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Summary: TiO,/ZrO,/SnO, nanocomposite with large pore is prepared by sol-gel method with
Pluronic P123 and Macrogol 20000 as double template. The structure and physicochemical property
of the composite are characterized by small-angle powder X-ray diffraction (SAXS), wide-angle
powder X-ray diffraction (WA-XRD) and N, adsorption-desorption. The photocatalytic efficiencies
of the product are assessed by monitoring the photodegradation of Rhodamine B (RhB).The results
show that the doping of SnO, retard the crystal phase transformation from anatase-TiO, to rutile-
TiO,; the doping of ZrO, stabilizes the anatase phase, and the phase transformation can be greatly
retarded; the materials have relatively regular pores and high specific surface area; two types of
pores attributed to the usage of double template; the presence of SnO, significantly increase the
degradation rate; the materials can be used five times without decreasing their photocatalytic

capacities significantly.
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Introduction

The treatment of highly colored wastewater
containing hazardous industrial chemical materials is
of great interest and importance for environmental
protection consideration in the present time.
Rhodamine B (RhB), as an important representative
of xanthene dyes, is famous for its good stability as
dye material. It has been widely used as food
additives, but now it is forbidden. It may cause
progressive and irreversible damage to cells, lungs,
liver and finally leading to cancer. Various physical
and chemical techniques had been used for the
removal of organics from wastewaters. Such as
coagulation, adsorption, chemical oxidation and froth
flotation processes [1-4]. Recently, many other
methods  like electrochemical, photochemical
techniques, etc [5-6] was used for the removal from
wastewaters among these methods, photocatalysis
was an advanced oxidation process that could be used
for the destruction of pollutants in a simple and
efficient manner. It is one of the most economic and
promising industrial effluent treatment processes.

Various photocatalysts had been studied in
the process of photocatalysis. Such as ZnWO, [7],
AgBr [8], ZnO [9], Bi,WOq [10], Ca(OH), [11] and
so on . In these photocatalysts, the semiconductor
photocatalysts have attracted great attention for their
wide application in degradation of environmental
pollutants [12, 13]. Among various semiconductor

photocatalysts, titania has proven to be suitable for
widespread environmental applications due to its
strong non-toxicity, stability, and resistance to
chemical and optical corrosion. Cao et al [14] report
that with more anatase content in the titania,
photocatalytic activities can be improved gradually.
While the anatase- titania is unstable, it will transfer
to rutile-titania after calcined at 650 °C [15]. In view
of the stability of anatase-titania in higher
temperature, it is desired to develop modified
photocatalysts. Thus, the modified of TiO,
photocatalysts have been tried. Recently, there are
some reports on metal oxide semiconductors that are
active for organic compound degradation under
visible light irradiation. Many references had
proposed that the doping of transition metal oxides
into TiO, could be an efficient method to obtain a
preferable photocatalyst, such as WO; [16], Ag,O
[17], ZrO, [18, 19] and so on. Liu et al [20] and
Wang et al [21] had reported that the doping of SnO,
could increase the photoactivity up to several times.
On the basis of these studies, ternary nanocomposite
TiO, /Zr0O,/Sn0O, by double template were prepared in
this research work. The anatase- titania phase of the
material can exist in high temperature. After calcing
at 900 °C, the transformition from anatase- titania to
anatase- titania is not occoured , and two types of
pores attributed to the usage of double template are
observed. In order to explore the photocatalytic
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activity of the samples, the degradation of
Rhodamine B is investigated. The results indicate that
the photodegradation rate of RhB is enhanced after
the doping of SnO,.

Results and Discussion
WA-XRD

The WA-XRD patterns of TiO,/ZrO,
calcined at different temperatures are shown in Fig. 1.
The characteristic diffraction peaks show that the
samples have formed anatase-phase (JCPDSNo.21-
1272), and the intensity of anatase becomes much
higher and sharper with the calcination temperature
from 200 to 800 °C, indicating that particle size grow
bigger and have higher crystallinity [22]. The
transformation from the anatase-phase to the rutile-
phase (JCPDSNo0.21-1276) occurs at 900 °C. With
the increase of temperature, the diffraction of the
rutile-phase (R) becomes stronger and the anatase-
phase (A) weaker. While the reference [15] has
reported that the pure TiO, shows both anatase and
rutile phases after calcined at 650 °C. It is obvious
that the doping of ZrO, stabilizes the anatase phase,
and the phase transformation can be greatly retarded.
The reference [14] has indicated that with less rutile
content in the catalysts, photocatalytic activities can
be improved gradually.
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Fig. 1: WA-XRD patterns of TiO,/ZrO, calcined at
different temperatures.
(a TZ-200; b TZ-300; ¢ TZ-500; d TZ-700; e TZ-800; f TZ-
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Fig. 2 shows WA-XRD patterns of
Ti0,/ZrO,/Sn0O, calcined at different temperatures.
When the sample is calcined at 200 °C, the phase of
the titania is amorphous. The anatase phase is
observed at temperatures above 200°C, and with the
increase of temperature, the anatase phase is stronger
and sharper, that indicates the enhancement of
crystallization and the growth of crystallites. When
the sample is calcined at 1000 °C, the phase
transformation is detected, and no trace of diffraction
peaks due to other phases like ZrO, or SnO, is
observed. This shows that Zr*" or Sn*" may be
dissolved in titania matrix [23] and hinders the phase
transformation of titania from anatase to rutile
markedly. The ionic radius of Zr*" (0.079 nm) or
Sn*'(0.071 nm) is similar to that of Ti*" (0.068 nm)
[24, 25], so Zr*" (0.079 nm) or Sn*(0.071 nm) ion
moves into the titania matrix and substitutes it. This
results in the delay of phase transformation of titania
from anatase to rutile.
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Fig. 2: WA-XRD patterns of TiO,/ZrO,/Sn0O,
calcined at different temperatures.
(a TZS-200; b TZS-300; ¢ TZS-500; d TZS-700; ¢ TZS-800;

TZS-900; g TZS-1000;)

Small-Angle X-ray Scattering (SAXS)

Fig. 3 shows the SAXS patterns of TZ and
TZS calcined at 800 °C. The intense diffraction peak
can be indexed as the (100) reflection and the
diffractions of (110) and (200) can not be detected.
The presence of low angle reflections and absence of
higher angle reflections suggests that while the pores
may have uniform dimensions, the pore structure has
relative low long range order [26, 27]. The result
might be attributed to the compression of inorganic
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matrix after the removal of template. When the SnO,
is added (sample b), the diffraction peak of (100)
shift to the low 20 value, from 0.38" to 0.31,
indicating a probable thickening of the mesophase
pore wall or a increasing of the pore diameter [28].

Intensity(a. u.)

20(degree)

Fig.3: SAXS patterns of TZ (a) and TZS(b)

calcined at 800°C.
N, Adsorption—Desorption

Nitrogen adsorption—desorption isotherm
and the corresponding pore size distribution curve of
TZ and TZS are shown in Fig. 4. The samples (Fig. 4
a) exhibit the type IV nitrogen isotherm, and the
shape of the hysteresis loop is type H2 according to
the ITUPAC classification [29].A clear hysteresis loop
is shown at a relative pressure between 0.4 and 0.7,
related to the capillary condensation. This indicate
that the samples have a large amount of mesopores
[30], and the pores are ink-bottle-shaped or cage-type
[31-32]. However, for sample TZS-800, at higher
relative pressure between 0.8 and 0.95, the shape of
the hysteresis loops is of the type H3 associated with
aggregates of platelike particles that formed slitlike
pores [33, 34].The pore size distribution curves (Fig.
4 b)implies that the materials have relatively regular
pores. For each sample, there are two types of pores
which are attributed to the usage of double template.
These pores are mostly responsible for the specific
surface area (Table-1) of the samples.

The specific surface area (Sggr), pore
volume (¥},) and average pore diameter (dp) of TZ
and TZS calcined at 800 °C are presented in Table-1.
The data in Table-1 show that the specific surface
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area, total pore volume and average pore diameter
increase with the doping of SnO,.The high specific
surface areas are favorable for providing a suitable
site for the high and uniform dispersion of active
components. The results indicate that the doping of
SnO, effectively inhibits grain growth of titania and
delays the transformation of titania from anatase to
rutile The result is consistent with WA-XRD patterns.
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Fig. 4: Nitrogen adsorption—desorption isotherm (a)
and the corresponding pore size distribution
curve (b) of TZ and TZS.

Table-1: Textural and Structural Parameters of of TZ
and TZS calcined at 800 °C.

Samples dp"/mm Sper’/m’g” V, fem’g! phase
TZ-800 12.4 and 17.2 136.9 0.107 anatase
TZS-800  13.0 and 17.9 159.9 0.171 anatase

“The average pore diameter is estimated using the adsorption branch of the
isotherm and Barret-Joyner-Halenda(BJH) model.

"The specific surface area is calculated by Brunauer-Emmett-
Teller(BET)method.

“The total pore volume is taken from the adsorption branch of the nitrogen
isotherm curve
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SEM

Fig. 5 shows the SEM images of the TZS-
800 before (a) and after waste treatment (b). It can be
seen that the diameter of the sample before waste
treatment is larger than that of after waste treatment.
This indicates that the samples are split into small
blocks in the process of the waste treatment, which
can be attributed to the ultrasonic mixing.

Fig. 5:

SEM images of the TZS-800 before (a) and
after waste treatment (b).

Photocatalytic Activity Tests

The photocatalytic properties of samples are
evaluated by examination of RhB dye degradation.
All the experiments are conducted at the neutral pH
with a catalyst concentration of 0.2g. Under visible
irradiation, the Rhodamine B is degraded with the
color of the dispersion changing from an initial red
color to a light green-yellow (Fig. 6). The
photodegradations of Rhodamine B  (initial
concentration, 20 mg L7) under visible light
irradiation (A-420nm) by using TZ-800 (a) and TZS-
800 (b) are depicted in Fig. 7. As seen in Fig. 7a,
when the RhB solution is irradiated with visible light,
the main absorbance (Ay,,) that maximized at 555 nm
can be observerd, and with the irradiation time, the
wavelength of the major absorption band gradually
shift to shorter wavelengths, from 555 nm to 498 nm
(Fig. 7a inset), accompanied with the broadening of
the absorption peaks. After 90 min of irradiation, the
peak intensity further decreased to 0.0837. For
sample TZS-800(Fig. 7b), with the irradiation time,
the wavelength of the major absorption band
gradually shift from 555 nm to 499 nm (Fig. 7b
inset), and after 90 min of irradiation, the peak
intensity completely diminished. This indicate that
the doping of SnO, enhance the photocatalytic
activity. The hypsochromic shift in A, of RhB is
confirmed to be due to the step-by-step de-ethylation
of RhB [35-37], and both the dye chromophores and
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the aromatic rings are destroyed; in other words, the
RhB molecules are degraded instead of simply being
decolorized [38-40].

Fig. 6: The picture of the dye before (a) and after
treatment (b).
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Fig. 7: The photodegradations of Rhodamine B
(initial concentration, 20 mg L) under
visible light irradiation (A-420nm) by using
TZ-800 (a) and TZS-800 (b).
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Fig. 8 shows photodegradation of RhB
under different conditions. The y-axis of degradation
was reported as C;/Cy. C; was the residual content of
RhB after different irradiation time. C, was the
original content of RhB. There was almost no
degradation as the solution with TZS-800 in dark
(Fig. 8a) and without any catalyst under visible light
irradiation (Fig. 8b). It can be clearly seen that, minor
removal of RhB occurs with catalyst TZ-800 unde
UV irradiation (Fig. 8c). In the presence of TZS-800,
the concentration of RhB decreased rapidly with
irradiation time (Fig. 8d). An amount of 99.3% of
RhB is removed using the TZS-800. While for TZ-
800, only 91.2% of RhB is degraded after this
illumination period. These results indicate that the
addition of SnO, enhance the photodegradation of
RhB.
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Fig. 8: Photodegradation of RhB under different

conditions (a) with TZS-800 in dark, (b)
without any catalyst and with visible light,
(c) with TZ-800 (0.2 g) and visible light, (d)
with TZS-800 (0.2 g) and visible light.
(A>420 nm; PH = 7; A420nm; initial
concentration of RhB is 20 mg L™).

Fig. 9 shows concentration variation of RhB
at various PHs of 5, 6, 7, 8 and 9, respectively. A
variation in pH from 5 to 9 greatly influences the
degradation of RhB. The photodegradation rate of the
RhB dye decreased in turn at pH of 7, 6, 8, 5,9, and a
drastic decrease of the degradation rate is found at pH
7.

The regeneration of photocatalyst is one of
key steps to make practical applications for the
photocatalysis technology. An examination of the
photocatalytic activity of the recycled film is carried
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out under UV light irradiation. The recyclability of
the catalyst TZS-800 is shown in Fig. 10. It can be
seen that the photocatalyst is recyclable for the
removal of RhB under UV irradiation, although the
photoactivity capacity gradually decreased from one
cycle to another. The degradation rate is still higher
and only decrease by 2% after 5 cycles.

[rradiation time (min)

Fig.9: The residual ratio (C/Cy) of RhB under
different PHs. The amount of catalyst is 0.2
g ;A>420nm; initial concentration of RhB is

20mg L™
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Fig. 10: Recycle of the TZS-800 for the degradation
of RhB.
Experimental

Chemicals and Materials

Macrogol 20000 (PEG 20000) and Pluronic
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P123 (M,, =5800) were purchased from Aldrich.
Titanium butyrate (TBT), ZrOCl,8H,0 and
SnCly5SH,O were purchased from Tianjin Yongda
Chemical Company. Nitric acid and ethanol were all
purchased from Beijing Fine Chemical Company.
Rhodamine B dye (V,N,N, N ’-tetracthylrhodamine,
RhB) obtained from Junsei was of analytical reagent
grade and used without further purification. The
structure of RhB is shown below.

CH,CH,

The structure of RhB
Synthesis

A typical sol-gel solution is prepared by
adding ethanol (EtOH), Pluronic P123 (MW =5800)
and Macrogol 20000 (PEG 20000) solutions to
Titanium butyrate(TBT)/nitric acid mixed solutions
under vigorous stirring at room temperature. The
typical weights in grams of each component are TBT/
PEG/P123/ EtOH =68 g/8 g/2.3 g/100g.
Subsequently the ZrOCl,-8H,0O and SnCly-5H,O are
added drop wise with vigorous stirring at 80 °C until
the mole ratio of Ti/Zr/Sn is 1:0.1:0.1. The obtained
mixed solution is subsequently aged at room
temperature for 24 h. The precipitate is recovered by
filtration, washed with water repeatedly, and air-dried
at room temperature. The template is removed by
calcining for 5 h at different temperatures. Then the
nanomaterial TiO,/ZrO,/SnO, 1is obtained, and
designated as TZS-T (T is calcined temperature).

On the contrary, the manomaterial
TiO,/ZrO, are prepared by the same method. The
samples are designated as TZ-T (T is calcined
temperature).

Characterization

Powder X-ray diffraction (XRD) patterns
are recorded on a Rigaku D/max-IIIB diffractometer
using Cu Ko radiation (A=1.5406 A), and the amount
of sample used for XRD is about 100mg. Nitrogen
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adsorption—desorption measurements (BET method)
are performed at liquid nitrogen temperature, with an
ASAP 2010 apparatus from Micromeritics. The
analysis procedure is fully automated and operated
with the static volumetric technique. Before each
measurement, the samples are dehydrated first at 150
°C for 6 h and the amount is about 0.1g.

Photocatalytic tests

The photocatalytic activity of samples under
irradiation of visible light is evaluated from an
analysis of the photodegradation of Rhodamine B
[41]. 0.2 g nanomaterial (TZ or TZS) is ultrasonically
dispersed in 40 mL Rhodamine B solution (20 mg/L).
After being stirred in dark for 30 min, the
adsorption/desorption of Rhodamine B molecules on
nanomaterial (TZ or TZS) reach equilibrium. The
solution is then irradiated with a visible light (125W
mercury lamp, a cut-off filter is used to remove the
light with a wavelength below 400 nm). The
concentration of solution is measured every 15min
with a Cary 100 UV-visible spectrophotometer. The
method of regeneration of photocatalyst is agreement
with the reference [42].

Conclusion

Ti0,/ZrO,/SnO, nanocomposite is prepared
by sol-gel method with Pluronic P123 and Macrogol
20000 as double template. The results show that the
doping of ZrO, and SnO, retard the crystal phase
transformation from anatase-TiO, to rutile-TiO,; the
materials have relatively regular pores and high
surface area; the presence of SnO, significantly
increase the degradation rate; the materials can be
used five times without decreasing their
photocatalytic capacities significantly.
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