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ABSTRACT

TiO,/HZSM-5 nano-composite photocatalysts were prepared by dispersing TiO, onto the surface of HCI-
treated NaZSM-5 zeolite using a sol-gel method. These materials were characterized by scanning electron
microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), BET surface
area analysis and X-ray photoelectron spectroscopy (XPS) measurements. Photocatalytic activities of
the supported catalysts were examined through methyl orange degradation under UV irradiation. The
results showed that HCl modification of NaZSM-5 did not noticeably change the surface morphology and
structure of the zeolite. Improved dispersion and restrained crystalline size of TiO, could be found after
supporting the TiO, on HZSM-5. Ti-0-Si bonds did not form between the HZSM-5 bulk and the supported
TiO,. Supported TiO, calcinated at 400 °C presented anatase structure. The titanium was in the oxidation
state of Ti**, and the oxygen was in the form of 02~ in both TiO, and SiO,. The adsorption ability and
photocatalytic degradation activity of TiO,/HZSM-5 nano-composite were better than that of bare TiO,,
accompanied with increasing specific surface area. Meanwhile, photocatalytic degradation activity of
TiO,/HZSM-5 changed remarkably when HZSM-5 supports treated with different concentrations of HCl
were used, giving the optimum HCI concentration of 0.3 mol/l. The recycling of TiO,/HZSM-5 photocat-
alyst was also investigated and methyl orange degradation rate was 82.4% of the initial rate after three

recycles.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Heterogeneous photocatalysis based on TiO, has attracted much
attention because of its application in the eliminations of aqueous
pollutants [1-3]. TiO, has showed many good aspects such as high
activity, low cost and chemically stable and has been applied to a
variety of environmental problems as a main photocatalyst espe-
cially in water and air purification [4-6]. Under exposure of light
irradiation, TiO, can produce highly oxidative hydroxyl radical that
can in turn result in thorough oxidation of most organic pollutants
into final products of CO,, H,O and other inorganic ions [7]. An
obstacle in the application of TiO, powder is that small photo-
catalyst particles make the separation process difficult after water
treatment when the photocatalyst is used as slurry.

TiO, nanostructure plays crucial role in photocatalytic degrada-
tion activity [8-10]. The dispersion of TiO, on solid supports is to
make TiO, in fine particles and to utilize the supports’ adsorption
ability. Certainly, dispersion of TiO, on solid supports also facili-
tates the recovery of photocatalyst from huge volume of treated
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water. Several kinds of deposition methods can be used to immo-
bilize TiO, onto different kinds of supports. Interactions between
TiO, and support may lead to enhanced photocatalytic activity
[11-13]. The support can also help on concentrating pollutants to
the photocatalyst surface [14-16].

Zeolites are considered to be important supports owing to their
high surface area, high thermal stability and eco-friendly nature.
Zeolites are also reported to provide specific photophysical prop-
erties such as control of charge transfer and electron transfer
processes [17-19]. A review of recent research revealed that sev-
eral zeolites such as HZSM-5 [20], Y-zeolite [21], H-mordenite [22],
mesoporous AI-MCM-41 [23], and clinoptilolite [24] are successful
supports for titanium dioxide. The composite photocatalysts were
proved effective for degradation and mineralization of herbicides
or pesticides.

ZSM-5 zeolite, with highly ordered micropores, surface acidity,
and ion-exchange capacities, is one of the most widely applied inor-
ganic materials as catalyst support, adsorbent, and molecular-sized
space for various chemical or photochemical reactions [25-27].
In this article, we concern the photocatalytic decomposition of
methyl orange (MO) over nano-composite photocatalysts that are
prepared by dispersing TiO, on a series of HCl-modified NaZSM-5
zeolites. Considering the relatively small pore size of ZSM-5 zeolite
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(0.4-0.7 nm), most of the photocatalytic degradation reaction must
take place on the surface of the compound photocatalyst. Thus, it is
worthwhile to investigate the effect of the surfaces and interaction
between TiO, and ZSM-5 zeolite as well. With this purpose, results
about the structure, crystal size, phase composition, morphology,
BET surface area and photocatalytic activity of the prepared photo-
catalysts are reported.

2. Experimental
2.1. HCl treatment of NaZSM-5

Zeolite NaZSM-5 (SiO,/Al;03 =50) was obtained from Nankai
Catalyst Corporation, China. Chemical composition of the zeolite is
2.1-2.3% Na;0, 2.3-2.5% Al, 03, and 86.0-87.0% SiO,.

HZSM-5 was prepared by HCl treating of NaZSM-5. 50g of
NaZSM-5 zeolite was put into a 1-1flask containing 500 ml different
concentrations of HCl aqueous solution. The reaction was main-
tained at 92-95 °C for 4 h under stirring. The solid-liquid mixture
was filtrated afterwards, and the zeolite was cleaned with diluted
water. A AgNOs3 test was applied to make sure that no Cl~ ion
remained in the zeolite. The zeolite HZSM-5 was dried at 110°C
for 12 h. After grinding, the HZSM-5 was calcinated at 550°C for 4 h
for activation. These supports were denoted as yHZSM-5, where x
is the HCl concentration.

2.2. Photocatalyst preparation

TiO,/ xHZSM-5 catalysts were prepared according to a sol-gel
process by the following method. Tetrabutyl titanate(Ti(OBu)g)

Fig. 1. XRD patterns of (a) ZSM-5 and (b) 30%TiO,/ xHZSM-5.

was added to the yHZSM-5 suspended ethanol solution under
continuous magnetic stirring. Another solution containing deion-
ized water and ethanol was slowly added to the above-mentioned
mixed slurry to hydrolyze tetrabutyl titanate adsorbed on yHZSM-
5 particles, and then the resulting slurry was still under continuous
magnetic stirring until it became a gel. The gel was dried at 90°C
for 12 h and calcinated at 400 °C for 2 h. Finally, the catalysts were
grinded into fine powder and stored in the dark. The maximum
methyl orange decolorization activity was achieved with 30 wt%
loading of TiO,. The catalyst, hereafter named as 30%TiO,/ xHZSM-
5, was employed as a template in this study.

2.3. Characterization of photocatalyst

The crystalline structure of the photocatalyst was measured
using X-ray diffraction (XRD, D/max-rB) with a Cu Ko source. The
samples were analyzed in a 20 range of 10-80° to identify the crys-
talline phase and also to assess the structural integrity of zeolite
samples during the course of photocatalyst preparation. The sur-
face morphology was observed by scanning electron microscope
(SEM, Hitachi S-3400N). The samples for SEM imaging were coated
with a thin layer of gold film to avoid charging. IR spectra of the
samples were recorded using FT-IR spectrometer (WQF-410) with
KBr pellets. The samples were analyzed in the wavenumber range
of 4000-400 cm~!. The titanium oxidation state was determined
using X-ray photoelectron spectroscopy (XPS, MULTILAB2000). The
BET specific surface area was measured by N, adsorption at low
temperature on surface area analyzer (F-Sorb 3400).

2.4. Photocatalytic reaction

Prior to photocatalytic experiment, methyl orange adsorptionin
the dark on the TiO,/HZSM-5 photocatalyst was measured in the
suspension. 50 ml of 10 mg/l methyl orange aqueous solution was
mixed with the photocatalyst in a 250 ml beaker. The suspension
was stirred magnetically for 25 min to reach adsorption equilib-
rium. After that, 5 ml suspension was taken out of the reactor and
filtrated through a Millipore filter (pore size 0.45 .m) to remove the
photocatalyst. Finally, absorbency of the solution was measured by
a721E spectrophotometer at the maximum absorption wavelength
of methyl orange (468 nm). The removal rate of methyl orange was
calculated by the following equation [16]:

Co—-C Ap-A .
n= G = A x 100%
where Cy and Ag are the initial concentration and absorbency
of methyl orange solution; C and A are the concentration and
absorbency of methyl orange solution after a certain time.

Photocatalytic activities of the prepared catalysts were evalu-
ated in a photocatalytic reactor. A 20W UV lamp was located at
the top of a 250 ml beaker with the distance of 15cm. The lamp
can irradiate UV light at wavelength of 253.7 nm with the inten-
sity of 1100 wW/cm?. In each experiment, 50 ml of 10 mg/l methyl
orange aqueous solution was put into a 250 ml beaker. The concen-
tration of TiO, was indicated below. In prior to turn on the lamp, the
solution was magnetically stirred for 25 min to ensure adsorption
equilibrium. The suspensions were filtrated through the Millipore
filter before measuring. If not indicated, the irradiation time in the
subsequent experiments was set to 30 min.

3. Results and discussion
3.1. Characterization of photocatalysts

XRD patterns of yHZSM-5 zeolites and 30%TiO,/xHZSM-5
(x=0.1, 0.3, 1) nano-composites are presented in Fig. 1. HCI treat-



64 W. Zhang et al. / Chemical Engineering Journal 163 (2010) 62-67

Table 1

Si/Al ratios of NaZSM-5 and xHZSM-5.

Sample NazSM-5 0.1HZSM-5 0.3HZSM-5 1HZSM-5 2HZSM-5
n(Si)/n(Al) 35 41 45 49 57

ment and dispersion of TiO, on yHZSM-5 did not damage the
zeolite’s structure that is characterized by three main peaks at 26
equal to 23.18°,23.99°, and 24.45°. The crystallinity of the resulting
HZSM-5 decreased since dealumination of ZSM-5 occurred on HCI
treatment.

Compared with XRD pattern of pure xHZSM-5 zeolite, inten-
sities of diffraction peaks of 30%TiO,/xHZSM-5 decreased or
disappeared, since the surface of zeolite was covered by TiO,. The
characteristic XRD peak of anatase was observed at 20=25.3° for
TiO, supported on yHZSM-5, and no significant rutile peak was
observed, showing that rutile phase did not form on the surface of
zeolite.

Surface morphologies of xHZSM-5 and 30%TiO,/xHZSM-5
(x=0.1, 0.3, 1) are shown in Fig. S1. It is obvious that the surface
of yHZSM-5 is relatively smooth (Fig S1a-c). After treating with
different concentration of HCl, there was no visible change in par-
ticle size as evidenced from SEM. xHZSM-5 zeolite particle size is
in the range of 0.5-5 pm. As a supporter, it can be easily separated
from the treated wastewater. At the same time, the particle size is
still small enough for good dispersion in the wastewater. The SEM
images of 30%TiO,/ xHZSM-5 composites (Fig S1d-f) became rough
after loading TiO, on xHZSM-5 zeolites.

The analysis of Si and Al elements was performed by energy dis-
persive spectroscopy in microarea, as shown in Table 1. The Si/Al
ratios increased with increasing HCl concentration during treat-
ment. It is proved that dealumination of ZSM-5 occurred after HCI
treatment. This helps in increasing the surface area and loading of
methyl orange.

The XPS spectra of the Ti2p region for the surface of pure
TiO, and 30%TiO,/0.3HZSM-5 are shown in Fig. 2. Only Ti(IV) is
found in pure TiO; and 30%TiO;/0.3HZSM-5. A main doublet com-
posed of two symmetric peaks situates at Eb(Ti2p3p,)=457.6eV
and Eb(Ti2p;;)=463.4eV is assigned to Ti(IV) [28] in both of the
spectra of pure TiO; and 30%TiO,/0.3HZSM-5. The O1s spectrum of
TiO, has only one peak at Eb(O1s)=529.4eV. The O1s spectrum of
30%Ti0,/0.3HZSM-5 has two bands, centered at 532.4 and 528.9 eV.
The former band corresponds to oxygen from SiO, of the zeolite
[29] and the latter is assigned to the combination of oxygen species
from TiO, [30]. It is suggested that titanium is in the oxidation state
of Ti**, and oxygen is in the form of 0%~ in both TiO, and SiO5.

Fig. 3 shows FT-IR spectra of the supported TiO, and the
zeolite treated at different concentration of HCl. The region at
3150-3700cm™"! is attributed to the hydroxyl stretching region
of zeolitic water, whose intensity decreases after HCl treatment
due to dehydrate of the zeolite. The strongest absorption peak
at 1047 cm~1, which is unchanged after 1 mol/l HCI treatment, is
assigned to the framework stretching vibration band of Si(Al)-0 in
tetrahedral Si(Al)Oy4 in the zeolite, indicating that zeolite structure
is not destroyed. The structural bands at 450-900 cm~! are respon-
sible for the stretching vibrations of T-0, T-O-T, and O-T-0 bonds
in tetrahedral SiO4 and AlO4. At the same time, no obvious band
can be observed at the region of 950-960 cm~"! that is assigned to
the antisymmetric stretching vibration of Ti-O-Si bond [31]. It is
suggested that no strong chemical interaction takes place between
TiO, and the zeolite, hence TiO, maybe disperse on the surface of
the zeolite, or encapsulate partly the zeolite cavity.

To measure the crystalline sizes of TiO, nanoparticles, the d
(101) spacing at 25.52 (26) for anatase is used. X-ray peak broad-
ening is analyzed by employing Scherrer’s equation. The average
crystalline sizes of supported TiO, nanoparticles are around 19 nm,

Fig. 2. XPS spectra of Ti2p and O1s of (a) TiO, and (b) 30%TiO,/0.3HZSM-5.

which is smaller than 45.2 nm of bare TiO,, as indicated in Table 2.
Improved dispersion and restrained crystalline size of TiO, can be
found after supporting the photocatalyst on yHZSM-5. The BET
surface areas of the pure NaZSM-5, xyHZSM-5 and TiO, loaded on
the zeolites are shown in Table 2. The surface area of the zeo-
lite increased with increasing HCI concentration during treatment.
After loading TiO, on the yHZSM-5, the surface area of all the
supported catalysts decreased as compared to pure yHZSM-5. Tita-
nium dioxide particles were deposited on the surface of the zeolites
and subsequently partially blocked the pores [32], resulting in the
decrease of the surface area. However, the supported catalysts still
possess much higher surface area than the bare TiO,.

When contacted with methyl orange in the dark,
30%Ti0,/ xHZSM-5 nano-composites showed different adsorption
capacities. The bare TiO, could hardly adsorb methyl orange.
All supported photocatalysts exhibited greater adsorption than
bare TiO,, indicating the importance of increased surface area
in adsorption. The adsorption capacities of the corresponding
30%TiO,/xHZSM-5 nano-composites increased constantly from
2.92 to 5.71% with increasing HCl concentration ranging from 0.1
to 1 mol/l during treatment.

3.2. Photocatalytic degradation

Total methyl orange removal is composed of two parts,
adsorption on photocatalyst and photocatalytic degradation. The
adsorption of MO on the photocatalyst is shown in Table 2. In
the following statements, MO removal is solely the contribution
of photocatalytic degradation. Fig. 4 shows the influence of HCl
concentration on methyl orange degradation rate by varying HCI
concentration from 0.1 to 2mol/l. The degradation rate of MO
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Fig. 3. FT-IR spectra of (a) ZSM-5 and (b) 30%TiO,/ xHZSM-5.

solution increased significantly from 22.2 to 36.5% when HCI con-
centration increased at a range from 0 to 0.3mol/l, and then
decreased with further increase of HCI concentration, although the
adsorption of MO increased. MO molecules can be adsorbed directly
on catalyst surface. However, too strong adsorption is unfavor-
able possibly for two reasons: poor migration of the adsorbed dye
molecules on the surface, and ineffective activation of TiO, due to
the blockage of UV light by large dye molecules [32]. Therefore,
0.3 mol/l can be the optimum HCI concentration in the treatment
of NaZSM-5 zeolite as a support for TiO,.

The effect of photocatalyst concentration on methyl orange
degradation rate was studied by varying TiO, concentration from
0.1 to 1.6 g/1, as illustrated in Fig. 5. The degradation rate increased
significantly from 11.2 to 42.5% with increasing TiO, concentration

Table 2
TiO; crystal size, BET surface area and adsorption of methyl orange.

Sample TiO, crystal Sger (M2/g) Adsorption of
size (nm)? methyl orange (%)
TiO, 45.2 84.2 0.81
NazZSM-5 2293 235
0.1HZSM-5 298.7 3.26
0.3HZSM-5 3374 4.82
1HZSM-5 346.7 6.34
30%Ti0,/NaZSM-5 18.3 115.7 1.72
30%Ti0,/0.1HZSM-5 19.4 179.7 2.92
30%Ti02/0.3HZSM-5 19.7 239.6 411
30%Ti0,/1HZSM-5 18.4 2429 5.71

@ Calculated from (10 1) diffraction peak of anatase TiO, using Scherrer’s equa-
tion.

Fig. 4. Photocatalytic degradation of methyl orange as a factor of HCl concentration
(TiO, concentration was 0.5 g/l for all photocatalysts).

at a range from 0.1 to 1.0g/l and increased quite slowly after-
wards due to light scattering and screening effect of suspended
photocatalyst particles. It is suggested that at low level of pho-
tocatalyst concentration, increasing amount of photocatalyst can
provide more reactive sites that are responsible for the enhance-
ment of degradation efficiency. However, the solution becomes
cloudy and opaque at high level of photocatalyst concentration,
leading to reduced light penetration and available active site [33].
The increase of concentration may also result in the agglomeration
of photocatalyst particles so that part of the photocatalyst surface
becomes unavailable for photon absorption and dye adsorption.

Fig. 6 shows the relationship between methyl orange degrada-
tion and irradiation time for pure TiO, and 30%Ti0,/0.3HZSM-5 at
0.5 g/l of TiO, dosage. Photocatalytic activity of HZSM-5 was also
studied as comparison. When using 2 g/l of HZSM-5, methyl orange
degradation rate was less than 1% after 150 min of irradiation.
HZSM-5 zeolite has very weak photocatalytic activity on methyl
orange degradation under UV irradiation. Methyl orange degrada-
tion rates increased with irradiation time using either pure TiO; or
30%Ti0,/0.3HZSM-5. After 150 min of irradiation, methyl orange
degradation rate was 99.5% using 30%TiO,/0.3HZSM-5 compos-
ite as photocatalyst. Methyl orange degradation rate of pure TiO,
under the same condition was much lower than 30%TiO,/0.3HZSM-
5 composite. The results show that photocatalytic activity of TiO,
is improved by supporting it on HZSM-5 zeolite.

Fig. 5. TiO, concentration on methyl orange photocatalytic degradation using
30%Ti0,/0.3HZSM-5.
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Fig. 6. Methyl orange photocatalytic degradation with prolonged irradiation time.

UV-visible spectra of methyl orange solution after irradiation
on TiO, and 30%Ti0,/0.3HZSM-5 are shown in Fig. 7. The absorp-
tion peaks in UV and visible regions shrank as the irradiation time
increased, indicating the disappearance of the corresponding func-
tional groups of methyl orange molecules.

The recycling of photocatalyst is a very important parameter
to assess the photocatalyst practicability. In our experiment, recy-
cling of 30%Ti0O,/0.3HZSM-5 was performed, as shown in Fig. 8. The
photocatalyst was recycled after filtration and heating treatment at

Fig.7. UV-visible spectra of methyl orange solution after irradiation on (a) TiO, and
(b) 30%Ti02/0.3HZSM-5.

Fig. 8. Recycling of 30%TiO,/0.3HZSM-5 on methyl orange photocatalytic degrada-
tion.

200°C for 2 hin every cycle. After four cycles, methyl orange degra-
dation rate decreased from 33.5 to 27.6%, maintaining 82.4% of the
initial activity. The decrease of photocatalytic activity was due to
TiO5 loss from the zeolite surface and the fouling of the photocata-
lyst by by-products during degradation [33]. The TiO, attached on
the zeolite may lose during filtrating and washing processes. Heat
treatment can cause the elimination of by-products, and refresh
the photocatalyst surface, resulting in recovery of photocatalytic
activity. On the other hand, heat treatment can also induce photo-
catalyst aggregation after several recycles and lead to decrease of
surface area and photocatalytic efficiency.

4. Conclusions

TiO, was dispersed using sol-gel method on the surfaces of
a series of HZSM-5 zeolite supports treated by different con-
centrations of HCl. The modification of supports by HCl did not
affect the zeolite’s structure. The surface areas of the zeolite and
the TiO,/HZSM-5 nano-composite increased with increasing HCl
concentration during treatment. The adsorption ability and photo-
catalytic activity of TiO, /HZSM-5 were better than that of bare TiO,.
The optimum concentration of HCl in treating NaZSM-5 zeolite was
0.3 mol/l. The composite photocatalyst had good photocatalytic
activity after three recycles.
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