, photocatalyst was synthesized by sol-gel method using cetyltrimethyl ammonium
bromide (CTAB) as the template. Ofloxacin degradation mechanism and the effects of CTAB on pho-
tocatalytic activity of the porous La,Ti,O, were examined. The addition of CTAB in preparation of
La,Ti, O, can obviously enhance the activity of the material, and the first order reaction rate constants
are 0.0128, 0.0187 and 0.0245 min™ on the La,Ti,O, samples obtained using 0, 2 and 4 g of CTAB,
respectively. Photocatalytic degradation efficiency is almost linearly enhanced with the increase of
La,Ti,O, dosage in less than 300 mg/L. When the La,Ti,O, sample obtained using 4 g CTAB was
used, total organic carbon in the solution is reduced from 20.9 mg/L to 5.1 mg/L after 120 min of
irradiation. The functional groups in ofloxacin molecule are decomposed during photocatalytic oxi-
dation, which are proven by the shrinking absorption intensities in both UV-Visible and FT-IR spec-
tra. F-, NH,* and NO, ions in the solution continuously increase with extending irradiation time,
showing the separation of fluoride ion and nitrogen from ofloxacin molecule.
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1. Introduction

Wastewater containing antibiotics has aroused great
attention for the big threat to human beings and the envi-
ronment. The traditional bio-chemical treatment is hardly
used for this kind of wastewater since the antibiotics are
harmful to microorganisms. Photocatalytic technique has
been studied for half a century for removing most kinds of
organic pollutants from polluted air and water [1-3]. Photo-
generated electrons and holes can be produced when pho-
tocatalyst is exposed to incoming irradiation with enough
power, and subsequent oxidation of organic substance will
lead to decomposition of most environmental organic pol-
lutants [4-6]. Recently, researchers reported the application
of photocatalysts on photocatalytic oxidation of some types
of antibiotics [7-11]. Hydroxyl and ‘O, radicals can be pro-
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duced during heterogeneous photocatalytic process and act
as oxidative reagents to degrade many kinds of organic pol-
lutants [12-14].

Photocatalyst is the most important factor that can deter-
mine the application of photocatalytic technique in waste-
water treatment [15,16]. Although TiO,-based material is
the most studied photocatalyst, this kind of material still
has disadvantages in large scale application [17,18]. Differ-
ent strategies (doping, supporting, coupling) are adopted
to increase the photocatalytic activity of semiconducting
materials [19-21]. Titanates in pyrochloro and perovskite
structure have also aroused special attention [22-26]. Stron-
tium titanate and barium titanate were reported to be the
photocatalysts for both hydrogen evolution and pollutants
degradation [27-29]. We reported the enhanced activity of
Gd,Ti,O, after supporting on HZSM-5 zeolite for the pur-
pose of ofloxacin degradation [30]. Lanthanum titanate is
among the potential titanate photocatalysts and has been
reported for decomposition of organic pollutants [31,32].
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High temperature calcination is usually necessary for
crystallization of titanate, so that particles aggregation and
agglomeration may result in the formation of large parti-
cles without apparent porous structure. The addition of
polyethylene glycol (PEG) in the precursor can introduce
pores in titania for the enhanced photocatalytic activity. For
example, Zhang et al. prepared TiO, nanowires with high
specific surface area that was responsible for the high effi-
ciency on atrazine degradation [33]; Chang et al. modified
TiO,-InVO, nanoparticles by PEG in a combustion synthe-
sizing route [34]. However, the preparation of porous tita-
nate with the help of template reagent is seldom reported
in the literature. We firstly reported the PEG4000-mediated
sol-gel synthesizing of porouscerium titanate [25,35] and
the CTAB-mediated synthesis of porous La,Ti,O, [36].

The application of template reagent is still a novel topic
in forming porous structure in titanate. Cetyltrimethyl
ammonium bromide is a typical cationic quaternary amine,
which can be used as surfactant and pore-forming reagent.
Porous La,Ti,O, was prepared in a sol-gel route in which
cetyltrimethyl ammonium bromide (CTAB) was used as the
template, and the porous La,Ti,O, was used as photocata-
lyst for ofloxacin degradation in this work. The ofloxacin
solution during photocatalytic degradation process was
determined using Fourier transform infrared spectroscopy
(FT-IR), UV-Visible spectrometry, total organic carbon anal-
ysis (TOC), and ion chromatography (IC). The purpose of
this work was to examine ofloxacin degradation mecha-
nism and to clarify the effects of CTAB addition.

2. Experimental
2.1. Preparation of porous La,Ti,O,

All the chemicals used in this work were in analytical
pure and were obtained from Sinopharm Chemical Reagent
Co., Ltd. The sol-gel route contained the preparation of
precursors and sol-gel transformation steps. One precursor
was made from 8 mL deionized water, 1.0825 g lanthanum
nitrate, 8 mL acetic acid and 0-9 g CTAB. Another precur-
sor was made from 0.85 mL tetrabutyl titanate and 8 mL
ethanol. The former precursor was dropped into the second
precursor to ensure sol-gel transformation in a 70°C water
bath. The sol-gel transformation time was controlled by
adding 2 mL ethylene glycol into the mixture. The obtained
gel was dehydrated at 110°C and therefore was calcined at
800°C for 3 h. The final La,Ti,O, product was ground into
fine powders before use.

2.2. Photocatalytic degradation of ofloxacin

The porous La,Ti,O, samples were examined to com-
pare the adsorption capacity and photocatalytic oxidation
efficiency in a 100 mL quartz beaker. The illumination
source was a 20 W ultraviolet lamp that could mainly irra-
diate at 253.7 nm at the intensity of 2300 pW/cm? 50 mL
of 40 mg/L ofloxacin solution and 30 mg of La,Ti,O, were
stirred in the dark to examine the adsorption capacity of
the material. Subsequently, the UV lamp was turned on to
start the degradation of ofloxacin. Ofloxacin concentration
was measured using Agilent 1260 high performance liquid

chromatography equipped with a ZorbaxEclipse XDB-C18
(150%x4.6 mm, 5 pm) column. The mobile phase was made
from 1% phosphoric acid aqueous solution and acetonitrile
at a volume ratio of 80:20. The flow rate of the mobile phase
was 1.2 mL/min. The absorption intensity of ofloxacin at
288 nm was detected by a UV detector.

2.3. Determination of ofloxacin solution

The mixture of ofloxacin solution and La,Ti,O, photo-
catalyst was centrifuged for 10 min at 11000 rpm and was
filtrated through a 0.45 um Millipore filter to remove the
solid before the determinations of Fourier transform infra-
red spectroscopy, UV-Visible spectrometry, total organic
carbon, and ion chromatography. Subsequently, 15 mL of
the ofloxacin solution was evaporated at 40°C to remove
water. The obtained solid was dissolved in 1 mL methane,
followed by addition of 100 mg KBr. The mixture of KBr
and methane solution was dried at 30°C to remove meth-
ane, before taking infrared spectrum by a Frontier FT-IR/
FIR spectrometer. UV-Vis spectrum of the ofloxacin solu-
tion was recorded by LAMBDA 35 UV-Vis spectrometer.
The scanning speed was 480 nm/min in the wavelength
range between 200 and 800 nm. Total organic carbon anal-
ysis of the ofloxacin solution was measured by Analytik-
jenamulti N/C 3100 TOC/TN analyzer. The combustion
furnace temperature was 850°C. The concentrations of F-,
NH,*, NO, and NO, ions were determined by IC51100 ion
chromatograph, which was equipped with AERS 500 (4
mm) anion suppressor, CERS 500 (4 mm) cation suppres-
sor, JonPac AS11-HC (4x250 mm) anion analytical column
and CSI2A (4 mm) cation analytical column. The flow
rate of the mobile phase was 1 mL/min, and the injection
volume was 10 uL. The ofloxacin solution was pretreated
using a RP-C18 column to remove the organic substances
in the solution.

3. Results and discussion
3.1. Photocatalytic degradation of ofloxacin

Detailed characterization results of the porous La,Ti,0,
material were reported in our previous work [36]. Here, the
role of CTAB on synthesizing and properties of La,Ti,O,
can be briefly expressed. The materials are composed of
perovskite La,Ti,O, in monoclinic system. The addition of
CTAB does not cause phase transformation, but leads to a
slight decreasing tendency of La,Ti,O, crystallite size. The
concentration of CTAB in the precursor is more than the first
and second critical micelle concentration of CTAB [37,38].
Tetrabutyl titanate molecules are adhered on the macromo-
lecular CTAB, followed by subsequent hydrolysis of tetra-
butyl titanate. The aggregation of small La,Ti,O, particles is
reduced after using CTAB. BET specific surface area, aver-
age pore size and total pore volume of the La,Ti,O, particles
are enlarged after using CTAB template.

Fig. 1 compares photocatalytic ofloxacin degradation
efficiency on the porous La,Ti,O, samples with the varia-
tion of CTAB amount in the precursor. Adsorption percent-
age of ofloxacin on the materials is also shown in Fig. 1a.
About 10% of the initial ofloxacin molecules in the solution
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Fig. 1. Adsorption and photocatalytic degradation of ofloxacin on the porous La,Ti,O, samples. (a) Adsorption and photocatalytic
degradation efficiency after 30 min of irradiation as a factor of CTAB amount, (b) Degradation of ofloxacin with prolonged irradia-
tion time on different porous La,Ti,O, samples.50 mL of 40 mg/L ofloxacin solution and 30 mg of La,Ti,O, were used.

can be removed through adsorption on the materials, which
was measured after adsorption and desorption of ofloxa-
cin reached equilibrium. The adsorption percent is slightly
enhanced after adding CTAB in the precursor, while it
becomes constant after adding 4 g of CTAB to prepare
La,Ti,O,. Although as much as 14% of the initial ofloxacin
molecules can be removed from the solution by adsorption,
it cannot lead to decomposition of the hazardous drug.

Photocatalytic oxidation is effective in breaking ofloxa-
cin molecule up into fragments, resulting in different kinds
of intermediates and final products. As can be seen from
Fig. 1a, the addition of CTAB in preparation of La,Ti,O, can
obviously enhance the activity of the material. The degra-
dation efficiency in 30 min is 35% when the La,Ti,O, sample
obtained without CTAB is used, and it is linearly increased
to 58.6% when CTAB amount is less than 4 g. After that, the
degradation efficiency does not continuously increase with
rising CTAB amount. As shown in Fig. 1(b), photocatalytic
degradation of ofloxacin obeys the first order reaction law.
When the La,Ti,O, sample obtained using 4 g of CTAB is
used, ofloxacin molecules are not detectable after 120 min
of irradiation in the solution since all the remaining oflox-
acin molecules are degraded. According to Langmuir-Hin-
shelwood equation [39,40], r = -dc/dt = k0 = k(KC/(1+KC)),
the first order reaction rate constants are 0.0128, 0.0187 and
0.0245 min™ on the La,Ti,O, samples obtained using 0, 2 and
4 g of CTAB, respectively.

La,Ti,0, dosage inofloxacin solution can influence both
adsorption and photocatalytic degradation of ofloxacin mol-
ecules on the material, as presented in Fig. 2. The La,Ti,O,
sample obtained using 4 g CTAB was used to determine the
suitable photocatalyst dosage. The percent of ofloxacin mol-
ecules that is removed by adsorption constantly increases
with rising La,Ti,O, dosage. Meanwhile, photocatalytic
degradation efficiency is almost linearly enhanced with the
increase of La,Ti,O, dosage in less than 300 mg/L. Photo-
catalytic degradation efficiency depends on the amount of
incoming photons that can be absorbed by the photocat-
alyst. Normally, more photons can be absorbed at higher
photocatalyst dosage. However, La,Ti,O, might aggregate
into large particles at high dosage and therefore, the pho-
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Fig. 2. Effect of La,Ti,O, dosage on ofloxacin degradation effi-
ciency. The La,Ti,O, sample was prepared using 4 g CTAB. 50
mL of 40 mg/L ofloxacin solution was used.

tocatalyst surface that is available to absorbing the photons
is not as large as the highly dispersed small La,Ti,O, parti-
cles [41,42]. The optimal La,Ti,O, dosage in this work is 300
mg/L.

TOC determination of the ofloxacin solution during
photocatalytic degradation process is shown in Fig. 3. It is
known that decomposition of ofloxacin in the initial pho-
tocatalytic degradation stage is followed by mineralization
of the oxidation intermediates. The decreasing rate of total
organic carbon in the solution depends on the activity of
the materials. As stated before, the activity of La,Ti,O, is
enhanced after adding CTAB in the synthesizing process.
The TOC removal rate is in accordance to the activity of the
porous La,Ti,O,. When the La,Ti,O, sample obtained using
4 g CTAB was used, total organic carbon in the solution is
reduced from 20.9 mg/L to 5.1 mg/L after 120 min of irra-
diation. It is mentioned that all the ofloxacin molecules
are decomposed in the solution at this time, but the TOC
removal efficiency is 75.6%. TOC removal rate becomes
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Fig. 3. TOC removal efficiency during photocatalytic degrada-
tion of ofloxacin solution with the existence of La,Ti,O, obtained
using different amount of CTAB. 50 mL of 40 mg/L ofloxacin
solution and 30 mg of La,Ti,O, were used.

slowly after 90 min of irradiation and there are still some
organic substances remaining in the solution. Total miner-
alization of the remaining intermediates might be possible,
but it must take more time.

3.2. UV-Vis and FT-IR spectra of ofloxacin solution

Fig. 4a presents UV-Vis spectra of ofloxacin solu-
tion during photocatalytic degradation in presence of
La,Ti,O,sample obtained using 4 g CTAB. The ofloxacin
molecule does not have absorptions in the visible region,
while there are four absorption peaks in the ultraviolet
region. The quinolone substituent of ofloxacin molecule
has a strong absorption at 288 nm, which is characterized
to measure the concentration of ofloxacin solution. The
weak absorption peak at 255 nm is attributed to the n-n’
excitation in benzoic ring, and the piperazinyl and oxaz-
inyl groups in ofloxacin molecule have absorptions at 226
and 330 nm [30].

These functional groups in ofloxacin molecule are
decomposed in photocatalytic oxidation process, which can
be proven by the continuous shrinking of the absorption
peaks with extending irradiation time. As stated before, the
La,Ti,O, sample obtained using 4 g CTAB has the strongest
activity on ofloxacin degradation and TOC removal efficien-
cies. As shown in the figure, nearly none of the absorption
peaks appears in the spectrum after 120 min of photocata-
lytic reaction, indicating the overall destruction of the major
groups in ofloxacin molecule. The quinolone substituent,
benzoic ring, and piperazinyl and oxazinyl groups can all
be broken up into small fragments.

Figs. 4b and ¢ present the UV-Vis spectra of ofloxacin
solution after 30 and 70 min of irradiation to show the
effects of CTAB amount. The intensity reducing rates of
the four major absorption peaks are in accordance to the
photocatalytic activities of the materials with respect to
CTAB amount. Besides the strongest absorption peak at 288
nm, the other three absorption peaks can also shrink with
extending irradiation time, indicating the concurrent degra-
dation of different groups in ofloxacin molecule.
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Fig. 4. (a) UV-Vis spectra of ofloxacin solution during photocata-
lytic degradation in presence of La,Ti,O,sample obtained using
4 g CTAB; UV-Vis spectra of ofloxacin solution during irradiation
of (b) 30 min and (c) 70 min with respect to CTAB amount. 50 mL
of 40 mg/L ofloxacin solution and 30 mg of La,Ti,O, were used.

Fig. 5a gives the FT-IR spectra of ofloxacin solution
during photocatalytic degradation in presence of La,Ti,O,
sample obtained using 4 g CTAB. The out-of-plane bend-
ing vibration of the conjugated double bond in quinolone
substituent at 817 cm™ is constantly weakened with extend-
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ing reaction time. The breaking up of the conjugated dou-
ble bond is measured in ultraviolet spectrum to determine
the degradation efficiency of ofloxacin. The absorption at
979 cm™ is due to out-of-plane bending vibration of ben-
zene ring, which is combined with stretching vibrations
of benzene ring at 1475, 1531 and 1581 cm™ to indicate the
existence of benzene ring [43,44]. All these absorptions of
benzene ring disappear after 90 min of reaction, showing
the breaking up of benzene ring.

The stretching vibration absorption of C-N bond in pip-
erazinyl group at 1054 cm™ does not change at the begin-
ning of reaction, and its intensity may decreases after a
certain time. The absorption at 1128 cm™ is due to C-O bond
in oxazinyl group, which is continuously reduced during
photocatalytic process. The loss of absorption at 1271 cm™
is attributed to the breaking up of C-F bond, showing the
release of F- ions into the solution. A major oxidation inter-
mediate, carboxylic acid, can be ascertained by the absorp-
tions of in-plane bending vibration of O-H at 1346 cm™ and
C-O vibration at 1398 cm™. The esterification of carboxylic
acid can lead to breaking up of O-H bond, resulting in the
shrinking and disappear of the absorption peak at 1346
cm. The absorption of carbonyl at 1621 cm™ slightly shifts
to high-frequency region during reaction, since the break-
age of the conjugated double bond in quinolone substituent
alters the bond length of carbon-oxygen double bond.

Figs. 5b and ¢ present FT-IR spectra of ofloxacin solu-
tion after 30 and 70 min irradiation to show the effect of
CTAB addition. The variation of the absorption intensity
also depends on the activity of the materials. The functional
groups in ofloxacin molecule are taken off during irradia-
tion, while the decomposition of these organic groups may
take longer time. It seems that the conjugated double bond
in quinolone substituent can be broken at the beginning,
while the other major organic groups are not decomposed.
The spectra after 70 min of irradiation are obvious unique
to each other due to the difference in photocatalyst activity.
Nearly all the functional groups can still be found in the
solution containing La,Ti,O, samples obtained using 0 and
2 g of CTAB, while there is only carboxylic acid existing in
the solution using La,Ti,O, samples obtained using 4 and 6
g of CTAB.

3.3. Ionic substances in ofloxacin solution

The chemical formula of ofloxacin is C ;H, FN.O,. Since
the initial ofloxacin solution concentration is 40 mg/L, the
F-ion in the solution can be as much as 2.1 mg/L. As can be
seen in Fig. 6a, the original ofloxacin contains a very small
concentration of F- ion, while fluoride ion concentration in
the solution continuously increases with extending irra-
diation time, showing the separation of fluoride ion from
ofloxacin molecule. After 120 min of irradiation, F~ ion con-
centration is 1.8 mg/L in the solution containing La,Ti,O,
sample obtained without CTAB, and F- ion concentration
is as high as 2.03 mg/L in the solution using La,Ti,O, sam-
ple obtained with 4 g CTAB. The productivity of F ion is
in accordance to photocatalytic activity of the prepared
porous La,Ti,O, materials.

Figs. 6b, c and d present the variations of NH,*, NO,
and NO, concentrations in the solution during ofloxacin
degradation. The quinolone and piperazinyl groups in
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Fig. 5. (a) FT-IR spectra of ofloxacin solution during photocata-
lytic degradation in presence of La,Ti,O,sample obtained using
4 ¢ CTAB; FT-IR spectra of ofloxacin solution during irradiation
of (b) 30 min and (c) 70 min with respect to CTAB amount. 50 mL
of 40 mg/L ofloxacin solution and 30 mg of La,Ti,O, were used.

ofloxacin molecule contain nitrogen that can be degraded
into the states of NH,*, NO,” and NO,". As shown in Figs. 6b
and ¢, the concentrations of NH,* and NO, ions constantly
increase with extending reaction time. The productivities of
NH,* and NO," ions are also in accordance to photocatalytic
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Fig. 6. Ions inofloxacin solution during degradation as a factor of CTAB amount to synthesize La,Ti,O,. (a) F-, (b) NH,*, (c) NO,, (d)
NO,". 50 mL of 40 mg/L ofloxacin solution and 30 mg of La,Ti,O, were used.

activity of the prepared porous La,Ti,O, materials. On the
other hand, as shown in Fig. 6d, the NO, ion concentra-
tion is comparatively small and does not change during
the whole photocatalytic degradation process. The NO,
ions mostly come from the free NO, ions in the original
ofloxacin solution and can hardly be degradation product
of ofloxacin.

Fig. 7 presents the total concentration of NH,*, NO,  and
NO," ions inofloxacin solution during degradation. After
120 min of photocatalytic degradation, the total concentra-
tion in the solution is 2.28 mg/L when the La,Ti,O, sample
obtained using 4 g CTAB is used as photocatalyst. On the
contrary, the value is 1.15 mg/L when the La,Ti,O, sample
obtained without CTAB is used. After the quinolone and
piperazinyl groups in ofloxacin molecule are broken up,
C-N bond is readily disrupted for the subsequent mineral-
ization reaction. Since the original nitrogen concentration
in 40 mg/L ofloxacin solution is 4.65 mg/L, there must be
other substances containing nitrogen instead of NH,*, NO,”
and NO, ions. As stated before, TOC removal efficiency
is 75.6% after 120 min of irradiation so that some resistant
organic substances are still in the solution. Meanwhile,
nitrogen can also be transformed into gaseous N,, both dis-
solving in the solution and escaping into the air.

24

—n—0g
—e—2g
—a—4g

Id
(=}
T

N
L

\\.\\

Total concentration (mg/L)
T

3

1
20 40 60 80 100 120
Trradiation time (min)

o
=}

Fig. 7. Total concentration of NH,*, NO,” and NO," ions inoflox-
acin solution during degradation. 50 mL of 40 mg/L ofloxacin
solution and 30 mg of La,Ti,O, were used.

3.4. Photocatalytic degradation mechanism of ofloxacin

Photocatalytic degradation of organic substances starts
from generation of electrons and holes after absorbing
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incoming photons by photocatalyst. Firstly, the electrons
and holes must migrate to the external surface of the mate-
rial. The electrons can react with O, to produce superoxide
radical anions (*O,"), and the holes may react with water to
produce hydroxyl radicals (*OH). Superoxide anions may
be recombined to generate singlet oxygen [45-47]. Organic
substances such as ofloxacin can then be decomposed by
the oxidative reagents.

Based on the above-mentioned experimental results,
photocatalytic degradation mechanism of ofloxacin can
be proposed. The breakup of C-F bond and the conjugated
double bond in quinolone substituent happens at the begin-
ning of photocatalytic degradation process. Subsequently,
after the piperazinyl group is broken up, C-N bond is dis-
rupted to release nitrogen into the solution in the forms of
NH,* and NO,". Furthermore, C-O bond in oxazinyl group
is broken up and the oxazinyl group is broken away to form
benzoquinone. Finally, benzoquinone and other intermedi-
ates may be converted into butene diacid and other small
carboxylic acids or esters.

4. Conclusions

Porous La,Ti,O, was used as photocatalyst for ofloxa-
cin degradation to show the effects of CTAB addition. The
degradation efficiency in 30 min is 35% when the La,Ti,O,
sample obtained without CTAB is used, and it is linearly
increased to 58.6% when CTAB amount is less than 4 g.
Photocatalytic degradation efficiency is almost linearly
enhanced with the increase of La,Ti,O, dosage in less than
300 mg/L. The TOC removal rate of ofloxacin solution
depends on photocatalytic activity of the porous La,Ti,O,
materials. The quinolone substituent, benzoic ring, and
piperazinyl and oxazinyl groups in ofloxacin molecule can
all be broken up into small fragments, while the reducing
rates are in accordance to the activities of the La,Ti,O, mate-
rial with respect to CTAB amount. The productivities of F-,
NH," and NO," ions also depend on photocatalytic activity
of the porous La,Ti,O, materials.
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