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a b s t r a c t

Photocatalytic degradation of phenol was investigated using the supported nano-TiO2/ZSM-5/silica gel
(SNTZS) as a photocatalyst in a batch reactor. The prepared photocatalyst was characterized using XRD,
TEM, FT-IR and BET surface area analysis. The synthesized photocatalyst composition was developed
using nano-TiO2 as the photoactive component and zeolite (ZSM-5) as the adsorbents, all supported on
silica gel using colloidal silica gel binder. The optimum formulation of SNTZS catalyst was observed to
eywords:
hotocatalysis
henol removal
upported nano-TiO2

SM-5
ilica gel

be (nano-TiO2:ZSM-5:silica gel:colloidal silica gel = 1:0.6:0.6:1) which giving about 90% degradation of
50 mg/L phenol solution in 180 min. The SNTZS exhibited higher photocatalytic activity than that of the
commercial Degussa P25 which only gave 67% degradation. Its high photocatalytic activity was due to
its large specific surface area (275.7 m2/g), small particle size (8.1 nm), high crystalline quality of the
synthesized catalyst and low electron–hole pairs recombination rate as ZSM-5 adsorbent was used. The
SNTZS photocatalyst synthesized in this study also has been proven to have an excellent adhesion and

reusability.

. Introduction

The presence of harmful organic compounds such as phenols
nd their derivatives in water supplies and from industrial effluents
s an ever increasing problem for the global concern. These organic
ompounds in the aquatic environment can arise from natural
ources such as lignin transformation, hydrolysable tannins and
avanoids, algal secretion and humification processes at low con-
entration. However, at high concentrations, phenolic compounds
an be found in agricultural activities and some industrial wastew-
ter discharges such as coal gasification, resin manufacturing, oil
efining, coking plants, chemical synthesis, dyes, plastics, textiles,
harmaceuticals, paper mill, herbicides and fungicides production
1,2].

Due to the high solubility and stability of phenolic compounds in
ater, it is an onerous process to treat phenolic water to innocuous

evels for many biological and chemical processes [3]. Conventional
ater treatment technologies such as solvent extraction, activated

arbon adsorption, and chemical treatment process such as oxi-

ation by ozone (O3) often produce hazardous by-products and
enerate large amount of solid wastes, which require costly dis-
osal or regeneration method [4]. Biological treatment is often not
onvenient for treatment of phenolic wastewater as its toxicity may

∗ Corresponding author. Tel.: +06 045996410; fax: +06 045941013.
E-mail address: chrahman@eng.usm.my (A.R. Mohamed).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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© 2009 Elsevier B.V. All rights reserved.

cause the phytotoxic effect on the active microorganisms [5]. Due
to these reasons, considerable attention has been focused on com-
plete oxidation of organic compounds to harmless products such as
CO2 and H2O by the advanced oxidation process (AOP) that appears
to be the most emerging technology recently [6].

A great deal of attention has been devoted to titanium diox-
ide (TiO2) especially in nano-sized TiO2 for use as photocatalyst
due to the stability of its chemical structure, high surface area,
biocompatibility, physical, nontoxicity, low cost and it possesses
high oxidizing power [7–11]. However, from an engineering point
of view, the immobilization of nano-TiO2 onto support is preferable
compared to the slurry system as to avoid costly and difficult sep-
aration and for the purpose of recycling the photocatalyst [12,13].
Among the various supports, silica gel is the most promising sup-
port because of its excellent characteristics in light transmission
and adsorption of pollutants [14]. Nevertheless, there are problems
that limit the potential of nano-TiO2 photocatalysis in wastew-
ater treatment. According to Haque et al. [15], major limitations
arise from the requirement for near UV light and the fact that the
intrinsic quantum yields of titania are low leading to a high-energy
requirement to drive lamps.

We attempt to solve these problems by dispersing nano-TiO2

onto a good adsorbent, since reactions predominantly occur on the
surface. The adsorbents concentrate pollutants to the photocata-
lyst surface, even in the dark, which reduces the requirement of a
high-energy [16–18]. Among the various adsorbents, zeolite (ZSM-
5) has been chosen for the several reasons: its unique Al–O units in

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:chrahman@eng.usm.my
dx.doi.org/10.1016/j.jhazmat.2009.09.051
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eolite framework are the photocatalytic active sites, it can delo-
alize band gap excited electrons of nano-TiO2, thus, reducing the
lectron–hole recombination process on the surface and adsorption
f the intermediates [19,20].

With this goal in mind, special attention was given in this
esearch in order to obtain the optimum composition of each com-
onent in this supported catalyst and to study the reusability of
he prepared catalyst. The prepared catalyst consists of a mixture
f ZSM-5 and modified nano-TiO2 which was enriched by Degussa
25 and supported onto the silica gel using colloidal silica gel as
inder.

. Materials and methods

.1. Materials

Phenol (≥99.5%) was selected as a model organic compound in
he present study. It was purchased from Fisher Scientific and used
s received. Powdered particles of Zeolite ZSM-5 (425 m2/g and
i/Al = 23) was purchased from Zeolyst International and calcined at
00 ◦C for an hour. Silica gel with particle sizes of 0.2–0.5 mm was
urchased from Acros Organic. Colloidal silica gel (30 wt.% silica
uspension in water) was purchased from the Sigma–Aldrich and
sed as received. For the preparation of the nano-TiO2 based cat-
lyst, titanium (IV) isopropoxide (TTIP, 98%) and ethanol (C2H5OH
5%) were purchased from the Acros Organic and TiO2 Degussa P25
owder (50 m2/g; 15–30% rutile + 85–70% anatase) was purchased
rom the Degussa, Germany. All the solutions were prepared using
eionized water from Milli-Q system and controlled by its resistiv-

ty (18.2 M�).

.2. Catalyst preparation

TiO2 nanoparticle was synthesized using sol–gel method
s reported by Gennequin et al. [21]. A mixture of 1
TIP:2C2H5OH:5H2O was prepared for the sol–gel solution.
olution of TTIP in ethanol was prepared and stirred at room
emperature for an hour. Subsequently, water was added drop
y drop under a vigorous stirring. The gel obtained was dried
t 80 ◦C for 24 h. The modified sol–gel solution was prepared by
dding calculated amount of Degussa P25 to the sol solution before
rying in an oven at 80 ◦C for 24 h. The powder was added slowly
ith vigorous stirring to prevent the formation of agglomerates.

he obtained nano-TiO2 was then immobilized according to the
iterature method [15]. A known weight of nano-TiO2 and ZSM-5

ere mixed together and dispersed uniformly in the appropriate
mount of colloidal silica gel binder. A known weight of silica gel
hen magnetically stirred into the mixture for 30 min. The mixture
as dried at ambient conditions and then dried in an oven at

00 ◦C. The granules obtained were gently crushed and screened,
ollowed by washing with deionized water for several times. After
he completion of the impregnation process, the catalyst was
alcined in a furnace at 600 ◦C for 3 h.

.3. Catalyst characterization

The X-ray diffraction (XRD) patterns were obtained using a
iemens D5000 powder diffractometer using Cu K� radiation
40 kV, 30 mA) at a scan rate (2�) of 0.05◦/s. It was also used to
etermine the identity of any phase present in the sample and
heir crystalline size. The mass fraction of rutile (WR) and anatase
W ) were estimated by measuring the relative intensities of the
A
trongest diffraction peaks of rutile (IR) and anatase (IA), respec-
ively, using the following equation [22].

R = 1.26IR
IA + 1.26IR

(1)
us Materials 174 (2010) 299–306

The crystallite size can be determined from the broadening of
corresponding X-ray spectral peaks by the Scherrer’s equation [23]:

L = K�

ˇ cos �
(2)

where L is the crystallite size, � the wavelength of the X-ray
diffraction (Cu K� = 1.5406 Å), K shape factor (usually taken as
0.89) and ˇ the line width at half-maximum height. The parti-
cles sizes and shapes were observed using a transmission electron
microscopy (TEM) (Philips CM12). The samples for TEM were
prepared by dispersing the powder in ethanol. The suspension
obtained was dropped on a carbon film coated 400 mesh cop-
per grid and dried at room temperature for at least 15 min. The
surface-adsorbed water and hydroxyl groups on the photocata-
lysts were studied by a Fourier transform infrared spectroscopy
(PerkinElmer FT-IR Spectrum 2000 spectrometer, USA) within the
range wavenumber of 400–4000 cm−1 using KBr pellets. The KBr
was grounded into the powders and mixed with the solid samples.
Then, pellets were prepared by pressing the powder at 66,000 kPa
of pressure using uniaxial press. The background was automati-
cally corrected from the sample spectra by scanning for pure KBr.
The Brunauer–Emmett–Teller (BET) surface area and pore size dis-
tribution were obtained using a Micromeritics ASAP 2000 (Nocross,
GA) nitrogen adsorption apparatus. All the samples were degassed
at 180 ◦C prior to BET measurements.

2.4. Photocatalytic activity measurements

The photocatalytic activities of the prepared catalysts were
evaluated in the batch-mode photocatalytic reactor. It con-
sists of a pyrex glass jacketed reactor with dimensions of
23 cm × 10 cm × 8 cm (height × outside diameter × inside diame-
ter) and at the top portion has ports for sampling, gas purging,
thermocouple and UV lamp. The lamp and reactor were placed
inside a wooden box painted black so that no stray light can
enter the reactor. The reactor was placed on a magnetic stirrer
for thorough mixing. A low pressure mercury lamp (PCQ lamp,
UVP, Inc.) was located at the center of the reactor. It emitted UV
light at a wavelength of 254 nm with the maximum intensity of
5400 �W/cm2. Quartz tube of 1 cm in diameter was used to protect
the lamp from any contact with the solution. In order to conduct
experiments at the controlled temperature and to protect the lamp
from overheating, the reactor was surrounded with a cooling jacket
and a fan.

An aqueous suspension of phenol (50 mg/L, 500 mL) containing
the required quantity of supported photocatalyst was stirred for
about 30 min in the dark to reach the adsorption/desorption equi-
librium, followed by UV lamp illumination for the degradation of
phenol. During the experiments, air was bubbled into the phenol
solutions at a constant flow rate of 2 mL/min. All reaction was car-
ried out in atmospheric pressure and at room temperature. A base
supported catalyst, consisting of a mixture of nano-TiO2 and ZSM-5
supported on silica gel using colloidal silica gel as binder (nano-
TiO2:ZSM-5:silica gel:colloidal silica gel = 1:1:1:2), was used as the
reference point in order to evaluate the optimum loading for each
of the catalyst component. For a base supported catalyst, 0.25 g TiO2
was used in 500 mL phenol (0.5 g/L TiO2). Samples of the suspension
were removed at the specific time intervals for analysis. The resid-
ual phenol concentration was monitored using a high-performance
liquid chromatography (HPLC). The HPLC system used in the exper-
iment comprised of PerkinElmer UV–vis 200 HPLC Detector, a Luna

5 �m C18 (2) 100A column and a PerkinElmer 200 HPLC pump
with an injector port. The mobile phase in this HPLC system con-
sisted of 40% acetonitrile and 60% deionized water. The flow rate
was adjusted to 1 mL/min. Full loop injection at 20 �L was con-
ducted and the retention time of phenol was 3.81 min. Before HPLC
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ig. 1. XRD diffraction pattern of (a) SNTZS (optimum composition) calcined at
00 ◦C (b) SNTZS (0.9 g/L TiO2) calcined at 600 ◦C (c) SNTZS (0.5 g/L) calcined at 600 ◦C
d) pure nano-TiO2 calcined at 600 ◦C (e) fresh SNTZS (optimum composition) and
f) fresh pure nano-TiO2 (Anatase; Rutile; ZSM-5).

nalysis, all samples were filtered using WHATMAN filter (PTFE-
embrane, 0.45 �m).
The percentage of phenol remaining, X was calculated using the

ollowing equation:

= 100% −
(

C0 − Ct

C0

)
× 100%

here C0 is the concentration of phenol at the initial time of zero
n mg/L and Ct is the concentration of phenol at time t in mg/L.

. Results and discussion

.1. Characterization of the catalysts

The phase structure of fresh and calcined prepared samples
ere characterized by XRD as shown in Fig. 1. The results of the

tructural analysis of the catalyst samples as discussed in Sec-
ion 2.3 have been summarized in Table 1. The findings show that
he fresh pure nano-TiO2 and fresh SNTZS are in the amorphous
orm in nature. However, the pure nano-TiO2 calcined at 600 ◦C
omprised both rutile and anatase phase while anatase was the
nly crystalline phase present in the SNTZS calcined at the same
emperature (no rutile and brookite were identified). Therefore,
t is reasonable to suggest that an addition of additives changed
he temperature of phase transformation from anatase to rutile
22]. The synthesized anatase was more stable compared to that
eported in the literatures [24–26] which stating that the transfor-
ation of anatase to rutile started at 500–600 ◦C. This improvement
ight relate to the interfacial energy effects in anatase TiO2 and

he ZSM-5 (crystalline zeolite), which in turn stabilized the anatase
hase. Even the Degussa P25 which containing 15–30% rutile was
dded in the TiO2 sol, no rutile peak is appeared in XRD spec-
ra of SNTZS samples. This might be corresponding to the small

mount of Degussa P25 loading (10 g/L Degussa P25). The Degussa
25 loading and its rutile ratio in the Degussa P25 composition
re too small to be detected in the XRD pattern. Similar result was
btained by Chen et al., 2007. In the case of calcined SNTZS, they had
roader peak compared to calcined pure nano-TiO2. This indicated

able 1
esults of the structural analysis of catalysts calculated from XRD data.

Samples WA (%) WR (%

Pure nano-TiO2 calcined at 600 ◦C 70.4 29.6
SNTZS (optimum composition) calcined at 600 ◦C 100.0 –
SNTZS (0.5 g/L TiO2) calcined at 600 ◦C 100.0 –
SNTZS (0.9 g/L TiO2) calcined at 600 ◦C 100.0 –
Fig. 2. TEM images of (a) pure nano-TiO2 powder; (b) SNTZS and (c) Degussa P25.

the formation of smaller crystallite sized calcined SNTZS catalyst.
Viswanath and Ramasamy [22] reported that the addition of barrier
materials such as organic ligands, porous amorphous polymers or
glass, crystalline zeolites, molecular sieve type materials, graphite-
type layered materials could control the growth of the crystallites.
Fig. 1(b) and (c) reveals that the barrier effect of ZSM-5 successfully
control the growth of the TiO2 crystallite, so that even increase the

TiO2 loading (0.5–0.9 g/L TiO2) cause the increase in crystallite size
as well, but the increase is not too significant (10.6–10.8 nm).

Fig. 2(a–c) shows the TEM images of the calcined pure nano-TiO2
powder, calcined SNTZS (optimum composition) and Degussa P25,
respectively. The average diameters of the particle sizes for the pure

) Anatase crystallite size (nm) Rutile crystallite size (nm)

36.1 20.6
8.1 –

10.6 –
10.8 –
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Selection of optimum catalyst composition is important in order
to minimize the excess of catalyst and for economic factor. Thus,
each component loaded in the SNTZS was investigated.

Table 2
The textural properties of catalysts.

Samples BET surface
area (m2/g)

Pore volume
(cm3/g)

Average pore
diameter (nm)
Fig. 3. FT-IR spectra of (a) SNTZS and (b) Degussa P25.

ano-TiO2 and SNTZS were estimated in the range of 20–38 nm and
–22 nm, respectively. This finding is in agreement with the results
easured based on the XRD analysis. The representative image in

ig. 2 reveals that the SNTZS sample consisted of fine particles with
omogeneous in size. On the other hand, the TEM analysis shows
hat the pure nano-TiO2 was the irregular shaped, consisting of
oth spherical and polyhedral shapes. Similar to the pure nano-
iO2, Degussa P25 was spherical and polyhedral shaped with the
verage particle size of about 21.3 nm.

Fig. 3 depicts the FT-IR spectra of calcined SNTZS (optimum com-
osition) and Degussa P25. The bands at 3429 cm−1 and 1630 cm−1

epresent the surface-adsorbed water and hydroxyl group [27].
his adsorbed water was probably due to humid KBr and incor-
orated humidity in the process of sample preparation [28]. Based
n the research by Okte et al. [29], the peak at wave number near
102 cm−1 can be attributed to the framework stretching vibration
and of Si(Al)–O in tetrahedral Si(Al)O4 of raw ZSM-5. In SNTZS
pectra, the peak appeared at 1106 cm−1 (compared to 1102 cm−1,
he peak shifted slightly upward). The broaden peaks of both cata-
ysts within 500–1000 cm−1 correspond to Ti–O–Ti linkages in the
iO2 nanoparticles. It should be noted that the peak for Degussa P25
as more intense than that of the SNTZS. The addition of ZSM-5 in

NTZS resulted in decreasing the intensity of the broad absorption
and between 500 cm−1 and 1000 cm−1. This finding is supported
y the work of Xie et al. [12] which observed that the broad band

n the region of 500–1000 cm−1 decreased with the addition of sil-
ca and disappeared in the case of TiO2–50% SiO2, implying that
i atoms gradually changed from an octahedral environment to a
etrahedral environment as more Ti atoms were incorporated into
he tetrahedral sites in the silica network.

Fig. 4(a) shows the nitrogen adsorption–desorption isotherm
nd (b) the Barrett–Joyner–Halenda (BJH) pore size distribution
urve calculated from the desorption branch of the nitrogen
sotherm of the calcined SNTZS (optimum composition). The
sotherm is of type IV according to the IUPAC classification [30],
ndicating the presence of mesopores structure of the sample.
he hysteresis loop is similar to type H2 which represents a non-
niform size and shape pores. Fig. 4(b) shows that the lower limit
f the distribution is 3 nm while the upper limit of the distribu-
ion is 18 nm and the pore size distribution is narrow and centered
round 5.6 nm. As listed in Table 2, the average pore diameter of
NTZS (optimum composition) decreased compared to the pure
ano-TiO2 due to the presence of ZSM-5 (5.5–6 nm pore diame-

er). Besides, ZSM-5 acts as a barrier in controlling the growth of
ano-TiO2 crystallites as revealed in XRD results. The pore vol-
me also increased in the presence of the crystalline ZSM-5. It
an be seen from Table 2 that the pure nano-TiO2 possessed the
urface area of 11.7 m2/g. With optimum composition of SNTZS,
Fig. 4. The nitrogen adsorption–desorption isotherm (a) and
Barrett–Joyner–Halenda (BJH) pore size distribution curve (b) calculated from the
desorption branch of the nitrogen isotherm of the SNTZS.

the specific surface area increased drastically to 275.7 m2/g, which
was five times higher than that of the Degussa P25 (50 m2/g).
This behaviour is for sure very much contributed by the pres-
ence of ZSM-5 which it is known that ZSM-5 has pore diameter
5.5–6 nm with a narrow pore volume distribution. That means the
SNTZS which possessing the higher surface areas and pore volumes
had more surface active sites and channels that allowed the rapid
diffusion of various liquid reactants and products during the pho-
tocatalytic reaction and thus, increasing the photodegradation rate
of reaction [3,31].

3.2. Phenol degradation

The phenol degradation as a model reaction was employed to
investigate the photocatalytic activities of the synthesized SNTZS
catalyst samples under the UV irradiation. To determine and verify
the factors that influencing the photocatalysis, a series of exper-
iments were conducted as the control experiments in 6 h. No
appreciable phenol degradation was found in the absence of either
UV irradiation, catalyst or air. According to the control experiments
without any irradiation, the concentration of phenol decreased less
than 6% and 3% due to air stripping and catalyst adsorption, respec-
tively. As for the photolysis of phenol, the concentration of phenol
dropped slowly by about 28% of the initial concentration (diagram
not shown).

3.3. Optimum composition of SNTZS photocatalyst in degradation
of phenol
Pure nano-TiO2 11.7 0.022 7.4
SNTZS (optimum composition) 275.7 0.389 5.6
SNTZS (0.5 g/L TiO2) 247.6 0.406 6.6
SNTZS (0.9 g/L TiO2) 193.6 0.392 8.1
Degussa P-25 50.0 – –
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Fig. 5. Degradation of phenol at different nano-TiO2 loading, based on the
base supported catalyst composition (nano-TiO :ZSM-5:silica gel:colloidal silica
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tion, an increase in the silica gel loading led to the improvement
of the phenol degradation until it reaches an optimum silica gel
level at 0.3 g/L. Further addition of silica gel reduced the phenol
degradation as silica gel possessed the adsorption ability for the

Fig. 7. Schematic representation of (a) ZSM-5 concentrates pollutants to the photo-
catalyst surface (Adsorption process) and (b) mechanism of photocatalytic activity
involving (1) absorption of photon and electron–hole pair generation. The electrons
are excited from valence band (VB) to conduction band (CB). In (2), the arrow shows
2

el = 1:1:1:2) which 0.25 g TiO2 was used in 500 mL phenol (0.5 g/L TiO2). Conditions:
ir flow rate = 2 L/min, initial phenol concentration = 50 mg/L).

.3.1. Nano-TiO2 loading
Fig. 5 shows the phenol concentration plotted as a function of

eaction time over the SNTZS catalyst. For the loadings of nano-
iO2 in the range of 0.1–0.9 g/L, it was believed that an increase in
he nano-TiO2 loading increased the photodegradation rate owing
o the higher holes and hydroxyl radicals generated. However, it
emained almost constant beyond certain level as shown in Fig. 5.
his performance was due to the fact that the numbers of pho-
ons absorbed and the number of phenol molecules adsorbed were
ncreased with increasing the amount of nano-TiO2 loaded. After
bove a certain level, TiO2 particles were in excess. The use of
igher amounts of nano-TiO2 (over 0.5 g/L nano-TiO2) has been

ound not to show the significant phenol removal. This is due to
he increased light scattering and consequently reduction of the
V light penetration through the solution (the UV light penetra-

ion was hindering by excess catalyst particles) [32,33]. Besides,
s the nano-TiO2 loading increased, it could provoke the extensive
ggregation of nano-TiO2 particles on the catalyst surface. Hence,
he specific surface areas of the catalyst were reduced and conse-
uently reducing the photodegradation efficiency. This statement
as proven by the BET results in which the surface area of the cat-

lyst over 0.5 g/L was reduced from 247.6 m2/g (0.5 g/L nano-TiO2)
o 193.6 m2/g (0.9 g/L nano-TiO2).

.3.2. Adsorbent loading
The composition of ZSM-5 loading was varied from 0.1 g/L to

.9 g/L. Fig. 6 shows that 0.3 g/L of ZSM-5 exhibited the optimum
dsorbent loading. 0.9 g/L of adsorbent loading shows more pro-
ounced activity in the first 60 min irradiation time, indicating that
igher interaction between the preadsorbed phenol molecules and

ncoming molecule, yielding more occupancy of the available sur-
ace area [34]. For the first 30 min in the dark condition, increasing
he ZSM-5 loading led to increasing the phenol degradation. After
he illumination of UV lamp, photodegradation takes place which
ndicates that the increase in the addition of ZSM-5 over 0.3 g/L
id not affect the degradation of phenol significantly. An increase

n the photocatalytic activities was due to the higher adsorption
rea towards the organic substrates, in turn, making the organic
olecules accessible to the active sites on the nano-TiO2 surface.

egradation of phenol was slower for high surface ZSM-5, thus,

ncreasing the diffusion pathway for phenol molecules [35]. Fig. 7
hows the schematic diagram depicting the heterogeneous nano-
iO2 photocatalysis process [36–38].
Fig. 6. Degradation of phenol at different adsorbent loading, based on the
base supported catalyst composition (nano-TiO2:ZSM-5:silica gel:colloidal silica
gel = 1:1:1:2) which 0.25 g TiO2 was used in 500 mL phenol (0.5 g/L TiO2). Conditions:
Air flow rate = 2 L/min, initial phenol concentration = 50 mg/L.

3.3.3. Support loading
Fig. 8 illustrates the effects of different support loadings

(0.1–0.9 g/L) on the degradation of phenol. The adsorption of phe-
nol on the catalyst in the dark condition increased with increasing
the silica gel content in the catalyst. However, under the illumina-
the recombination of electron–hole either on the surface or in the bulk volume.
The photogenerated electrons can reduce an electron acceptor (3) and the photo-
generated holes can oxidized an electron donor (4). Chain of reactions involved in
the production of reactive oxygen species such as H2O2, •O2

− and hydroxyl radical
(•OH) which eventually mineralizing phenols to CO2 and water (5).
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Fig. 10. Photocatalytic activity of synthesized SNTZS and commercial Degussa P25,
based on the optimum supported catalyst composition (nano-TiO2:ZSM-5:silica
ig. 8. Degradation of phenol at different support loading, based on the
ase supported catalyst composition (nano-TiO2:ZSM-5:silica gel:colloidal silica
el = 1:1:1:2) which 0.25 g TiO2 was used in 500 mL phenol (0.5 g/L TiO2). Conditions:
ir flow rate = 2 L/min, initial phenol concentration = 50 mg/L).

ontaminant [14]. This is also consistent with the earlier finding
hich indicates that an increase in the adsorption will lead to a
ecrease in the photocatalytic degradation.

.3.4. Binder loading
One of the approaches to immobilize the photocatalyst is using a

inding method. The important requirement for a binder is it must
ossess a good adherence between the catalyst and support over a
rolonged period of time without losing its photocatalytic activity.
ccording to the studies reported by Haque et al. [15], colloidal sil-

ca gel binder exhibits the best contaminant degradation efficiency
nd high long-term stability. The synthesized SNTZS in this work
an be easily recovered from the degraded phenol solution by a
imple filtration method and reused without any pretreatment. In
rder to study the effectiveness of the binder loading, the effect of
he reused SNTZS on the photocatalytic activity was investigated.
ig. 9 demonstrates the reusability of the prepared catalyst on dif-
erent amounts of colloidal silica gel binder (0.5–1.5 g/L) obtained
fter four experimental runs. After each run, it was observed that
he color of the SNTZS turned to dark brown. The change in color

f photocatalyst was due to the accumulation of intermediates on
he active sites of TiO2 surface [39], hence, attributing to the reduc-
ion of the photocatalytic activity of the reused catalyst. The result
n Fig. 9 shows that the decrease in percentage of degradation was

ig. 9. Comparison of photocatalytic activity of SNTZS catalyst at different loading
f binder for four times used, based on the base supported catalyst composition
nano-TiO2:ZSM-5:silica gel:colloidal silica gel = 1:1:1:2) which 0.25 g TiO2 was used
n 500 mL phenol (0.5 g/L, TiO2). Conditions: Air flow rate = 2 L/min, initial phenol
oncentration = 50 mg/L).
gel: colloidal silica gel = 1:0.6:0.6:1) which 0.25 g TiO2 was used in 500 mL phenol
(0.5 g/L TiO2). Degussa P25 in the amount of 0.25 g TiO2 was also used in 500 mL
phenol (0.5 g/L, TiO2). Conditions: Air flow rate = 2 L/min, initial phenol concentra-
tion = 50 mg/L).

the highest for 1.5 g/L compared to other colloidal silica gel load-
ings. However, the reusability of the SNTZS catalyst with 0.5 and
1.0 g/L colloidal silica gel can almost execute as well as that with
1.5 g/L colloidal silica gel. Nevertheless, an increase in the binder
amount beyond that limit caused the decrease in the photocatalytic
activity. Since the result revealed that the photocatalytic activity
among 0.5–1.5 g/L of colloidal silica gel slightly differed from each
other, 0.5 g/L was chosen as an essential aspect of the cost effec-
tiveness. The percentage degradation of 0.5 g/L colloidal silica gel
decreased to 91% when it was used for a second time compared to
94% when it was firstly used. The percentage degradation of phe-
nol decreased to about 18% when it was used for the fourth time.
These results revealed that this binder could maintain the adhesion
of the catalyst over an extended period of time, without losing of
the photocatalytic activity.

As mention in Sections 3.3.1–3.3.3, the optimum amount of TiO2
loading is found to be 0.5 g/L for phenol degradation, while the opti-
mum loading of ZSM-5 and support are both concluded at 0.3 g/L.
The optimum loading amount of each component was determined
after taking into consideration the aspects of percentage phenol
degradation and economic effect. For the colloidal silica gel load-
ing effect, the optimum loading was also determined based on the
stability of the catalyst for repeated usage without losing its pho-
tocatalytic activity. Since the performance of 0.5 g/L colloidal silica
gel is not much differs from 1.0 g/L and 1.5 g/L colloidal silica gel,
0.5 g/L colloidal silica gel is chosen as the optimum loading and
this is what the author means by considering economic effect. As a
result, the optimum composition of the SNTZS is found to be (nano-
TiO2:ZSM-5:silica gel:colloidal silica gel = 1:0.6:0.6:1) which 0.25 g
TiO2 was used in 500 mL phenol (0.5 g/L TiO2).

3.4. Photocatalytic activity of SNTZS (optimum composition)
compared to commercial Degussa P25

The photocatalytic performance of commercial Degussa P25
was also deliberated as a reference to that of the SNTZS. As can
be seen in Fig. 10, the optimum composition of SNTZS shows the

highest photocatalytic activities compared to the Degussa P25. The
optimum supported catalyst composition (nano-TiO2:ZSM-5:silica
gel:colloidal silica gel = 1:0.6:0.6:1) which 0.25 g TiO2 was used in
500 mL phenol (0.5 g/L TiO2). Degussa P25 in the amount of 0.25 g
TiO2 was also used in 500 mL phenol (0.5 g/L TiO2). Boujday et al.
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40] reported that structural and textural properties are important
actor involving in the enhancement of the photocatalytic activi-
ies. The crystalline quality (structural parameter) that influenced
he most in the photocatalysis mechanism includes:

photon absorption;
charge-carriers generation;
charge-carriers migration to the surface;
charge-carriers trapping.

The SNTZS that consisting of the anatase phase of high crys-
alline nano-TiO2 creates a lot of electron–hole pairs with longer
ifetimes [40]. The latter was expected to reduce the charge-carriers
ecombination probability and enhance the photodegradation of
henol. Meanwhile, the specific surface area (textural parameter)

nfluences the interfacial charge transfer. The result of photocat-
lytic degradation of phenol as shown in Fig. 10 disclosed that an
ncrease in the specific surface area increased the reactivity as well.
s mentioned earlier, Al–O units in the zeolite framework were
hotocatalytic active sites. Thus, this unit did contribute to the
nhancement of surface area of the optimum composition of SNTZS
275.7 m2/g) and hence, resulting better photocatalytic activity
ompared to the Degussa P25 (50 m2/g). Besides, the optimum com-
osition of SNTZS has smaller particle size, 8–22 nm (see TEM and
RD result) compared to Degussa P25, 21.3 nm (see TEM result)
hich in turn showing faster phenol degradation than Degussa P25.

In order to study the reusability of the optimum composition of
NTZS in photodegradation of phenol, the catalyst was repeated
or five times. All the procedures of the repeated experimental
ere same as done in Section 3.3.4. After three experimental runs,

he photocatalytic performance of the optimum composition main-
ained about 90% of phenol degradation (180 min irradiation time),
nd for the fourth and fifth cycles, the percentage degradation
ecrease to 88% and 87%, respectively (diagram not shown). Thus,
he SNTZS at the optimum composition has revealed to be stable
or repeated usage.

. Conclusions

SNTZS photocatalyst was successfully synthesized using the
odified sol–gel method. The performance study of the degrada-

ion of phenol over the synthesized photocatalyst under the UV
rradiation was performed in a batch reactor. A series of exper-
ments were conducted to investigate the optimum composition
or SNTZS. The optimum formulation for the SNTZS which con-
ists of the mixture of nano-TiO2 and ZSM-5 supported on silica
el using colloidal silica gel as binder was found to be (nano-
iO2:ZSM-5:silica gel:colloidal silica gel = 1:0.6:0.6:1). About 90%
f phenol was degraded after a UV-254 nm irradiation for 180 min
ver the synthesized SNTZS. Comparatively, the phenol degrada-
ion over the Degussa P25 after 180 min was only 67%. After five
imes of repeated use, the catalyst showed only a slight decrease
n the activity. Therefore, the SNTZS synthesized in this study has
een proven to have excellent photocatalytic activity and stable
or repeated usage. The synthesized SNTZS compared to that of
egussa P25 exhibits superior photocatalytic activity for the pho-

ocatalytic degradation of phenol. Its high photocatalytic activity
ecause of the large specific surface area, low electron–hole pairs
ecombination rate and high crystalline quality of the synthesized
atalyst.
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