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ABSTRACT

A sol-gel synthesizing method was applied to prepare thin porous titanium dioxide layer sup-
ported on the zeolite. Hexadecyltrimethylammonium bromide can enhance the porosity of TiO,
layer and the activity. This work aims at the influences of calcination temperature on the character-
istics of the TiO,/zeolite composites. The only substance in the supported layer of the TiO,/zeolite
composites is anatase TiO,. The crystallite sizes of anatase titanium dioxide in the composites cal-
cined at 350°C, 400°C, 450°C and 500°C are 8.8, 10.0, 11.8 and 12.3 nm, and the bandgap energies are
2.67,3.08, 3.21 and 3.21 eV for the composites, respectively. The TiO,/zeolite composites are typical
mesoporous materials, and the mesopores are formed in the TiO, layer. The composite sample cal-
cined at 400°C has the largest specific surface area (229.7 m?/g), which is close to that of the zeolite.
Many mesopores are formed in the TiO, layer of the TiO,/zeolite composite. The maximum number
of hydroxyl radical is produced on the TiO,/zeolite composite calcined at 400°C, accompanied with
the strongest photocatalytic activity. Acid Red 1 dye is almost thoroughly degraded after 90 min of
reaction in the presence of the TiO,/zeolite composite.

Keywords: Photocatalytic degradation; Sol-gel; TiO, Hexadecyltrimethylammonium bromide;

Acid Red 1

1. Introduction

The concern of hazardous organic pollutants has
promoted the wastewater treatment techniques [1]. The
wastewater treatment techniques include the traditional
flocculation, adsorption and biochemical treatments. The
photocatalytic oxidation of organic pollutants has become a
prospective technique in wastewater treatment [2,3]. Many
harmful organic substances, for example, industrial dyes
and antibiotics, can be degraded by the photocatalytic oxi-
dation technique, and fully mineralization of these organic
pollutants can be accomplished [4-6]. Numerous literatures
about the application of titanium dioxide were reported
[7-10]. Modification of the material is necessary to fulfill
the operation conditions in the treatment plants [11-15].

* Corresponding author.

Fine photocatalyst particles usually have a large surface
area and good activity, but the fine particles are easily sus-
pended in the wastewater. Since the materials are reused
after wastewater treatment, the materials must be quickly
removed from the water. Photocatalyst films are deposited
on glass, ceramic and other kinds of substrates [16-20].
Although the supported photocatalyst films can be easily
removed from the water, the activity of the films is usually
much weaker than the activity of the fine particles. HZSM-5
zeolite is studied as a porous supporting material, and the
most interesting finding is the improved photocatalytic
activity of the supported TiO, [21-23].

Templates are used to synthesize porous photocatalysts,
and the activity of the materials usually depends on the
porous structure [24-26]. The influences of a template on the
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supported TiO, are interesting, especially if the support is
also a porous zeolite. In the present work, hexadecyltrime-
thylammonium bromide was applied to prepare the zeolite
supported titanium dioxide via a sol-gel route. The photocat-
alytic activity of the TiO,/zeolite composites was compared
using Acid Red 1.

2. Experimental details
2.1. Material synthesis

HZSM-5 zeolite (SiO,/Al,O, = 25) is a kind of man-made
zeolite (Nankai Catalyst Corporation, China). Hydrochloric
acid (0.1 mL) and anhydrous ethanol (12 mL) were mixed
with 2 mL of tetrabutyl titanate to prepare a solution, and
then the zeolite, 3 g of hexadecyltrimethylammonium bro-
mide (HTAB) and 0.9 mL of water were mixed with the solu-
tion. The obtained gel was dehydrated at 110°C, followed by
3 h of calcination. The TiO,/zeolite composites has a TiO,:
zeolite weight ratio of 3:7.

2.2. Characterization of the composites

The morphology images of the TiO,/zeolite materi-
als were obtained using an accelerating voltage of 15 kV
(Quanta 250). The phase composition of the TiO,/zeolite
composites was examined using an D8 X-ray diffractometer.
A G2 transmission electron microscope (TEM) was used for
the high-resolution image. The infrared spectra of the TiO,/
zeolite materials were obtained using a spectrometer. The
diffuse reflectance spectra were obtained using a UV-Vis
spectrometer (LAMBDA 35). A 2460 analyser was applied
to obtain the pore size and surface area of the composites.

2.3. Photocatalytic reactions

The TiO,/zeolite composites were evaluated by the
removal of Acid Red 1 azo dye. The dye solution (40 mg/L,
50 mL) and the composite powders (30 mg TiO,) were stirred
in a quartz beaker in the dark until the Acid Red 1 concen-
tration was stable. The 253.7 nm photons were emitted by
a 20 W lamp to initiate Acid Red 1 degradation. A spec-
trophotometer (721E) was used to determine Acid Red 1
concentration. Terephthalic acid was the reactant to indicate
the generation of hydroxyl radicals.

3. Results and discussion
3.1. Surface morphology

Fig. 1 gives the surface morphologies of the TiO,/zeolite
composites, TiO, and the zeolite. The very large TiO, parti-
cles of approximately several tens of micrometers in the size
are formed in the TiO, sample (Fig. 1le), due to the aggrega-
tion of the sol-gel synthesized TiO, crystals. Fig. 1a—d show
the TiO,/zeolite materials prepared at different calcination
temperatures. 30% TiO, is supported on 70% zeolite in the
composites. Some regular zeolite particles can be seen in
the images, but the surface of the particles is much rougher
than the pure zeolite particles. Large TiO, particles are not
in the composites, because TiO, crystals aggregation is pro-
hibited in the supported TiO, layer [21,22]. Fig. 2 presents

the TEM high resolution image of the TiO,-zeolite boundary
in the TiO,/zeolite composite calcined at 400°C. The nano-
sized titanium dioxide crystals are tightly adhered to the
zeolite. The crystal size of anatase TiO, is approximately
10 nm, and the thickness of TiO, layer is less than 100 nm.

3.2. Composition of the composites

Fig. 3 presents the diffraction patterns of the TiO,/zeo-
lite composites. The strong diffraction peaks of the zeolite
situated at 20 = 8.0°, 8.9°, 23.2° and 24.3° are found in the
diffraction patterns of the composites [27]. The TiO, in
the TiO,/zeolite is in anatase TiO, phase (JCPDS 01-562).
Since TiO, weight percent in the composites is only 30%,
the X-ray diffraction (XRD) intensity of anatase titanium
dioxide is not strong. The crystallization of anatase TiO,
occurs at relatively low calcination temperature, and the
crystals slightly grow up at higher calcination tempera-
ture. The TiO, crystallite sizes in the composites calcined
at 350°C, 400°C, 450°C and 500°C are 8.8, 10.0, 11.8 and
12.3 nm, respectively. The nano-sized anatase TiO, crys-
tals are produced in all the TiO,/zeolite composites, even
though the calcination temperature is as high as 500°C.

Fig. 4 presents the infrared spectra of the TiO,/zeolite
composites. The zeolite has a strong absorption band cen-
tered at 1,092 cm™ for the Al(Si)-O bonds [28,29]. The absorp-
tion at 543 cm™ is for the Si-O-Al pentagon ring [30]. The
absorptions at 796 and 1,221 cm™ are for the Al-O-Al or
Si-O-5i bonds [30]. The Ti-O bonds have two absorptions
situated at 446 and 343 cm™ [31]. Organic residues are also
in the TiO,/zeolite composites, showing by the peaks at 2,926
and 2,853 cm™. The composites were calcined below 500°C
in this work, and the organic substances were not thor-
oughly removed from the materials. The hydroxyl groups
on the material surface have two strong absorption bands at
3,429 and 1,638 cm™.

3.3. Bandgap energy of the TiO,/zeolite composites

As shown in Fig. 5a, the absorption edges of the TiO,/
zeolite composite are in the visible—ultraviolet radiation
boundary (380-420 nm). The zeolite is an insulator so
that the zeolite does not absorb irradiation in this region.
Therefore, the absorption edges of the materials indicate
the characteristic of the supported TiO,. The bandgap ener-
gies were calculated using (ahv) = A(hv-E)", that is, the
Tauc-plot method [32]. The hv—(ahv)? plots are illustrated
in Fig. 5b. The bandgap energies are 2.67, 3.08, 3.21 and
3.21 eV for the materials prepared at 350°C, 400°C, 450°C
and 500°C, respectively. It is known that anatase TiO, has
the bandgap energy of approximately 3.2 eV. The bandgap
energies of the composites calcined at 450°C and 500°C are
almost the same to the typical bandgap energy of anatase
TiO,. The increased absorption for the composites calcined
below 400°C is due to the unburned organic residues.

3.4. Porous properties

The adsorption-desorption isotherms are shown in
Fig. 6a to identify the porous properties of the TiO,/zeo-
lite composites. The N, isotherms can be explained by the
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Fig. 1. Scanning electron microscopy (SEM) images of TiO,/zeolite composites calcined at 350°C (a), 400°C (b), 450°C (c) and 500°C

(d); SEM image of (e) TiO,.

characteristics of both the zeolite and TiO,. Gaseous N,
molecules are adsorbed on the composites at low N, partial
pressure (normally below 0.3). The pores in the composites
are filled with liquefied nitrogen when N, partial pressure is
larger than 0.3. The number of adsorbed N, molecules slightly
increases in the partial pressure range between 0.2 and 0.6.
The abrupt increase of adsorbed nitrogen occurs at higher
partial pressure, and this is caused by nitrogen condensation
in the mesopores and the macropores in the materials.

The isotherms of the TiO,/zeolite composites have a
hysteresis loop (type H1) as the nitrogen partial pressure
range is between 0.6 and 0.9. The type IV isotherm indi-
cates a mesoporous characteristic of the composites. The

mesopores must be formed in the supported TiO, layer.
Calcination temperature influences the quantity of adsorbed
N, molecules on the TiO,/zeolite composites. The compos-
ite calcined at 350°C can adsorb the smallest number of N,
molecules. The adsorbed N, quantity increases with rising
calcination temperature until the largest N, molecules are
adsorbed on the composite calcined at 450°C. However, the
adsorbed N, quantity on the composite calcined at 500°C
obviously decreases. Calcination temperature can influ-
ence both anatase TiO, crystallization and porous structure
of the composites. This will be discussed in details later.
The mesopore size distributions in the TiO,/zeolite
composites are shown in Fig. 6b. The mesopores in the



Fig. 2. TEM image of the TiO,/zeolite composite calcined at 400°C.

composites are enlarged at higher calcination tempera-
ture, and the pore volumes are also enlarged. All the meso-
pores in the composites are in the size below 20 nm. Fig. 6c
indicates the micropores and Fig. 6d shows the micropore
surface area of the composites. The micropore volumes of
the composites are much smaller than the mesopore vol-
umes, but the micropores can provide large surface areas.
Most of the micropores in the TiO,/zeolite composites
are in the zeolite, and the zeolite nearly has no mesopores.
Table 1 lists the pore volume and the surface area of the
materials. The specific surface area of the zeolite (233.2 m?/g)
is greater than those of the composites, but the pore vol-
ume in the zeolite (0.121 cm®/g) is smaller than those of the
composites. The differences must be due to the TiO, in the
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Fig. 3. XRD patterns of the TiO,/zeolite composites.

composites, while calcination temperature can obviously
influence these properties.

The TiO,/zeolite composite calcined at 350°C has the
smallest specific surface area, that is, 145.0 m%*g, due to
incomplete crystallization of titanium dioxide, and the
micropores in the zeolite might be occupied by some
unburned substances. The TiO,/zeolite composite calcined
at 400°C has the largest value of 229.7 m?/g, which is very
close to the value of the zeolite. This sample has the larg-
est pore volume as well. Many mesopores are formed in
the TiO, layer of the TiO,/zeolite composite. Along with the
removal of organic substances during calcination process,
the micropores in the zeolite are also exposed. On the other
hand, crystal growth at higher calcination temperature also
leads to the shrinkage of both the pore volume and the sur-
face area. The enlarged surface area is due to the supported
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Fig. 4. Fourier-transform infrared spectra of the TiO,/zeolite composite.
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Table 1
The pore volume and surface area of the TiO,/zeolite composites

M. Wang et al. / Desalination and Water Treatment 254 (2022) 251-259

Calcination Brunauer-Emmett-Teller Micropore surface Other surface Pore volume
temperature (°C) surface area (m?*/g) area (m?%/g) area (m?%/g) (cm®/g)
350 145.0 88.0 57.0 0.119
400 229.7 161.8 67.9 0.175
450 213.6 157.9 55.7 0.173
500 156.6 109.4 47.2 0.149
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Fig. 7. Fluorescence spectra after 30 min of UV illumination
on the 2-hydroxyterephthalic acid solution containing the
TiOz/zeolite composites.

TiO,, including the external surface of the TiO, and the sur-
face of mesopores in the composites.

3.5. Hydroxyl radical production

The hydroxyl radicals produced in the reaction are indi-
cated by the oxidation of terephthalic acid. Terephthalic
acid is oxidized by hydroxyl radical to produce 2-hydroxy-
terephthalic acid. Since 2-hydroxyterephthalic acid may
emit fluorescence after excitation, the hydroxyl radi-
cals can be identified by the fluorescence intensity of the
2-hydroxyterephthalic acid solution. The fluorescence
spectra of the solution after UV excitation are shown in
Fig. 7. The fluorescence intensity is related to the number
of hydroxyl radicals generated under illumination. The
TiO,/zeolite composite calcined at 400°C has the strongest
power to produce hydroxyl radicals, and this composite
might have strong photocatalytic activity.

3.6. Remouval of azo dye

The performance of the TiO,/zeolite composites is
evaluated using photocatalytic decomposition of Acid
Red 1. Fig. 8 shows the removal efficiencies in the presence
of the composites. More than 20% of the dye molecules are
adsorbed on the TiO,/zeolite composite calcined at 350°C.
When the calcination temperature is raised from 400°C to

Fig. 8. Acid Red 1 removal on the TiO,/zeolite composites.
The reaction time was 30 min.

500°C, the adsorbed Acid Red 1 molecules decrease from
7.4% to 3.9%. The carbon residues can be removed during
high temperature calcination process, leading to the sharp
decline of the adsorbed azo dye molecules. Another reason
might be the shrinkages of both the pore volume and the
surface area of the composites.

Both of the adsorption of Acid Red 1 and the photo-
catalytic decomposition occur on the composites. The dye
molecules might enter the pores in the composites, but the
degradation can only occur on the external surface of the
materials. The TiO,/zeolite composite calcined at 350°C
has the weakest activity on dye degradation because of
the insufficient crystallization of anatase titanium diox-
ide. The TiO,/zeolite composite calcined at 400°C has the
strongest photocatalytic activity, while further calcination
temperature increment leads to a slight decline in the
activity. The activity of the composites depends on ana-
tase TiO, crystallization. However, slight crystal growth
at higher calcination temperature might have a negative
effect. Meanwhile, the activity of TiO,/zeolite composites
has an obvious relationship with the Brunauer-Emmett—
Teller surface area.

Fig. 9a presents the decomposition of Acid Red 1 in the
whole photocatalytic reaction. The Acid Red 1 molecules
are continuously degraded with extended reaction time.
Nearly all of the Acid Red 1 molecules are decomposed in
90 min in the presence of the TiO,/zeolite composite cal-
cined at 400°C. The reaction rate constants are 1.30 x 1072,
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3.22 x 102 and 2.19 x 102 min™ for the materials prepared
at 350°C, 400°C and 500°C, respectively, as shown in the
kinetic plots in Fig. 9b.

Fig. 10 shows the light absorption of the azo dye solution
in the photocatalytic reaction. The strong absorption band
between 460-580 nm is due to the chromophore group of the
dye. Three absorptions at 320, 249, and 235 nm are related
to benzene ring and naphthalene ring, and the absorption
peaks shrink with extended reaction time, depending on the
activity of the TiO,/zeolite. Acid Red 1 is almost thoroughly
degraded after 90 min in the presence of the TiO,/zeolite
composite calcined at 400°C. The remaining solution has no
absorption above 280 nm.

4. Conclusions

The porous TiO,/zeolite composites were prepared by
sol-gel method, using HTAB template in the sol-gel pre-
cursor. Calcination temperature can influence both anatase
TiO, crystallization and porous structure in the compos-
ites. The nano-sized anatase TiO, crystals are bonded on
the zeolite. The bandgap energies of the composites pre-
pared at 450°C and 500°C are almost as same as the typical
value of anatase titanium dioxide. Mesopores are formed
in the TiO, layer of the TiO,/zeolite composite. Nearly
all the azo dye is decomposed in 90 min in the presence
of the TiO,/zeolite composite calcined at 400°C.
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