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ABSTRACT

TiO, was loaded on SBA-15 mesoporous molecular sieves using the sol-gel method, and TiO,-SBA-15
was doped with Ce via Ce (NO,), ion exchange. The two aspects of TiO, modification mentioned
above were effectively combined. First, the TiO,catalyst was supported on the mesoporous molecu-
lar sieve SBA-15 using a sol-gel method, and then TiO,-SAB-15 was doped with Ce via ion exchange.
The Ce-TiO,-SBA-15 catalyst was characterized using XRD, FI-IR, and N, adsorption-desorption. The
results showed that SBA-15 loaded with TiO, still had a highly ordered two-dimensional hexagonal
structure, and the specific surface area was slightly reduced, which showed that the porous structure
of SBA-15 was beneficial for the dispersion of TiO,. The specific surface area of TiO,-SBA-15 increased
without any change in structure after doping with C_. The photo catalytic effects of different catalysts
were investigated using the photo catalytic degradation of rhodamine B as a probe reaction. The
degradation rate of rhodamine B (98.4 %.) was highest with an illumination time of 120 min. The
results showed that the rare earth Ce-TiO,-SBA-15 catalyst can effectively reduce the photosynthesis
of aquatic organisms after water pollution. The photo catalytic reaction was subject to first order
reaction kinetics.
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1. Introduction

Rhodamine B is a synthetic cationic basic dye with char-
acteristics such as high chromaticity and toxicity and low
biodegradability, which can have serious impacts on water
quality and can reduce photosynthesis in aquatic organisms
after water becomes polluted. Furthermore, the degrada-
tion of rhodamine B is relatively difficult in water under
natural conditions. Researchers have used methods such
as adsorption [1] and microbial degradation [2] to solve
water pollution problems. However, these methods have
the disadvantages of complicated operation, high cost, and
low efficiency. In recent years, a group of photo catalysts
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represented by TiO, that can utilize solar energy to catalyse
the degradation of organic dyes has received wide attention
[3-5]. This method has the advantages of simple operation
and high activity. However, the use of this method is limited
because of many shortcomings such as the easy agglomera-
tion of TiO,, low dispersion, low adsorption rate, large for-
bidden band width, low utilization rate of UV light, ease of
producing holes-electron recombination centres when illu-
minated, and the reduction of quantum yield [6,7].

To extend the use of TiO,, researchers have been firmly
committed to the modification of TiO,. On one hand, TiO,
can be loaded onto supports with large specific surface area
to disperse the active center and to facilitate catalyst recy-
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cling. On the other hand, TiO, can be modified via doping
with metal ions, and this greatly improves the photo cata-
lytic efficiency of TiO, after doping with other elements [8].
Since rare earth elements have special electronic structure
(4f"6s* or 4f*'5d6s*) and rich energy levels, replacing tita-
nium ions with rare earth ions affects the band structure,
the density of states, and the electronic structure of TiO,.
The absorption coefficient of TiO, in the visible region can
be improved to some extent after doping with Ce, and the
Ce doping is beneficial for improving the photo catalytic
activity of TiO, as well [9-10].

In this work, the two aspects of TiO, modification men-
tioned above were effectively combined. First, the TiO, cat-
alyst was supported on the mesoporous molecular sieve
SBA-15 using a sol-gel method, and then TiO,-SAB-15was
doped with Ce vision exchange. The photo catalytic effect
and kinetic reaction parameters of Ce-TiO,-SAB-15 were
investigated via the degradation of rhodamine B.

2. Experimental
2.1. Reagents

Rhodamine B, ethyl orthosilicate, tetra butyl titanate,
P123, concentrated hydrochloric acid, and cerium nitrate
were analytical grade and were all purchased from Shen-
yang No.3 Reagent Factory, China.

2.2. Instruments

A quartz photochemical reactor (Beijing Perfect light
Technology Co., Ltd., coefficient) was used for photo cat-
alytic degradation of rhodamine B. The UV-visible spec-
tra were recorded using a TU-1900 dual-beam UV-visible
spectrophotometer (Beijing Purkinje General Instrument
Co., Ltd., China). A magnetic stirrer TOPOLINO (IKA) was
used for stirring, and a SHZ-DIII circulating water vacuum
pump (Zhengzhou Huate Instrument Equipment Co., Ltd.,
China) was used for controlling the temperature of water.

2.3. Preparation of the photo catalyst
2.3.1. Preparation of the mesoporous molecular sieve SBA-15

The mesoporous molecular sieve SBA-15 was prepared
using a hydrothermal method as reported in the literature
[11]. The white powder SBA-15 (S) was obtained after calci-
nation at 550°C in air for 5 h.

2.3.2. TiO,-SAB-15

0.8 mL of tetra butyl titan ate and 20 mL of absolute eth-
anol were placed in a 100 mL beaker, and then the pH of the
solution was adjusted to 4 by adding concentrated hydro-
chloric acid. 1.0 g of SBA-15 powder was dispersed into the
solution under magnetic stirring, and the mixture was con-
tinuously stirred in a water bath at a constant temperature
for 4 h. Anhydrous ethanol was completely evaporated in a
water bath at 90°C for 1 h. The obtained pale yellow solid
powder was put into a muffle furnace and calcined at 500°C
for 3 h. TiO,-SAB-15 (TS) was obtained after cooling and
grinding.

2.3.3. Ce-TiO,-SAB-15

50 mL of distilled water was put into a breaker, and 2.0 g of
Ce(NO,), was added and dissolved. Then 2.0 g of TiO,-SAB-15
was added, and the mixture was stirred with a magnetic stirrer
for 24 h. The filtered sample was heated in an oven at 100°C
for 1 h and then calcined at 500°C for 3 h in a muffle furnace.
(Hereinafter, the calcined sample is denoted CTS).

2.4. Photo catalytic degradation of rhodamine B

The photo catalytic reaction experiment was carried out
under illumination with a high pressure mercury lamp at a
power of 125 W. The reaction volume was 60 mL, the light
source was set above the reactor at the distance of about
10 cm, and the reaction was kept at constant temperature
and constantly stirred magnetically. 0.1 g of the catalyst was
added to 100 mL of the rhodamine B solution at an initial
concentration of 15 mg/L. The reaction solution was gently
stirred under dark conditions for 30 min before illuminations
that the photo catalyst in the reaction solution and rhodamine
B reached adsorption equilibrium. Under illumination, the
same volume of supernatant was taken at the same time
interval, and the photo catalyst particles in the liquid were
removed via centrifugation. The supernatant samples were
kept for measurements. The absorbance values were deter-
mined using spectrophotometer at the maximum absorption
wavelength of rhodamine B (553 nm), and then the photo
catalytic performance was evaluated and analysed. The deg-
radation rate, R, was calculated as follows:

R=(1-A/A,) x 100 % (1)

where A and A, are the absorbance at the maximum absorp-
tion peak of the rhodamine B solution before and after deg-
radation, respectively.

3. Results and discussion
3.1. XRD analysis

The XRD spectra of samples S, TS, and CTS are shown
in Fig. 1.

There were three diffraction peaks in the small angle
range of 0.5° ~ 2.0°, and these correspond to crystal dif-
fractions of (100), (110), and (200) and are the characteris-
tic diffraction peaks of typical two-dimensional hexagonal
SBA-15. The positions of the diffraction peaks of TS are con-
sistent with those of SBA-15, indicating that the structure
of SBA-15 after being loaded with TiO, did not change and
that the crystal integrity was good. After doping with Ce,
the positions of the diffraction peaks did not change, the
characteristic peaks of cerium species did not appear, and
the intensity of the diffraction peaks decreased. This sug-
gests that the grain size of SBA-15 decreased, which may
have led to the increase in the specific surface area of CTS.

3.2. Infrared spectroscopy analysis

The infrared spectra of the three samples are shown in
Fig. 2. There were obvious vibration peaks located at 807
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Fig. 1. SXRD patterns of S, TS and CTS.
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Fig. 2. Infrared spectra of S, TS and CTS.

and 1080 cm™ in the curve for S, and these correspond to
the symmetrical and asymmetrical stretching vibrations,
respectively, of the Si-O-Si bond. The bending vibration of
the Si-O-Si skeleton produced a strong absorption peak at
456 cm™. In the TS curve, the overlay of the bending vibra-
tions (464) of the Si-O-Si and Ti-O-Ti bonds resulted in a
red shift of the original peak at 456 cm™. The overlay of the
Ti-O-Si and Si—OH signals caused a weak absorption peak
at 949 cm™ [8]. Two new absorption peaks at 1741 cm™ and
1372 cm™ can be attributed to the newly formed chemical
bonds between the Ce ions and the surface silanols of the
molecular sieve [12,13].

3.3. Specific surface area and pore size

Table 1 shows the specific surface area, pore volume,
and pore size data of the samples.

The BET specific surface area of SBA-15 (615.3 m?/g)
was less than the original material (791.6 m?/g) after the

Table 1
The parameters of the samples

Sample S

1 .
BET BJHDesorption osorption
/(mz'gfl) /(CmS'g’l) /rf{;DL pt
S 791.6 0.80 5.6
TS 615.3 0.68 5.0
CTs 637.1 0.69 4.6

loading of TiO,, and the BET specific surface area of the
sample increased after doping with C, which is consistent
with the prediction in Part 2.1. The pore volume remained
unchanged, and the pore size decreased to 4.6 nm. Zhu et al.
[14] showed that small pore size and large specific surface
area improve the photo catalytic activity of crystals. Larger
specific surface is beneficial for absorbing light and result
in greater photo catalytic efficiency. The impact of CTS on
photo catalytic activity and photo catalytic efficiency should
be greater than that of TS, which can be predicted according
to the specific surface area data.

3.4. Photo catalytic performance investigation
3.4.1. Photo catalytic effects of different catalysts

Fig. 3 shows the degradation efficiencies of rhodamine
B by TS and CTS. It can be seen from the figure that both
TS and CTS had good degradation abilities with respect to
rhodamine B at the same condition sunder simulated sun-
light and that the degradation ability of CTS with respect to
rhodamine B was better than that of TS, which is consistent
with the prediction in Part 2.3. After 120 min of illumina-
tion, the degradation rate of rhodamine B reached 98.4%.
Wang et al. [15] noted that the quantum effects of new mate-
rials doped with rare earth elements and the specific struc-
tural characteristics of such materials (such as the increase
in specific surface area) are favorable for improving photo
catalytic ability. El-Bahy et al. [16]found that catalytic mate-
rials exhibited stronger adsorption capacities after doping
with rare earth elements. From the previous characteri-
zations, we can see that the specific surface area of CTS
was about 5% higher than that of TS with the absorption
of visible light, and this was beneficial for improving the
photo catalytic activity of CTS. In the meantime, it is specu-
lated that Ti** was substituted with an appropriate amount
of Ce*entering the lattice of TiO,, and that this resulted
in lattice defects and photo electron-hole separation. This
allowed the effective use of hydroxyl group sand oxygen by
transferring them into hydroxyl free radicals and oxygen
free radicals and thereby degraded organic macromolecule
contaminants and improved the photo catalytic efficiency.

Photo degradation reaction was carried out by adding
0.02 g TS catalyst in Rhodamine B solution with 80 ml con-
centration of 1 x 10° mol/L under visible light. Fig. 4 shows
how the UV-Vis absorption spectrum of the solution var-
ied with photo degradation time. The absorption peak at
553 nm corresponded to the large conjugation system com-
posed of the benzene ring, double bond, and heterocyclic
ring of rhodamine B. After 20 min of light, the absorption
peak decreased significantly, and the peak at 553 nm was
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Fig. 3. Effect of different cations on the degradation of
rhodamine B.
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Fig. 4. UV-visible absorption spectroscopy of RhB at different
degradation time.

blue shifted, which might be due to de-de-ethylation in the
degradation process [16]. After 20-100 min of illumination,
all of the absorption peaks were obviously reduced, the
solution colour changed from its original dark red to light
pink, and the absorption peak was gradually blue shifted,
indicating that the damage to the aromatic ring structure
of the dye occurred simultaneously with the de-methyla-
tion process [17]. After 120 min, the solution became almost
colourless, which indicated the completion of the photo
degradation reaction. The whole process was monitored
using UV-Vis absorption spectroscopy; no new short-wave-
length absorption peaks were found, indicating that there
were no small organic materials produced in the degrada-
tion process.

3.4.2. Photo catalytic kinetic analysis

According to Fig. 3, the kinetics curve was obtained
according to the relationship between the change in concen-

In(C,/C)

0 20 40 60 80 100 120
time/min

Fig. 5. The kinetic curves of degradation of methyl orange over
TS and CTS.

Table 2
Reaction kinetics of photo catalytic degradation of Rhodamine B

Reaction kinetic equation In(C,/C) = 0.0036¢ + 0.0209

K (min™) 0.0093
£/ (min) 102.12
R 09446

tration (C) and time (f) in the photo catalytic degradation
process of Rhodamine B in Fig. 5.

As shown in the figure, the photo catalytic reaction was
consistent with first order kinetics and followed linear rela-
tionship according to: In(C,/C)-t. The photo catalytic effect
of CTS was better than that of TS, which was consistent with
the results of the rhodamine B degradation shown in Fig. 3.

The relationship between the change of concentration
(C) and the time (t) in the photo catalytic degradation of
rhodamine B was fitted using the quasi-first order reaction
kinetics equation: In (C ; /C) = K[18] where C jwas 15 mg/L.
Combined with the data in Fig. 5, the calculated kinetic
parameters of the photo catalytic degradation reaction
using CTS are shown in Table 2.

4. Conclusion

TiO, was loaded on an SBA-15supportand TiO,-SBA-15
was doped with cerium ions via ion exchange. The catalyst
was used in the photo catalytic degradation of rhodamine
B. The results showed that Ce-TiO,-SBA-15 had good photo
catalytic activity, and the maximum degradation rate of
rhodamine B was 98.4% and was obtained after 120 min of
illumination. It can effectively reduce the photosynthesis of
aquatic organisms after water pollution.
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