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SYNTHESIS AND CHARACTERIZATION OF TIO2/ZSM-5
PHOTOCATALYSTS FOR DEGRADATION OF RHODAMINE

ZSM-5 synthesized by the hydrothermal method from raw kaolin clay was used as support to
prepare TiO2/ZSM-5 catalysts via the sol-gel method. All prepared samples were characterized by
X-ray fluorescence spectrometry (XRF), X-ray diffraction (XRD), scanning electron microscopy
(SEM), Fourier transform infrared (FT-IR), ultraviolet-visible spectroscopy (UV-Vis), transmission
electron microscopy (TEM), particle size analysis and surface area measurement. The photocatalytic
performance of TiO2/ZSM-5 was investigated based on rhodamine B (RhB) removal under UV radia-
tion (450—-600 nm. The results showed that the kaolin clay was successfully transformed into ZSM-5.
The BET surface area and pore size distribution of the synthesized ZSM-5 were 364 m?/g and 0.54 nm,
respectively. SEM and TEM revealed that TiO2 nanoparticles were well distributed on the surface of
ZSM-5. The composite TiO2/ZSM-5 catalyst showed 98.53% removal, which is higher than that of
pure TiO2 (80.13%) due to adsorption and degradation of RhB (5.0 mg/dm?) under 60 min UV light
irradiation at 1 g/dm? photocatalyst loading. The synergistic effect of TiO2 and ZSM-5, including ad-
sorption, conduction band electron (e), and valence-band holes (h*), makes the composite superior to
pure TiO2, showing its potential for the degradation of organic dye.
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1. INTRODUCTION

In the past few years, the life expectancy of people has greatly improved owing to
the development of science and technology, however, significant environmental pollu-
tion has been simultaneously generated by artificial activities. To reduce environmental
pollution, many researchers have paid great attention to semiconductor photocatalytic
techniques for cleaning trace pollutants in air and water [1, 2]. To date, different semi-
conductor photocatalysts have been reported, including ZnO [1], Agz:PO4 [3], SnO; [4],
WO; [5], Bi2O3 [6] and TiO; [7]. TiOz is an n-type semiconductor with a bandgap of
3.6 eV [7]. It has been widely used as a photocatalyst for environmental remediation of
pollutants owing to its biological and chemical inertness, strong oxidizing power, nont
-toxicity, and long-term stability against photo and chemical corrosion. After irradiation
of TiO, with UV light, electron and hole pairs can be produced, which effectively de-
compose organic pollutants into CO, and H,O [8].

Recently, many researchers have focused on the production of TiO, nanoparticles,
but their aggregation in suspension limits their applications in photocatalytic systems.
Furthermore, the photocatalytic activity of TiO, is greatly influenced by the surface
area, particle size, and porosity [9]. Enhancing the surface area of TiO; is the most ef-
fective way of improving the efficiency in photocatalytic oxidation reactions [9]. Many
researchers immobilized TiO, nanoparticles on solid support materials to overcome
these drawbacks resulting from synergistic effects. Activated carbon, Al,Os, and zeo-
lites are promising materials to support TiO, [10]. Among other support materials, zeo-
lites are widely used owing to their several advantages such as low cost, high specific
surface area, hydrophobicity/hydrophilicity, tunable properties, and eco-friendliness na-
ture [11].

Zeolite Socony Mobil-5 (ZSM-5) has been widely used in many important catalytic
reactions owing to its special pore structure [11]. ZSM-5 is also very popular as a semi-
conductor catalyst, and TiO; support [12]. The synthesis method and silicon and aluminum
sources are key in determining the properties of ZSM-5 [13]. ZSM-5 zeolite is fabricated
via different silanization processes using tetracthoxysilane (TEOS) or Na,SiO3-9H,O
as silicon sources and aluminum salts as aluminum sources. Among other silicon and
aluminum sources, natural clay is considered an alternative source for zeolite synthesis
owing to its low cost and abundance. Highly crystalline ZSM-5 has been prepared using
natural clay [14].

In this study, the authors synthesized ZSM-5 via a hydrothermal method using do-
mestic kaolin clay and sodium silicates as aluminum and silicon sources, respectively.
The as-synthesized ZSM-5 was used to prepare TiO,/ZSM-5 catalysts, which were char-
acterized using modern analysis techniques. Furthermore, the photocatalytic perfor-
mance of TiO,/ZSM-5 composites was evaluated by the degradation of RhB under UV
irradiation. The degradation kinetics and possible mechanism were investigated.
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2. MATERIALS AND METHODS

Chemicals. Kaolin clay was obtained from Longyan city in China. Sodium hydrox-
ide (NaOH), sodium silicate, absolute ethyl alcohol (EtOH), tetrapropyl ammonium bro-
mide (TPABr), hydrogen peroxide (30%, H,0,), and tetrabutyltitanate (TBOT) were
purchased from Sinopharm Chemical Reagent Co., Ltd. The Rhodamine B (RhB) was
obtained from Sigma-Aldrich. All chemical agents were used without any purification.

Synthesis of ZSM-5 and TiO./ZSM-5 catalyst. SM-5 was synthesized via a hydro-
thermal method using kaolin clay and sodium silicate as aluminum and silicon sources
[14]. First, 6.0 g of kaolin clay and 10.0 g of sodium silicate were dissolved in 100 cm®
of distilled water. Then, 1.6 g of NaOH and 3.0 g of TPABr were added, and the mixture
was stirred at 150 rpm at room temperature for 24 h using a magnetic stirrer to form
a homogeneous solution. Next, the homogeneous solution was carefully poured into
a high-pressure reactor and heated in an oven (DHG-9036A, Shanghai Jinghong, China)
at 180 °C for 24 h, and precipitate (the original ZSM-5) was obtained. The original
ZSM-5 was washed three times with distilled water and dried at 80 °C for 8 h in a drying
oven. Finally, the original ZSM-5 was calcined in an oven (KSL-1200X, HF-Kejing,
China) from room temperature to 550 °C at a heating rate of 5 °C/min, and then held for
6 h to form ZSM-5. Further, a sol-gel method was employed to prepare the TiO,/ZSM-
5 composite catalyst denoted as TiO»/ZSM-5(X) (the mass ratio of ZSM-5 to TiO,). For
example, TiO,/ZSM-5(5) indicated that 6.0 g of ZSM-5 was added to the solution con-
taining 3 cm’® of H,O, 25 cm”® of EtOH, 2 cm”® of H,0; as the stabilizing agent, and 5.13 cm®
of TBOT with 8 h continuous stirring. Then, the solution was filtered using a centrifugal
filter (H-2050R, Changsha-Xiangyi, China), washed with EtOH, and dried at 80 °C for
12 h in a drying oven (DHG-9031A, Jinghong, China) and calcined from room temper-
ature to 550 °C at a heating rate of 5 °C/min and then held for 2 h. TiO»/ZSM-5(3) and
Ti0,/ZSM-5(1) were also prepared following the same procedure. Pure TiO, was pre-
pared by a similar method but without adding ZSM-5. Figure 1 shows a schematic of
the synthesis procedure for TiO»/ZSM-5 catalysts.
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Fig. 1. Synthesis procedure of TiO2/ZSM-5 catalysts
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Characterization of ZSM-5 and TiO»/ZSM-5 catalysts. The synthesized samples were
characterized by powder X-ray diffraction (XRD) (X pert MPD Pro, Philips, Holland),
N> adsorption-desorption isotherms (TriStar 3020, Micromeritics, USA), UV-Vis diffuse
reflectance spectra (UV-101, Hitachi, Japan), and scanning electron microscopy (SEM)
(SU-70, Hitachi, Japan). The chemical composition of kaolin clay was analyzed by X-ray
fluorescence spectroscopy (XRF) (SRS3400, Bruker). XRD patterns were obtained using
a Rigaku D/max-rB diffractometer with graphite monochromatized Cu-Ka radiation gen-
erated at 40 kV, 40 mA, and scanning 26 of 5-60°. The special surface area, pore volume,
and pore diameter of the samples were obtained from the N, adsorption-desorption iso-
therm operated at 77 K. The micropore-size distribution of all as-synthesized samples was
analyzed by the Horvath—-Kawazoe (HK) method. The optical properties were determined
by UV-Vis spectrometry. All as-synthesized samples were directly observed under SEM
operated at an acceleration voltage of 5 kV. The microstructures of the as-synthesized
samples were determined using an optical microscope (MF600D-TFBD, Canon, Japan),
and the submicroscopic structures were observed using a transmission electron micro-
scope (TEM, Tecnai F30, FEI, American) with an accelerating voltage of 300 kV.

Photocatalytic performance evaluation. A quartz photoreactor was kept in a steel
container with a magnetic stirrer. A 40 W high-pressure mercury lamp was used as
a light source. The lamp was placed 10 cm above the RhB solution. The initial RhB dye
solution was 5.0 mg/dm’. The RhB dye was degraded by a 1.0 g/dm’ TiO,/ZSM-5 cat-
alyst under UV light. For the degradation experiment, RhB dye was dissolved in dis-
tilled water, the solution pH was close to 7, and the experiment was conducted at room
temperature. Each experiment was repeated three times, and the average values were
recorded. After 30 min stirring in a dark condition as a background reaction, the con-
centration of RhB decreased, which is attributed to the adsorption by the catalyst. In the
beginning, the UV lamp was turned on and irradiated for 60 min. The catalytic activity
of all samples was evaluated by the degradation of the RhB solution under UV light.
Then, the absorbance of the supernatant was recorded at a maximum absorption wave-
length of 450-600 nm using a UV-Vis spectrophotometer (UV-2550, Shimadzu, Ja-
pan) and transformed into the concentration of RhB based on the calibration of
a standard curve. To further demonstrate the photostability performance of the com-
posite catalyst, TiO,/ZSM-5(5) was repeatedly used four times to degrade the RhB
dye solution (5 mg/dm?).

3. RESULTS AND DISCUSSION
The XRF results of kaolin clay are listed in Table 1. The sample contained 90.32%

and 9.68% of Al,O; and SiO,, respectively, indicating that Al,O3 and SiO, are dominant
in kaolin clay, and the molar ratio of SiO; to Al,Os is close to 1.6 [15].
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Table 1
The components of kaolin clay
Component Percentage Phase Percentage
p [wt. %] [wt. %]
AlLO3 34.92 kaolinite 90.32
SiO» 55.40 others 9.68
CaO 391
V20s 0.10
MnO 0.07 total 100
Fe203 0.32
Rb20 0.07
710> 0.01
Nb2Os 0.02
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Fig. 2. XRD patterns of a) ZSM-5, b) TiO2/ZSM-5,
¢) TiO2/ZSM-5(3), and d) TiO2/ZSM-5(1)

ZSM-5 prepared by mixing kaolin clay and sodium silicate was used as a support
for TiO,/ZSM-5 catalysts. Figure 2 shows the XRD patterns of the synthesized ZSM-5
and Ti0,/ZSM-5 catalysts containing different amounts of TiO,. All samples displayed
five definite peaks at 7.98°, 8.82°, 23.18°, 24.02°, and 24.46°, which are ascribed to the
(101), (020), (503), (151), and (303) reflections, respectively, indicating that all as-syn-
thesized samples exhibit the MFI-type structure [16]. The loading of TiO, could not
break the MFI-type structure. Curves b—d show the XRD patterns of TiO,/ZSM-5(5),
Ti0,/ZSM-5(3), and TiO,/ZSM-5(1), respectively. Four common diffraction peaks ob-
served at 25.23°, 37.82°, 48.05°, and 53.91°, attributed to the (101), (112), (200), and
(105) planes, were affected by the reflection of the anatase of TiO; [17]. Comparing
Ti0,/ZSM-5(5) and TiO,/ZSM-5(1), we find that the intensities of the 25.23°, 37.82°,
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48.05°, and 53.91° peaks increased with an increase in the amount of TiO,, confirming
that ZSM-5 was loaded with TiOs.
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Fig. 3. SEM images of kaolin clay (a), ZSM-5 (b), TiOz(c), TiO2/ZSM-5 (d), TEM image
of TiO2/ZSM-5 (e), N2 adsorption-desorption isotherms, and pore size distribution of TiO2/ZSM-5 (f)

Figures 3a—3d show SEM images of kaolin clay, ZSM-5, TiO,, and TiO,/ZSM-5.
Figures 3e and 3f show the TEM image and pore-size distribution of TiO»/ZSM-5, respec-
tively. Figure 3a shows the schistose and acicular shapes of the kaolin clay. ZSM-5 showed
uniform small particles with a size of 5 um, and a twinned hexagonal crystal shape
without extra particles. Pure TiO, was well bonded together, as shown in Fig. 3¢c. SEM
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image of TiO2/ZSM-5(5) revealed a ZSM-5:TiO, ratio of 5:1. TiO, nanoparticles were
evenly dispersed in a solution before deposition onto ZSM-5. Furthermore, TiO, content
in Ti02/ZSM-5 was less than that of ZSM-5. Consequently, only small amounts of TiO»
nanoparticles were loaded on the surface of ZSM-5, which is consistent with the result
reported by Huang et al. [18]. The TEM image of the TiO,/ZSM-5 catalyst shows the
lattice fringes of 0.382 nm spacing corresponding to TiO,.

The N> adsorption-desorption isotherms and micropore size distribution of TiO;
/ZSM-5, (Fig. 3f) were analyzed using the HK method. They reveal a significantly high
uptake in the region with P/Pgless than 0.1, indicating microporosity in ZSM-5 [17].
The BET data of ZSM-5 show that it has a surface area of 364 m%*/g. ZSM-5 showed
a narrow micropore size distribution of 0.5-0.55 nm. The high BET surface area of ZSM-5
increases the dispersion of TiO, and enhances the adsorption of reactants on the catalyst
surface, improving the photocatalytic efficiency [19].
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Fig. 4. FT-IR spectra of ZSM-5 (a), TiO2/ZSM-5(5 (b),
Ti02/ZSM-5(3) (c¢), TiO2/ZSM-5(1) (d)

The FT-IR spectra of ZSM-5 and composite TiO2/ZSM-5 catalysts containing dif-
ferent amounts of TiO, are shown in Fig. 4. All samples showed consistent vibration
bands at 475, 546, 795, 950, and 1119 cm™!. The bands at 1119 and 795 cm™! are at-
tributed to the internal asymmetric stretching vibration and external symmetric stretch-
ing of Si-O-Si bonds of ZSM-5, respectively [20]. The band at 950 cm™" was assigned to
the stretching vibration of the Si-OH group [21], and that at 546 cm™ is attributed to five-
membered rings of the Ti-Si pentasil zeolite structure [22]. Finally, the band at 475 cm™
was assigned to the bending vibration of SiO4. We infer that the structure of ZSM-5 is
complete when ZSM-5 is loaded with TiO, based on the conformable XRD patterns of
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ZSM-5 and composite TiO»/ZSM-5. FT-IR spectra of TiO2/ZSM-5(5), TiO»/ZSM-5(1),
and TiO,/ZSM-5(3) correspond to curves b—d in Fig. 4. The series of TiO,/ZSM-5 cat-
alysts showed a wide band from 504 to 657 cm™', which corresponds to the Ti-O-Ti
vibration. The absorption peak corresponding to TiO, became more obvious with an
increased TiO, content, which is consistent with the XRD result.
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Fig. 5. UV-Vis spectra of ZSM-5 (a), TiO2/ZSM-5(5) (b),
Ti02/ZSM-5(3) (c), TiO2/ZSM-5(1) (d)

Figure 5 shows UV-Vis diffuse reflectance spectra of ZSM-5 and composite TiO»
/ZSM-5 catalysts containing different amounts of TiO,. ZSM-5 showed a weak absorp-
tion band at about 250-280 nm (Fig. 5a). A broad absorption band was observed at 380
nm (Fig. 5b) when ZSM-5 was loaded with 20% of TiO,. With an increase in TiO»
content, the intensity of the absorption band of TiO,/ZSM-5 catalysts continuously in-
creased. Interestingly, the broad absorption bands of the catalysts were similar between
380 and 400 nm, indicating that the TiO»/ZSM-5 catalysts with different amounts of
TiO; have similar bandgap (ca. 3.2 eV) [23].

The textural properties of ZSM-5 and TiO,/ZSM-5 catalysts containing different
amounts of TiO; are listed in Table 2. The BET and t-plot revealed a surface area of
364 m*/g for ZSM-5, and that of TiO./ZSM-5(5), TiO2/ZSM-5(3), and TiO»/ZSM-5(1)
are 315, 303, 289 m*/g, respectively, indicating a decrease in BET surface area with an
increase in the ZSM-5/TiO; ratio. The increase in the BET surface area of the photo-
catalyst increases the available adsorption sites, and consequently, prevents the recom-
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bination of photogenerated electron—hole pairs, thereby increasing the rate of photoca-
talysis [24]. The photocatalytic performance of the TiO,/ZSM-5 catalysts was evaluated
by the decomposition of organic RhB dye.

Table 2
Textural properties of ZSM-5 and TiO2/ZSM-5

with different amounts of TiO>
Sample SBET Sex Viotal Dux
[m%g] | [m%g] | [em’/g] [nm]
ZSM-5 364 182.4 0.07 0.54
Ti02/ZSM-5(5) 315 171.6 0.08 0.54
Ti02/ZSM-5(3) 303 166.9 0.08 0.54
Ti02/ZSM-5(1) 289 152.8 0.07 0.53
Pure TiO> 19.5 11.5 0.07 0.42

Seer — the specific area determined by the Brunauer—Emmet—Teller
method, Sext — internal specific surface area, Viotal — the total pore volume, and
Dux — pore diameter determined by the Horvath-Kawazoe method.
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The photocatalytic activity of TiO,/ZSM-5 catalysts for the decomposition of RhB
in an aqueous solution under UV irradiation was tested. Figure 6 shows the UV-Vis
absorption spectrum for the photocatalytic degradation of RhB in the presence of TiO»
/ZSM-5(5), TiO2/ZSM-5(3), and TiO»/ZSM-5 (1) under UV light with wavelengths
ranging from 250 to 270 nm. First, all RhB solutions were dispersed in the dark using
a magnetic stirrer to achieve adsorption—desorption equilibrium, after which they were irra-
diated by UV light. After 1-h irradiation, the RhB solution still showed a strong UV-Vis
absorbance spectrum of RhB (Fig. 6a). With an increase in TiO, content, the UV-Vis
absorbance spectrum of the catalyst gradually became weaker (Figs. 6b and 6¢, and
Ti0,/ZSM-5(5) catalyst showed the highest photocatalytic activity.
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Fig. 7. Photocatalytic degradation (a) and kinetics (b) of blank, ZSM-5, TiO2/ZSM-5(5),
and pure TiO> for degradation of RhB in the dark and under UV light irradiation

Figure 7a shows that only 2.8% of RhB underwent self-degradation, even after 60-min
irradiation. However, under the dark condition, the photocatalytic dye decomposition
curve of ZSM-5 was 6.0%, which is slightly higher than that of TiO2/ZSM-5 (4.1%)
because there was only catalytic adsorption. This is consistent with the BET results,
which show that the BET surface area of ZSM-5 is larger than that of TiO»/ZSM-5.
Only ZSM-5 could not further remove RhB under continuous UV irradiation, confirm-
ing that ZSM-5 is not photoactive for RhB decomposition. However, TiO,/ZSM-5 could
significantly remove the dye, indicating that TiO, exhibits excellent photoactivity,
which is consistent with the results of Suwarnka et al. [25]. TiO»/ZSM-5(5) showed
a maximum photodegradation of 98.53%, which is higher than the 80.13% shown by
pure TiO>. The RhB removal is attributed to the synergistic effect of ZSM-5 and TiO..
The kinetics of all as-synthesized samples for RhB degradation under UV light irradia-
tion is shown in Fig. 7b. The photocatalytic degradation can be described by pseudo-
-first-rate-order kinetics, In(Co/C) = kt, where k is a pseudo-first-rate kinetic constant,
t is the irradiation time (min), Cy and C denote the RhB initial and final concentration
(mg/dm®). The calculated k value for TiO»/ZSM-5(5) is 0.063, which is 2.1 times that
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of pure TiO,. Thus, the photocatalytic activity of the TiO,/ZSM-5 catalyst is signifi-
cantly higher than that of TiO,.

Photocatalytic reactions by TiO, under UV irradiation have higher energy than the
TiO, bandgap. Figure 8 shows a schematic of the adsorption and photocatalytic degra-
dation mechanism of RhB molecules on TiO,/ZSM-5 catalyst. The conduction electron
band (¢") and valence hole band (h") were generated when an aqueous TiO»/ZSM-5
suspension was irradiated by UV light, forming reactive oxygen species. Holes, ‘'OH
radical, and "O; can effectively oxidize, degrade, and mineralize RhB molecules [26].
The adsorption of RhB molecules on the TiO,/ZSM-5 catalysts is attributed to the high
surface area of ZSM-5, resulting in the formation of a high concentration of RhB on the
ZSM-5 surface. When TiO,/ZSM-5 catalyst is irradiated by UV light, TiO; can generate
strong oxidation potential to degrade RhB owing to the formation of hydroxyl radicals
and valence band holes [27], implying that a composite catalyst for field applications
can be obtained by combing TiO, and ZSM-5.

uv

o
“."4 &.
. a +
h
g ® RhB

[ ] /ﬁ‘
L . Degradation
- o o ,~. pro%ucts
o d
"‘ ZSM-5 ) 3 ;:
" L " - I
~
. . . . 0, ‘ °® ﬁ- OH N
Fig. 8. Schematic diagram for the adsorption ’\ <, -yf @ TiO2
and photocatalytic degradation of RhB JJe"  on- ® RhB
molecules on a catalyst .02
1004 Cycle 1 Cycle 2 Cycle 3 Cycle 4
80 -

3

S 60

o

3

S 404 @ 1 a 1

0 4 [ ]
0 50 100 150 200 250

Irradiation time (min)

Fig. 9. Four photocatalytic degradation cycles of RhB using TiO2/ZSM-5(5)

under UV light (M(catatysyy = 1 g/dm?, Cornp) = 5 mg/dm?)



40 R.Liwvetal.

To investigate the photostability of the composite catalysts, 5 mg/dm’® of RhB dye was
degraded four times using 1 g/dm?® of TiO/ZSM-5(5) (Fig. 9). TiO2/ZSM-5(5) showed high
photostability after four photocatalytic degradation cycles. The photocatalytic effi-
ciency decreased by only 2.5%, indicating that TiO, nanoparticles adhered tightly to the
ZSM-5 surface.

4. CONCLUSION

Composite TiO,/ZSM-5 catalysts were synthesized and evaluated for photocatalytic
degradation of RhB dyes under UV irradiation. The catalysts showed high surface area,
strong UV absorption, and a small bandgap. The high BET surface area of ZSM-5 in-
creases the dispersion of TiO,, increasing the number of available adsorption sites,
which prevents the recombination of photogenerated electron—hole pairs. Thus, the rate
of photocatalysis is increased. Under optimum conditions, TiO»/ZSM-5 showed 98.53%
RhB removal under UV irradiation, which is higher than that of pure TiO, (80.13%),
indicating that the combination of adsorption and photocatalytic degradation enhanced
the RhB removal. After four photocatalytic degradation cycles, only a 2.5% reduction
in the removal efficiency of the catalysts was observed, confirming that TiO, nanopar-
ticles adhered tightly to the ZSM-5 surface. This study serves as a good basis for inves-
tigating TiO,/ZSM-5 catalysts to promote their applications in reducing the environ-
mental pollution.
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