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ABSTRACT

Gadolinium titanate was supported on HZSM-5 zeolite by sol-gel method to prepare Gd,Ti,O,/
HZSM-5 composite. Pyrochlore structured Gd,Ti,0, is the solely phase of gadolinium titanate in both
the unsupported Gd,Ti,O, and the Gd,Ti,0,/HZSM-5, and the crystallite size of Gd,Ti,O, slightly
decreases from 32.3 to 31.6 nm after supporting. The supported Gd,Ti,O, crystals do not intend to
aggregate into large particles as those in the unsupported Gd,Ti,O,. The typical functional groups
in Gd,Ti,0,, Gd,Ti,0,/HZSM-5 and HZSM-5 are observed in Fourier transform infrared/far infra-
red spectra. The ofloxacin adsorption efficiency on the Gd,Ti,0, is 16.0%, and the efficiency is 16.8%
on the supported Gd,Ti,0,/HZSM-5, while the amount of hydroxyl radical produced on Gd,Ti,O,/
HZSM-5 under illumination is much more than the amount produced on Gd,Ti,O,. The reaction
rate constants for ofloxacin degradation are 1.05 x 10 and 3.52 x 10 min™ on the pure Gd,Ti,O,
and Gd,Ti,O,/HZSM-5, respectively. Photocatalytic degradation efficiency increases almost linearly
with rising Gd,Ti,0, amount when Gd,Ti,O, concentration is less than 400 mg L', and the maximum

photocatalytic degradation efficiency occurs in the solution containing 10 mg L ofloxacin.
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1. Introduction

Antibiotics reaching the environment are harmful to the
ecosystem and human health, so that such substances have
to be removed from the wastewater and cannot be directly
discharged into aquatic system. As it is reported that many
kinds of antibiotics are observed even in the tap water, the
traditional wastewater treating technique may not capable
of removing all antibiotics coming from different sources.
Recently, people tend to care much on reducing the hazards
of antibiotics through photocatalytic oxidation technique
[1-4]. Hydroxyl and ‘O, radicals can be produced during
heterogeneous photocatalytic process and act as oxidative
reagents to degrade many kinds of organic pollutants [5,6].

* Corresponding author.

TiO, based materials are believed to be the most-
investigated photocatalyst after half a century of intensive
investigation [7-9]. At the same time, researchers have also
paid great efforts on developing powerful and novel photo-
catalyst to fulfill the growing demand in this area. Among
recently developed potential photocatalytic materials, tita-
nates in pyrochloro and perovskite structures have aroused
great attention [10,11]. As a big family of material, titanates
are distinguished by the different cationic elements, and
their activity also depends on preparation method, for exam-
ple, hydrothermal method [12], solid state reaction [13] and
sol-gel method [14].

As same as other photocatalytic materials, modification
of titanate was also an effective method to enhance the pho-
tocatalytic activity, such as doping and supporting [15,16].
La/Ni was doped into SrTiO, [17] and erbium was doped into
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CaTiO, [18] to extend light absorption spectrum. Chen et al.
[19] reported a new SnS /La,Ti,O, heterojunction photocata-
lyst for visible light activity. On the other hand, photocatalyst
powder is not suitable for large-scale water treatment due to
the difficulty in solid-water separation. Alternatively, photo-
catalyst is usually applied in the supported form, in which
the selection of supporting material is the key factor [20,21].
An optimal supporting material not only acts as a support,
but it can also promote the activity of photocatalyst. HZSM-5
zeolite is a porous material with the characters of large sur-
face area and microporous structure. Guo et al. [22] and
Kumari et al. [23] reported the enhanced activity of HZSM-5
supported TiO,. In our previous work, TiO,, SrTiO, and
La,Ti,O, were loaded on HZSM-5 zeolite and the supported
photocatalysts showed remarkable activity on photocatalytic
degradation of organic substances [24-26].

In this work, Gd,Ti,O, was supported on HZSM-5 zeolite
by sol-gel method to prepare Gd,Ti,O,/HZSM-5 composite. The
materials were characterized using X-ray powder diffraction,
scanning electron microscopy, transmission electron micros-
copy and Fourier transform infrared/far infrared spectroscopy.
Photocatalytic degradation efficiencies on both the Gd,Ti,O,/
HZSM-5 composite and the unsupported Gd,Ti,O, were
compared to show the effects of HZSM-5 zeolite.

2. Experimental
2.1. Synthesis of Gd,Ti,0 /HZSM-5

Gd,Ti,0, and Gd,Ti,O,/HZSM-5 composite were pre-
pared by sol-gel method, in which two precursors were
prepared prior to making the sol. The precursor A was
made from 1 mL tetrabutyl titanate and 8 mL ethanol, and
the precursor B was made from 1.1284 g Gd(NO,),*6H.O,
8 mL acetic acid and 8 mL deionized water. The n(Gd):n(Ti)
ratio was 1:1 after mixing precursors A and B to obtain the
final transparent sol. After 85.3 mg of HZSM-5 particles
were added in the sol, the mixture was put into a 70°C water
bath for sol-gel transformation. The obtained gel was dried
at 110°C for 15 h, followed by 3 h calcination at 800°C. The
weight percentage of Gd,Ti,O, in the composite was 90%.

2.2. Characterization methods

Crystal structures of the materials were analyzed by D8
Advance X-ray diffractometer with Cu Ka radiation. Surface
morphologies of the materials were measured on QUANTA
250 scanning electron microscope. TEM image of the material
was taken on FEI Tecnai G2 20 transmittance electron micro-
scope. Infrared and far infrared absorption spectra were
determined by Frontier FT-IR/FIR spectrometer.

2.3. Photocatalytic activity

Adsorption capacity and photocatalytic activity of
Gd,Ti,0O, and Gd,Ti,0,/HZSM-5 composite were measured in
a 100 mL quartz reactor. The mixture of 20 mg Gd,Ti,0, and
50 mL of 20 mg L ofloxacin solution was stirred in the dark
to measure the adsorbed percentage of ofloxacin on the mate-
rial after adsorption—desorption equilibrium. The light source
was a 20 W ultraviolet lamp irradiating at 253.7 nm with
2,300 utW em™. Ofloxacin concentration in the solution was

measured on 1260 high performance liquid chromatography
(Agilent, USA) after removing the photocatalyst. The mobile
phase was made from 1% phosphoric acid aqueous solution
and acetonitrile at the volume ratio of 4:1. The concentration
of ofloxacin was recorded on a UV detector after flowing out
of a Zorbax Eclipse XDB-C18 (150 x 4.6 mm, 5 pum) column.
Hydroxyl radical productivity during photocata-
lytic process was determined in the reactor, using 20 mg
Gd,Ti,0, and 50 mL 0.5 mmol L terephthalic acid solution.
2-hydroxyterephthalic acid was produced after 30 min of
illumination, and the solution was excited at 315 nm in LS-55
fluorescence spectrophotometer to measure the fluorescence
spectrum in the wavelength between 350 and 550 nm.

3. Results and discussion
3.1. Characterization of the materials

Gd,Ti,O, was loaded on the surface of HZSM-5 zeolite
particles by sol-gel method to prepare Gd,Ti,O,/HZSM-5
composite, in which the weight percentage of Gd,Ti,O, was
90%, and the weight percentage of HZSM-5 is only 10%.
Fig. 1 shows XRD patterns of Gd,Ti,O,/HZSM-5, Gd,Ti,O,
and HZSM-5. The diffraction pattern of pyrochlore struc-
tured Gd,Ti,O, is indicated by JCPDS 73-1698, which can be
used to identify all diffraction peaks in the XRD pattern of the
obtained pure Gd,Ti,O,. The HZSM-5 zeolite was activated
at 800°C for 3 h, so that thermal treatment of the composite
at the same temperature cannot change the structure of the
zeolite. However, the diffraction pattern of HZSM-5 zeolite
can hardly be found in the supported Gd,Ti,0,/HZSM-5, not
only due to the small proportion of HZSM-5 in the compos-
ite but also because the HZSM-5 zeolite particles are coated
with a thick Gd,Ti,0, layer. In this case, it seems that HZSM-5
zeolite and Gd,Ti,0, do not affect each other in the compos-
ite to produce any other substances besides Gd,Ti,O, and
HZSM-5.

As can be seem from the XRD patterns of both Gd,Ti,O,
and supported Gd,Ti,O,/HZSM-5, well crystallized Gd,Ti,0,
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Fig. 1. XRD patterns of Gd,Ti,O,/HZSM-5, Gd,Ti,O, and
HZSM-5.
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is produced in both the samples that are calcinated at 800°C.
The preferred (222) plane of the pyrochlore Gd,Ti,O, was
applied to calculate crystallite size using Scherrer formula.
The Gd,Ti,O, crystallite sizes are 32.3 and 31.6 nm for the
Gd,Ti,0, and the supported Gd,Ti, O /HZSM-5, respectively.
Although the constrained crystal growth of photocatalyst
after loading on HZSM-5 was a common observation in our
previous work [24-26], the decrease in crystallite size after
loading is quite small due to large Gd,Ti,O, content in the
Gd,Ti,0,/HZSM-5.

Fig. 2 presents the SEM images of Gd,Ti,O,, Gd,Ti,O,/
HZSM-5 and HZSM-5, and TEM image of Gd,Ti,O,/HZSM-5.
The unsupported Gd,Ti,0, sample is composed of large
particles in the size as large as 10 um, and the small parti-
cles adhered on the large particle are due to grinding of the
obtained sample. The typical HZSM-5 particles are in the reg-
ular shape and have smooth external surface. As shown in
Fig. 2(b), the HZSM-5 particles are coated with a thick layer
of Gd,Ti,0O,, whereas the shape of HZSM-5 particles cannot
be distinguished in the image.

Fig. 2(d) shows the TEM image of Gd,Ti,O,/HZSM-5 to
clarify the surface morphology of the composite. Gd,Ti,O,
crystals are coated on the surface of the HZSM-5 zeolite, and
the crystal size is as same as that calculated by Scherrer for-
mula. As a result, the surface morphology of the Gd,Ti,O,/
HZSM-5 composite is not as smooth as HZSM-5 particle. The
supported Gd,Ti,O, crystals do not intend to aggregate into

large particles that are found in the image of the unsupported
Gd,Ti,0.,.

Fourier transform infrared/far infrared spectra are used to
clarify the functional groups in Gd,Ti,O,, Gd,Ti,O,/HZSM-5
and HZSM-5, as shown in Fig. 3. The surface adsorbed
hydroxyl group can be observed via its stretching vibration
at 3,433 cm™ and the bending vibration of water at 1,640 cm™
[27]. The antisymmetric stretching vibration of Al-O-Al
or Si-O-S5i situates at 1,232 cm™ [28], and the absorption at
796 cm™ is attributed to bending vibration of Si—-O-Si bond
[27]. The stretching vibration of Si(Al)-O bonds in HZSM-5
zeolite at 1,060 cm™ and the antisymmetric stretching vibra-
tion of the typical double pentacyclic ring at 554 cm™ are the
characteristics of HZSM-5 zeolite [29,30]. The absorptions of
the metal-oxide groups in Gd,Ti,0O, can be better observed in
the far infrared spectra, as presented in Fig. 3(b). Both of the
Ti-O bonds in octahedral TiO, and Si-O group in HZSM-5
have stretching vibration absorption at about 450 cm™ [31].
The existence of gadolinium oxide can be proven by the
stretching vibration of Gd-O at 396 cm™, the bending vibra-
tion of O-Gd-O at 295 cm™, and the stretching vibration of
Gd-TiO, at 215 cm™ [32,33].

3.2. Photocatalytic activity

Photocatalytic excitation of electrons from valence
band to conduction band of photocatalyst may lead to the

Fig. 2. SEM surface morphologies of (a) Gd,Ti,O,
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(b) Gd,Ti,0,/HZSM-5 and (c) HZSM-5; (d) TEM image of Gd,Ti,O,/HZSM-5.
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Fig. 3. (a) FT-IR and (b) Far IR spectra of Gd,Ti,O,,
generation of highly oxidative hydroxyl radical that is the
major oxidative reagent in the environment. The subsequent
oxidation of organic substance by hydroxyl radical is the
main mechanism in photocatalytic oxidation reaction, while
the reaction rate constant depends on the amount of the
produced hydroxyl radical. In this work, terephthalic acid
was oxidized by hydroxyl radical to produce 2-hydroxy-
terephthalic acid. Since 2-hydroxyterephthalic acid may
emit fluorescence after excitation and the fluorescence inten-
sity depends on the amount of 2-hydroxyterephthalic acid
molecule, the amount of hydroxyl radical produced under
illumination can be identified by the fluorescence intensity
of the solution [34].

Fig. 4 illustrates the fluorescence spectra of 2-hydroxy-
terephthalic acid solution after 30 min of photocatalytic
generation of hydroxyl radicals. The broad fluorescence
peak centering at 426 nm can be used to compare the pho-
tocatalytic activities of Gd,Ti,0, and Gd,Ti,O,/HZSM-5.
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Fig. 4. Fluorescence spectra of 2-hydroxyterephthalic acid
solution after 30 min of photocatalytic generation of hydroxyl
radicals. 20 mg Gd,Ti,0, and 50 mL 0.5 mmol L terephthalic
acid solution were used.

Gd,Ti,0,/HZSM-5 and HZSM-5.

Apparently, the fluorescence intensity of the solution using
Gd,Ti,O,/HZSM-5 is much stronger than the solution using
Gd,Ti,O,. This phenomenon is closely related to the enhanced
photocatalytic activity of the supported Gd,Ti,O,.

Ofloxacin molecule can be adsorbed on both Gd,Ti,O,
and Gd,Ti,O,/HZSM-5 in the solution. The adsorption effi-
ciency on the pure Gd,Ti,O, after adsorption-desorption
equilibrium is 16.0%, and the efficiency is 16.8% on the sup-
ported Gd,Ti O, /HZSM-5. Since the amount of Gd,Ti,O,
is the same when using the two materials, the adsorption
capacity of Gd,Ti O, is almost unchanged after loading on
HZSM-5. The weight percentage of Gd,Ti,O, in the Gd,Ti,O,/
HZSM-5 composite is 90% so that the HZSM-5 can only put
very minor effect on the total adsorption capacity.

Besides adsorption of ofloxacin on the materials, photo-
catalytic degradation is the major pathway leading to removal
of ofloxacin in the solution. Fig. 5 presents photocatalytic
degradation of ofloxacin with prolonged irradiation time.
As can be seen from the figure, the degradation efficiency
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Fig. 5. Photocatalytic degradation of ofloxacin on Gd,Ti,O,
and Gd,Ti,O,/HZSM-5 with prolonged irradiation time. 20 mg
Gd,Ti,O, and 50 mL of 20 mg L ofloxacin solution were used.
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continues to increase with rising irradiation time until nearly
all of the ofloxacin molecules are removed from the solution
when Gd,Ti,O,/HZSM-5 is used as photocatalyst. The total
removal efficiency including adsorption of ofloxacin is 95.7%
after 90 min of irradiation with the existence of Gd,Ti,O,/
HZSM-5, while the total removal efficiency is only 68.1%
on the Gd,Ti,O, after 120 min. Photocatalytic degradation
of ofloxacin on the materials obeys the first order reaction
law, and the reaction rate constant can be calculated via
In(C,/C) = kt [35,36]. The reaction rate constants are 1.05 x 10~
and 3.52 x 10? min™ on the pure Gd,Ti,0, and Gd,Ti,O,/
HZSM-5, respectively.

The HZSM-5 has near no photocatalytic activity on deg-
radation of ofloxacin in this work. The enhanced activity of
Gd,Ti,O, after loading on HZSM-5 can only be attributed to
the change in the supported Gd,Ti,O,. As indicated before,
the decrease in crystallite size after loading is quite small due
to large Gd,Ti,O, content in the Gd,Ti,O,/HZSM-5, and the
supported Gd,Ti,O, crystals do not intend to aggregate into
large particles that are found in the unsupported Gd,Ti,O,.
We can simply attribute the enhanced activity to the well
distribution of Gd,Ti,0, crystals on the surface of HZSM-5
particle to reduce aggregation or agglomeration. In this
case, more irradiating photons can be absorbed by the sup-
ported Gd,Ti,O, layer than those absorbed by the aggregated
large Gd,Ti,O, particle, which will be absolutely beneficial
to the production of hydroxyl radical and the subsequent
degradation of ofloxacin.

Fig. 6 shows adsorption and photocatalytic degradation
of ofloxacin as a factor of Gd,Ti,0,/HZSM-5 amount in the
solution. Ofloxacin removal efficiency by both adsorption
and photocatalytic degradation is affected by the variation
of photocatalyst amount when ofloxacin solution concentra-
tion is maintained at 20 mg L. The adsorption of ofloxacin
on the material continuously increases with rising Gd,Ti,O,
amount. On the other hand, photocatalytic degradation
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Fig. 6. Adsorption and photocatalytic degradation of ofloxacin
as a factor of Gd,Ti,0,/HZSM-5 amount in 50 mL of 20 mg L™
ofloxacin solution.
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efficiency increases almost linearly with rising Gd,Ti,O,
amount when Gd,Ti,0O, concentration is less than 400 mg L,
and subsequently, photocatalytic degradation efficiency
nearly does not change with increasing Gd,Ti,O, concen-
tration. Excessive Gd,Ti,O,/HZSM-5 in the solution may
result in agglomeration of the supported particles [37,38].
400 mg L™ of Gd,Ti,O, seems to be the optimal concentra-
tion in 20 mg L™ ofloxacin solution, and this concentration is
adopted in this work.

Since initial ofloxacin concentration varies in wastewater,
it is meaningful to study the effects of ofloxacin concentra-
tion on the removal efficiency. Fig. 7 presents adsorption and
30 min of photocatalytic degradation of ofloxacin as a fac-
tor of initial ofloxacin concentration in the solution contain-
ing Gd,Ti,O,/HZSM-5. The ofloxacin adsorption efficiency
decreases with rising ofloxacin concentration, which is due
to the limited adsorption capacity of the material. However,
the change in photocatalytic degradation efficiency shows a
different trend.

When ofloxacin concentration is not more than 10 mg L7,
the degradation efficiency almost increases linearly with ris-
ing ofloxacin concentration. Since the amount of Gd,Ti,O,/
HZSM-5 is unchanged in this experiment, the amount of
oxidative reagents such as hydroxyl radical is the same in
spite of the variation of ofloxacin concentration. However,
the ofloxacin molecules have to be adsorbed on the surface of
Gd,Ti,0,/HZSM-5 before they can react with the photogene-
rated oxidative reagents. The continuous adsorption rate of
ofloxacin molecules from the solution at low concentration
cannot be as fast as that in the solution at high concentration
due to low collision frequency for photocatalyst particles and
ofloxacin molecules.

A well-known situation is that the photogenerated
electrons and holes, as well as the subsequently produced
hydroxyl radicals, have very short lifetime. They can ade-
quately take part in the degradation reaction if sufficient
ofloxacin molecules are in the solution [39,40]. As a result,
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Fig.7. Adsorption and photocatalytic degradation of ofloxacin on
Gd,Ti,O,/HZSM-5 as a factor of initial ofloxacin concentration.
The irradiation time was 30 min, and 20 mg Gd,Ti,O, was used.
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the maximum photocatalytic degradation efficiency occurs
in the solution containing 10 mg L™ ofloxacin. On the other
hand, when ofloxacin concentration is more than 10 mg L7,
the degradation efficiency declines with increasing ofloxa-
cin concentration since the amount of reactant exceeds the
capacity of the photocatalyst.

4. Conclusions

Gd,Ti,0,/HZSM-5 composites were prepared to inves-
tigate the effects of supporting on the properties of the
Gd,Ti,O, photocatalyst. The crystallite size of the pyrochlore
Gd,Ti,O, is almost unchanged after loading. The HZSM-5
particles are coated with a thick layer of Gd,Ti,O, and the
aggregation of Gd,Ti,O, crystals is inhibited. The absorptions
of the metal-oxide groups in Gd,Ti,O, can be observed in the
infrared spectra. Hydroxyl radical productivity in the solu-
tion using Gd,Ti,O,/HZSM-5 is much larger than that using
Gd,Ti,O,. The total removal efficiency including adsorption
of ofloxacin is 95.7% after 90 min of irradiation with the exis-
tence of Gd,Ti,0,/HZSM-5, while the total removal efficiency
is only 68.1% on the Gd,Ti,O, after 120 min. 400 mg L™ of
Gd,Ti,O, seems to be the optimal photocatalyst concentration
in 20 mg L™ ofloxacin solution.
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