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INTRODUCTION

From the viewpoint of green chemistry, the photo-
catalytic decomposition of organic compounds in
wastewater and the gas phase has attracted a great deal
of attention [1–9]. TiO

 

2

 

 is one of the most effective pho-
tocatalysts because it is biologically and chemically
inert and photostable with near-UV band gap energy.
TiO

 

2

 

 can be used in the form of a fine powder or crystals
dispersed in water wastewater treatment applications.
However, the need to filter TiO

 

2

 

 after the reaction
makes such a process troublesome and more costly.
Thus, in order to solve this problem, many researchers
have examined methods for fixing TiO

 

2

 

 on supporting
materials including glass beads [10–12], fiberglass
[13–15], silica [16, 17], and zeolite [18, 19]. When
using zeolite as a support for TiO

 

2

 

, care should be taken
that TiO

 

2

 

 does not lose its photo activity and that the
adsorption properties of zeolite are not affected. Mat-
tews [11] showed the photo efficiency of TiO

 

2

 

 is sup-
pressed when Ti is in interaction with the zeolite. In this
work TiO

 

2

 

 was supported on zeolite without losing
photo efficiency and affecting the adsorption properties
of zeolite. This mixture was used for degradation of
aqueous Disperse yellow 23.
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This text was submitted by the authors in English.

 

EXPERIMENTAL

 

Materials

 

The titanium dioxide used was Degussa P-25 with a
crystallographic mode of 80% anatase and 20% rutile,
a BET surface area of 50 m

 

2

 

 g

 

–1

 

, and an average particle
size of 30 nm (according to the manufacturer’s specifi-
cations), and the raw zeolite material was an Iranian
commercial clinoptilolite (CP) (Afrand Tuska Com-
pany, Iran) from deposits in the region of Semnan.
According to the supplier specification, it contains
about 90 wt % CP (based on XRD internal standard
quantitative analysis) and the Si/Al molar ratio is 5.78.
The concentration of Fe

 

2

 

O

 

3

 

, TiO

 

2

 

, MnO, and P

 

2

 

O

 

5

 

impurities were reported to be 1.30, 0.30, 0.04, and
0.01 wt %.

The azo dye, Disperse yellow 23 (DY 23), was
obtained from the company Rang Azar (Iran) and used
without further purification. The molecular structure of
DY 23 is shown in scheme.
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Abstract

 

—In this investigation photocatalytic degradation of azo dye Disperse yellow 23 in water was studied.
Titanium (IV) oxide was supported on Clinoptilolite(CP) (Iranian Natural Zeolite) using the solid-state disper-
sion (SSD) method. The results show that the TiO

 

2

 

/Clinoptilolite (SSD) is an active photocatalyst. The maxi-
mum effect of photo degradation was observed at 10 wt % TiO

 

2

 

, 90 wt % Clinoptilolite. A first order reaction
with k = 0.0119 min

 

–1

 

 was observed. The effects of some parameters such as pH, amount of photocatalyst, and
the initial concentration of dye were examined.
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Molecular Structure of Disperse yellow 23.
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Preparation of TiO

 

2

 

-Supported CP Catalysts

 

The solid state dispersion (SSD) method was used
for preparing the Zeolite-based photocatalyst. In this
method, TiO

 

2

 

 was mixed with zeolite using ethanol as a
solvent with an agate pestle and mortar; the solvent was
then removed by evaporation. Samples prepared by this
method were dried at 110

 

°

 

C and calcined in air at
450

 

°

 

C for 5 h to obtain TiO

 

2

 

-supported zeolite cata-
lysts.

 

Apparatus

 

For the UV/photocatalyst process, irradiation was
performed in a batch photoreactor of 2 l in volume with
four mercury lamps Philips 8W (UV-C). A magnetic
stirrer was used to ensure complete mixing in the tank
(stirring speed = 250 rpm), and air was dispersed at a
flow rate of 1 l/min by using an air diffuser to supply
oxygen for the enhancement of photooxidation (Fig. 1).

A UV/VIS Spectrophotometer (Shimadzu 160A)
was employed for absorbance measurements using sil-
ica cells of path length 1 cm. XRD analysis of the sam-
ples was done using a D-500 diffractometer (Siemens).
BET surface areas of CP and TiCVCP were measured
in an all-glass high vacuum system by N

 

2

 

 adsorption at
77 K. The morphology of the resultant pure and loaded
TiO

 

2

 

 was obtained with a transmission electron micro-
scope (TEM; JEM-2000FX, Japan).

 

Procedures

 

For the photodegradation of DY 23, a solution con-
taining a known concentration of dye and photocatalyst

was prepared and was allowed to equilibrate for 30 min
in darkness. The suspension pH values were adjusted to
the desired level using dilute NaOH and H

 

2

 

SO

 

4

 

 (the
pH values were measured with a Horiba M12 pH meter).
The photodegradation reaction took place under the
radiation of a Mercury lamp, while agitation was main-
tained to keep the suspension homogeneous. The con-
centration of the samples was determined using a spec-
trophotometer (UV/VIS Spectrophotometer, Shimadzu
160A) at 

 

λ

 

max

 

 = 478 nm. The samples were filtered
before the UV-vis spectroscopy to remove the photocat-
alyst. The degree of photodegradation (

 

x

 

) as a function
of time is given by

 

(1)

 

where 

 

C

 

0

 

 and 

 

C

 

 are the concentration of the dye at 

 

t

 

 = 0
and t, respectively.

RESULTS AND DISCUSSION

 

VV-Vis Spectra

 

The absorbance of DY 23 solutions during the pho-
tocatalytic process at the initial time and after 2.5 h irra-
diation time versus 

 

λ

 

 are shown in Fig. 2. The spectrum
of DY 23 in the visible region exhibits a main band with
a maximum at 478 nm. The decrease of absorption
peaks of DY 23 at 

 

λ

 

max

 

 = 478 nm in this figure indicates
a rapid degradation of the azo dye. Complete discolor-
ation of the dye was observed after 3 h under optimum
conditions.
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Fig. 1.

 

 Schematic diagram of the batch photocatalytic reactor (cross section view) (a), and LV lamp immersed directly in an aqueous
solution (b).
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Effect of VV Irradiation
and Photocatalyst-employed Particles

 

The effects of UV irradiation, TiO

 

2

 

, and the pres-
ence of CP on the photodegradation of DY 23 are
shown in Fig. 3. Figure 3 indicates that, in the presence
of mixed photocatalyst (10% TiO

 

2

 

 and 90% clinoptilo-
lite) and UV irradiation, 97.4% of the dye was degraded
at an irradiation time of 2 h, while the amount was
63.2% for TiO

 

2

 

 (without clinoptilolite) and UV irradia-
tion. This was contrasted with 8% degradation for the
same experiment performed in the absence of TiO

 

2

 

, and
10.5% when the UV lamp was switched on and the
reaction was allowed to occur in the presence of CP.

This is due to the fact that when TiO

 

2

 

 is illuminated
with light of 

 

λ

 

 < 390 nm, electrons are promoted from

the valence band to the conduction band of the semi-
conducting oxide to give electron–hole pairs. The
valence band (

 

h

 

VB

 

) potential is positive enough to gen-
erate hydroxyl radicals at the surface, and the conduc-
tion band (

 

e

 

CB

 

) potential is negative enough to reduce
molecular oxygen. The hydroxyl radical is a powerful
oxidizing agent and attacks organic pollutants present
at or near the surface of TiO

 

2

 

. It causes photooxidation
of the dye according to the following reactions [11–13]:

 

TiO

 

2

 

 + 

 

h

 

ν

 

  TiO

 

2

 

(  + ), (I)

 + H

 

2

 

O

 

ads

 

  H

 

+

 

 + H

 

ads

 

, (II)

 +   H

 

ads

 

, (III)

 + O

 

2ads

 

  , (IV)

H

 

ads

 

 + 

 

dye

 

  

 

degradation of the dye

 

, (V)

. (VI)

 

The mechanism is summarized in Fig. 4.

 

Effect of the Composition
of the Supported Photocatalyst

 

The effect of the ratio of TiO

 

2

 

/CP on DY 23 removal
is shown in Fig. 5. The effective decomposition of
DY 23 after 120 min irradiation time was observed
when the photocatalyst contained 10% TiO

 

2

 

 and 90%
CP, prepared by using the solid state dispersion (SSD)
method.

To comment on this result, we propose that the 

 

H

 

(hydroxyl radical) on the surface of TiO

 

2

 

 is easily trans-
ferred onto the surface of zeolite. This means the
organic pollutants, which have already been adsorbed
on the nonphotoactive zeolite, have a chance to be
degraded due to the appearance of 

 

H

 

, resulting in the
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Fig. 2. UV-Vis spectra of DY 23 (20 ppm) in aqueous pho-
tocatalyst (TiO2 10% + Clinoptilolite 90%) dispersion with
concentration of 40 ppm, irradiated with a mercury lamp
light at pH 7, T = 298 K, at: (1) t = 0, (2) t = 2.5 h.
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Fig. 3. Effect of UV light and different photocatalyst on
photocatalytic degradation of DY 23. |DY 23|0 = 20 ppm,
photocatalyst (10% TiO2 + 90% clinoptilolite) concentra-
tion = 40 ppm, T = 298 K, pH 7. (1) Irradiation in the pres-
ence of 10% TiO2 + 90% clinoptilolite, (2) irradiation in the
presence of TiO2, (3) UV irradiation alone, and (4) irradia-
tion in the presence of clinoptilolite.
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enhancement of the photodegradation performance of
TiO2–zeolite. Experimental results show that about
10 wt % of TiO2 with respect to zeolite is the best con-
dition to achieve the synergism between TiO2 and CP.
This synergic effect may be due to the fact that the pres-
ence of zeolite maintains the molecules of dye near the
photocatalyst (local concentration effect) as depicted in
Fig. 6. The enhanced photocatalytic activity over the
composite TiO2 + CP reflects the beneficial adsorption
properties of CP. If the amount of TiO2 in the composi-
tion of the photocatalyst decreases (less than 10 wt %),
the rate of the H production will not be enough. In
this condition a few of the dye molecules that have been
absorbed on the surface of zeolite can react with H.
If the amount of TiO2 increases in the composition of
the photocatalyst (more than 10 wt %), the rate of dye
absorption will not be enough. In this condition few of
the H can react with dye molecules.

Characterization of Photocatalysts

As is known, the pore size of clinoptilolite is 0.4–
0.7 nm [19]. Figure 7 shows the TEM images of pure
TiO2 nanoparticles and TiO2 particles loaded on the sur-
face of CP. As can be seen, the particle size of pure TiO2
is 30 nm or so, which is much larger than that of the
loaded ones. Thus, TiO2 particles are not able to enter
into the pores. Therefore, we suggest that the protru-
sions are TiO2 and nearly all of the TiO2 particles have
been loaded on the surface of zeolite, instead of into the
pores and cavities. This situation means that the photo-
catalytic degradation of Disperse yellow 23 mostly
takes place at the zeolite surface, but not in the pores. In
addition, as shown in Fig. 1b, the small TiO2 particles
do not distribute compactly but reserve lacunas on the

.O
.O

.O

zeolite surface, which enable the support to show its
adsorption ability.

The surface area of the CP (480 m2 g–1) decreased in
general on the supporting TiO2 (BET surface area of
TiO2/CP with different TiO2 wt % is between 285–
365 m2 g–1). The surface area of the TiO2-supported
zeolite may be taken as an index of the available poros-
ity. Considering the particle sizes of TiO2 and the sizes
of CP zeolite medium pores (<1 nm), we conclude that
there is no possibility of TiO2 particles entering the zeo-
lite pores in the SSD method of preparation.

To reveal the interaction between the TiO2 and the
zeolite, the crystal structures of the raw zeolite and
TiO2–zeolite calcined at 450°C after 5 h were mea-
sured, as shown in Fig. 8. It is clear that the XRD pat-
terns of TiO2 zeolite consist with the raw zeolite very
well as calcined at 450°C for 5 h, and no diffraction
peaks corresponding to typical TiO2, including anatase
and rutile, can be observed. Similar results have also
been reported by other researchers [21, 22]. It implies
that the frame structure of zeolite after TiO2 loading
was not destroyed.

Effect of Catalyst Concentration

The photodegradation efficiency increases with an
increase in the amount of the photocatalyst (10% TiO2 +
90% CP), up to a value of 40 ppm and then decreases
when the catalyst concentration is increased. This trend
can be explained by the fact that when all dye mole-
cules are adsorbed on the photocatalyst, the addition of
higher quantities of the photocatalyst would have no
effect on the degradation efficiency. Another reason for
this is supposedly the increased opacity of the suspen-
sion, brought about as a result of an excess of photocat-
alyst particles [14].

Effect of the Initial DY 23 Concentration

The effect of the initial concentration of DY 23 on
the photodegradation efficiency is shown in Fig. 9. The
photodegradation conversion of DY 23 decreases with
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Fig. 5. Effect of composition of photocatalyst (wt % TiO2 in
mixture of TiO2 and clinoptilolite) on photocatalytic degra-
dation of DY 23. [DY 23]0 = 20 ppm, concentration of pho-
tocatalyst = 40 ppm, T = 298 K, pH 7, irradiation time =
120 min.
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an increase in the initial concentration of DY 23. The
presumed reason is that when the initial concentration
of dye is increased, more and more dye molecules are
adsorbed on the surface of the photocatalyst. The large
amount of adsorbed dye is thought to have an inhibitive
effect on the reaction of dye molecules with photoge-
nerated sites or hydroxyl radicals, which is due to the
lack of any direct contact between them. Once the con-
centration of dye is increased, it also causes the dye
molecules to adsorb light and the photons never reach
the photocatalyst surface; thus, the photodegradation
efficiency decreases.

Effect of pH

The pH is one of the main factors influencing the
rate of degradation of some organic compounds in the
photocatalytic process [15, 16]. It is also an important
operational variable in actual wastewater treatment.
Figure 10 shows the photodegradation of DY 23 at dif-
ferent pH from 6 to 11, which clearly shows that the
best results were obtained in an alkaline solution
(pH 11, x = 100%). As is inferred in reaction (4), in the
alkaline solutions the formation of H onto photocat-.O

alyst surface is favored; thus, the photodegradation effi-
ciency increases in the alkaline solutions for photodeg-
radation of DY 23.

Kinetics of Photocatalytic Degradation of DY 23

Several experimental results indicated that the deg-
radation rates of photocatalytic oxidation of various
dyes over illuminated TiO2 fit by the first-order kinetic
model [23–30].

Figure 11 shows the plot of Ln ([Dye]0/[Dye]) ver-
sus irradiation time for DY 23. The linearity of the plot
suggests that the photodegradation reaction approxi-
mately follows the pseudo–first order kinetics with a
rate coefficient k = 0.0119 min–1.

For a first order reaction, the relation of the half-
time t1/2 to the rate constant can be found from Eq. (2)

100 nm

(‡) 30 nm

(b)

Fig. 7. TEM images of (a) pure TiO2 nanoparticles and (b)
TiO2 particles loaded on the surface of CP.
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Fig. 8. XRD patterns of 10 wt % TiO2 and 90 wt % clinop-
tilolite zeolite prepared by the (SSD) method after calcined
in air at 450°C for 5 h (1) and initial clinoptilolite (2).
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by inserting the requirement that at t = t1/2 the concen-
tration is C = 1/2C0.

(2)

The half-life calculated for the reaction at the con-
centration of DY 23 = 20 ppm (6.35 × 10–5 M), concen-
tration of the photocatalyst (10% TiO2 + 90% clinop-
tilolite) = 40 ppm, T = 298 K, and pH 7 is 58.25 min.
The half-life is estimated from C-versus-t (Fig. 11). The
display is in agreement with the value calculated for it.
Then we can also confirm that the amount of k and the
rate order (obtained from Fig. 1) is correct.

CONCLUSIONS

(1) The SSD method is an effective method for sup-
porting TiO2 on CP.

(2) A photocatalyst containing 10% TiO2 and 90%
CP has the maximum photodegradation efficiency of
DY 23.

(3) The photodegradation conversion of DY 23
decreases with an increase in the initial concentration
of DY 23.

(4) pH is one of the main affecting factors, and the
optimum pH was obtained about 9–11.

(5) The kinetics of photocatalytic degradation of DY
23 is pseudo–first order with k = 0.0119 min–1.
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