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ABSTRACT

The microporous Engelhard titanosilicate ETS-4 is synthesized with the photocatalytic active
–Ti–O–Ti– quantum wires in its framework. The transition metal cations are ion exchanged
from their metal salt solutions to give M-ETS-4 (M = Fe, Co, Ni, Cu and Ag). The synthe-
sized materials are extensively characterized by XRD, FT-IR, TGA, SEM and UV–vis-DRS.
The photocatalytic activity of these synthesized samples is investigated for the degradation
and mineralization of aqueous solution of nitrobenzene as a model pollutant compound.
Decrease in chemical oxygen demand (COD) and absorbance of photodegraded NB
revealed mineralization of NB. The photocatalytic activity of ETS-4 is attributed to the active
–Ti–O–Ti– wires in its framework. Transition metal ions present in ETS-4 enhance the
photocatalytic activity by the separating photogenerated charge carriers in ETS-4. Ag ions
are found to show pronounced improvement in the photocatalytic activity compared to
other transition metal ions. COD study reveals ~59% mineralization in 240 min of
irradiation with Ag-ETS-4.

Keywords: Photocatalysis; Mineralization; Degradation; ETS-4; Metal ion exchange;
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1. Introduction

Undesired by-products with high aromaticity and
low biodegradability released from various chemical
industries have emerged as major environmental
pollutants. These pollutants enter into the environ-
ment during their manufacturing processes and their
use as chemical intermediates in chemical processes.
Decomposition of these by-products to complete
mineralization has become one of the major issues in

wastewater pollution. The nitro and amino groups
containing aromatics are not only toxic in nature [1–3]
but could also inhibit biodegradation of other com-
pounds of wastewater [4–7]. These pollutant cause
cyanosis and increased respiratory rate from methae-
moglobinemia. Regardless of exposure route or length,
they affect the blood as the primary target organ and
need to be stringently controlled. Wastewater with
nitrobenzene concentrations exceeding 2 mg L−1 is
considered hazardous. Various organic chemicals and
plastic industries exceed this limit [8]. Due to strong
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electron affinity of nitro group, it is resistant to chemi-
cal and biological oxidation [9]. The techniques used
for nitrobenzene decomposition includes ozonation
[10,11], photochemical reduction [12], adsorption [13]
and aerobic condition [14].

The photocatalytic reaction has shown advantage
over other conventional methods for degradation of
organic pollutants from water and air due to its
simplicity and complete mineralization based on the
generation of highly reactive hydroxyl radicals
[15–17]. The photocatalytic decomposition of organic
compounds especially from aqueous media has
attracted a great deal of attention [7,18–24]. The sup-
porting semiconductor catalysts particularly titania
catalyst on silica [25,26], zeolites [27–29], fibre glass
[30,31], electrode [32] and cenospheres [33] have also
been studied to enhance the photocatalytic activity.
However, catalyst recovery due to the leaching of
active species remains a challenge even of supported
photocatalysts. As a result, research efforts are direc-
ted towards developing alternate photocatalytic active
materials which are devoid of leaching problem. ETS
materials contain chains of –O–Ti(IV)–O– in their
framework that exhibit quantum confinement effects
and behave as one-dimensional semiconductor nano-
wires [34–38]. In ETS-4 structure, these chains are
found in (0 1 0) direction which are connected by sili-
cate tetrahedral and with titanosilicate “bridging
units” in (0 0 1) direction and in the (1 0 0) direction,
respectively [39]. ETS-4 has cation-exchange capacity,
and transition metal ion- and alkali metal ion-ex-
changed ETS-4 can be used for catalytic applications.
ETS-4 reported in 1989 [40] has effective pore opening
around 3–4 Å, that can be adjusted further by system-
atic contraction through controlled dehydration for
various applications such as gas adsorption and
separation [35,41–44].

In the present study, the pristine and transition
metal ion-exchanged ETS-4 samples are synthesized
and their photocatalytic activity for degradation of
nitrobenzene under UV-light irradiation is investi-
gated. It has been observed that transition metal ion
exchange influences the photocatalytic activity of TiO2

and supported zeolite materials [45–48]. This has
prompted us to investigate the effect of ion exchange
on the photocatalytic activity of ETS-4. The transition
metal ions are expected to extend the life time of one
or both the charge carriers by trapping the charge car-
rier [49]. For this purpose, the ions to be doped or
exchanged must have the work function higher than
that of the semiconductor providing a Schottky barrier
[29,38,50,51]. Considering this characteristic transition
metals, viz., Fe, Co, Ni, Cu and Ag are selected for
exchange.

2. Experimental section

2.1. Chemicals and materials

Titanium(IV) butoxide was purchased from
Aldrich USA. Sodium silicate was procured from
Aquagel, India. Sodium hydroxide (NaOH), Nitroben-
zene (NB) and nitrates of all metals were of AR grade
purchased from s.d. fine-chem Ltd, India. Deionized
water was used to make up the reaction mixture.

2.2. Synthesis of the catalysts

The synthesis of the ETS-4 was carried out as
reported earlier [52]. The initial chemical composition
of the solution used for ETS-4 synthesis was Ti:Si:Na:
H2O2:H2O = 0.9:10:14:8:675 on a molar basis. Titanium
(IV) butoxide was added to an aqueous solution of the
sodium hydroxide and stirred for 20 min to make the
solution homogeneous. The hydrogen peroxide was
added to this white colour solution which results in a
yellow colour solution. The solution was again stirred
for 10 min. The sodium silicate solution (24 wt.% SiO2,
8 wt.% Na2O) was added drop wise to this resultant
solution producing a clear bright yellow solution. This
solution was stirred for 15 min and transferred to
autoclave for hydrothermal synthesis. The hydrother-
mal synthesis was performed statically at 453 K for
72 h in an autoclave. The powder obtained was fil-
tered, washed with distilled water and dried at 313 K
temperature.

For transition metal ion exchange in ETS-4, the
weighed amount of ETS-4 (2 g) was stirred for 24 h
with the metal salt solution in 100 ml water having
concentration calculated for 0.5% (w/w) metal ion
exchange at room temperature. In the ion exchange,
Na ions would be replaced by transition metal ions
from ETS-4. After the ion exchange, the samples were
washed with distilled water, filtered and dried at
393 K for 12 h. The samples were calcined at 723 K.
The obtained samples were named as M-ETS-4, where
M represents the exchanged transition metal.

2.3. UV irradiation experiments

The catalytic reaction was carried out in a reactor
consisting of two parts as reported earlier [53]. The first
part consisting of an inner quartz double-wall jacket
with water circulation facility and second part an outer
borosilicate glass container (volume 250 ml after inser-
tion of the inner part) in which the reaction takes place.
The 125-W mercury vapour lamp (Crompton Greaves
Ltd, India) was used for the UV irradiation source and
placed in an empty chamber at the centre of inner
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quartz double-wall jacket. The reaction mixture was
continuously stirred by keeping a magnetic stirrer
below the reactor. Photocatalytic activity was studied at
pH of 6.9 of the initial reaction mixture and pH was not
adjusted during the experiments. The temperature of
reaction was maintained at 293 K for all the reactions.
The photocatalytic activity of the catalysts was evalu-
ated by measuring the decrease in concentration of
nitrobenzene in the reaction aqueous solution using
UV–visible spectroscopy. The calibration curve was
plotted for nitrobenzene using standard samples of
known concentration (5, 10, 20, 30, 40 and 50 ppm) of
nitrobenzene in distilled water. The slope of the curve
was calculated and used for determining nitrobenzene
concentration using Beer–Lambert’s law.

Prior to commencing irradiation, a suspension con-
taining 50 mg of the catalyst and 250 ml of aqueous
solution of ca. 50 ppm of nitrobenzene was stirred
continuously for 30 min in the dark. The sample was
analysed to measure the adsorption of nitrobenzene on
the catalyst surface. Five millilitre reaction samples
were withdrawn for analysis by a syringe from the
irradiated suspension at intervals of 10 min for the first
hour and every hour thereafter. The catalysts were
separated by centrifugation from the aqueous solution
and concentration was determined by UV–visible spec-
trophotometer (Cary 500, Varian, Palo Alto, CA). The
absorbance was measured at λmax 267 nm for nitroben-
zene. The mineralization of nitrobenzene in aqueous
solution was confirmed by chemical oxygen demand
(COD) analysis of the samples taken at different reac-
tion time intervals. COD is an index of water pollution
by organics and COD differences with irradiation time
are exclusively related to the degree of oxidation of the
organic matter [22,54–56].

2.4. Catalyst characterization

X-ray diffraction data were measured at ambient
temperature using a Phillips X’pert MPD system
employing CuKα1 (λ = 0.15405 nm) radiation at 295 K.
Diffraction patterns were taken over the range of 5˚–60˚
2θ at the scan speed of 0.1˚sec−1. The crystallinity of the
catalysts was calculated with reference to pristine ETS-4
by taking the average of 8 major peaks of the catalyst
(2θ = 7.5, 12.7, 16.7, 19.9, 24.7, 30.0, 50.7 and 52.1). The
band gap energy of the catalysts was determined using
the diffuse reflectance spectroscopy (DRS). The spec-
trophotometer (Shimadzu UV-3101PC) was equipped
with an integrating sphere and BaSO4 was used as a
reference. The spectra were recorded at room tempera-
ture in the wavelength range of 225–700 nm. The band
gap energy of catalysts was calculated according to the
equation:

Band gap (EG) ¼ hc=k (1)

where EG is the band gap energy (eV), h the Planck’s
constant, c the light velocity (m/s) and λ is the
wavelength (nm).

The FT-IR spectroscopic measurements were car-
ried out using Perkin-Elmer GX spectrophotometer.
The spectra were recorded in the range 500–4,000 cm−1

with a resolution of 4 cm−1 as KBr pellets. The
morphology of the synthesized catalysts particles and
presence of metal was studied using Scanning Electron
Microscope (Leo Series VP1430) equipped with INCA,
Energy Dispersive System (EDX), Oxford instruments.
The sample powder was supported on aluminium
stubs prior to measurement. Thermogravimetry and
differential thermal analysis were performed on a
TGA/SDTA851e, METTLER TOLEDO system in a tem-
perature range of 30–750˚C with a heating rate of
5˚C min−1 under an air stream.

3. Results and discussion

3.1. Structural, textural and electronic properties

The powder XRD patterns of pristine and of the
ion-exchanged ETS-4 catalysts are shown in Fig. 1(a)
and compared with literature reports. The patterns of
ion-exchanged catalysts are similar to that of pristine
ETS-4 and are in good agreement for the peaks at their
respective 2θ values. This suggests that the structure
of ETS-4 is retained after metal ion exchange and no
impurity of silica or transition metal oxides occurred
during metal ion exchange. The crystallinity was
found to decrease with transition metal ion exchange
(Table 1). The major diffraction lines for as-synthe-
sized ETS-4 were indexed with an orthorhombic unit
cell with space group symmetry of Cmmm and cell
parameters a = 23.2422 Å, b = 7.2021 Å, c = 6.9324 Å
and α = β = γ = 90˚ shown as in Table 1. The reported
cell parameters in previous studies are a = 23.2272 Å,
b = 7.1751 Å, c = 6.9727 Å and a = 23.24 Å, b = 7.23 Å,
c = 6.95 Å, respectively [35,57]. The calculated lattice
constants of ETS-4 were found to decrease with
increase in the metal ion content which supports the
exchange of transition metal ions in the lattice.

The IR absorbance spectra of the samples were
recorded in the frequency range 500–4,000 cm−1

(Fig. 1(b)). The absorbance values at around 3,590, 3,443
and 3,216 cm−1 are due to stretching vibrations, while at
1,650 cm−1 is due to the bending vibration of water
molecules and OH groups present at the surface [35,58].
The absorbance at 1,136 cm−1 is due to asymmetric
stretching vibrations of Si–O–Si bridges, while peaks at

P.K. Surolia and R.V. Jasra / Desalination and Water Treatment 57 (2016) 15989–15998 15991



983 and 914 cm−1 are the resultant of Si–O–Ti stretching
vibrations. The stretching and bending vibrations of Ti–
O–Ti give rise to the absorption peak at 704 and
661 cm−1, respectively. The comparison of the IR spec-
tra of pristine and transition metal-exchanged ETS-4
show that there is an additional peak at around
1,386 cm−1 in the IR spectra of transition metal-ex-
changed ETS-4. This peak results from vibrations of H+

ion [59]. This Brönsted acidity arises due to the cluster
formation of the hydroxyl group with transition metal
ion and leaving behind free H+ ion in the framework.

The water loss curves determined by thermal
gravimetric analysis for as-synthesized and transition

metal-exchanged ETS-4 are given in Fig. 1(c) which
show the maximum weight loss between 100 and
200˚C. The weight loss is attributed to removal of physi-
sorbed water molecules [60,61]. The figure shows that
Ni and Ag metal exchange exhibit weight loss approxi-
mately 17 and 16%, respectively, which are similar to
pristine ETS-4 (~18% weight loss). Fe, Co and Cu ion-
exchanged samples show the decrease in the stability as
seen in higher weight loss 25, 20 and 21%, respectively.
The higher weight loss suggests a more hydrated
framework in the material. The higher weight loss with
these metal-exchanged ETS-4 is because of the removal
of strongly bounded water which causes the structure
to collapse [60]. This can also be seen from the loss of
crystallinity of these catalysts.

The band gap from diffuse reflectance measure-
ment for pristine ETS-4 was calculated 3.8 eV (Table 1).
The transition metal-exchanged ETS-4 catalysts
showed two band gaps. The values of these band gaps
were same for all the samples. It seems that the band
gap of ETS-4 is apparently blue-shifted compared to
that of TiO2 bulk (~3.2 eV). This blue shift in ETS-4
catalyst from TiO2 bulk is attributable to the quantum
size effect of the –Ti–O–Ti–O– nanowires embedded in
the ETS-4 crystalline matrix [61] which arises from the
confinement of charge carriers in a nanosized semi-
conductor [39]. The second absorption edge and new
broad visible absorption bands [62] for the exchanged
and bimetallic materials in metal ion-exchanged ETS-4
is attributed to the excitation of 3d electrons to the
conduction band of –Ti–O–Ti–O– semiconductor
nanowires (charge-transfer transition) [63–65].

The SEM image presented in Fig. 2 shows the crys-
tals of the pristine and transition metal exchanged ETS-
4 in the form of intergrown and intertwined aggregates
of plates as reported earlier [59,66]. All the catalysts are
having identical morphology and the SEM images
revealed that the pristine ETS-4 and M-ETS-4 are indis-
tinguishable suggesting insignificant effect of transition
metal exchange on the morphology of synthesized cata-
lysts. The amount of exchanged transition metal ion
was estimated by EDAX analysis of the synthesized
catalysts. The amount of the Na, Ti and exchanged
metal is given in Table 1. The ratio of Na to Ti was
found to decrease after the transition metal ion
exchange confirming metal ion exchange with the Na
ion. The EDAX analysis confirms the presence of transi-
tion metal ions in these samples as per calculation.

3.2. Photocatalytic activity

The photocatalytic activities of the synthesized
catalysts were monitored at constant catalyst dose of
200 mg L−1 and 293 K temperature, while initial

Fig. 1. XRD patterns (a), FT-IR spectra (b) and TGA patterns
(c) of pristine and metal ion-exchanged ETS-4 catalysts.
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concentration of nitrobenzene was 50 ppm. Fig. 3(a)
shows the molar concentration vs. time graph

The initial rates of photocatalytic degradation
calculated for all catalysed reactions are given in
Table 2. Initial rates reveal that M-ETS-4 are more
active catalysts than pristine ETS-4 and Ag-ETS-4

showed highest catalytic activity among all metal ion-
exchanged ETS-4 catalysts. Fig. 3(b) shows the changes
in absorption spectra of nitrobenzene with Ag-ETS-4
under UV-light irradiation. Nitrobenzene shows
maximum absorbance at 267 nm and the decrease in
concentration calculated by the absorbance at this

Table 1
Structural and electronic properties of the catalysts

Catalyst Crystallinity (%)

Lattice constants (Å)

Na/Ti % Metal (EDX) Band gap (eV)a b c

ETS-4 100 23.2422 7.2021 6.9324 1.97 – 3.8
Fe-ETS-4 85 23.2420 7.1963 6.9187 1.67 0.74 4.0/3.6
Co-ETS-4 95 23.1635 7.1926 6.9182 1.93 0.50 4.0/3.6
Ni-ETS-4 89 23.2345 7.2000 6.9246 1.72 0.52 3.9/3.5
Cu-ETS-4 84 23.1543 7.1950 6.9252 1.62 0.63 4.0/3.5
Ag-ETS-4 96 23.1945 7.1950 6.9264 1.60 0.47 3.9/3.5

Fig. 2. SEM images of pristine ETS-4 (a), Fe-ETS-4 (b), Co-ETS-4 (c), Ni-ETS-4 (d), Cu-ETS-4 (e) and Ag-ETS-4 (f)
catalysts.
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wavelength Fig. 3(b) shows the degradation of
nitrobenzene, and was used as a measure of photocat-
alytic activity.

Factors which govern the degradation are (i)
generation and migration of the photogenerated e–/h+

pair, and (ii) reaction between these photogenerated h+

(OH� radical) and organic substrate molecules. These
both processes occur in series and each step may
become the rate-determining step for overall process.
Initially, at high concentration of NB former process
dominates, resulting lower difference in degradation

values. After first hour of reaction where NB concen-
tration becomes low due to degradation, the latter pro-
cess dominates, resulting high degradation values. Due
to these factors, catalysts performance can easily be
distinguished at lower substrate concentration as seen
in Fig. 3(a). Initial high concentration reduces the diffu-
sion rate of intermediates from the catalyst surface as
well as the transfer rate of the substrate towards cata-
lyst which is another reason for similar performance of
all the catalysts in first hour of reaction [67].

The percentage degradation of nitrobenzene after
4 h reaction is shown in Fig. 4(a). The transition metal-
ion exchanged ETS-4 samples exhibit higher activity
than pristine ETS-4. The percentage degradation
observed after 4 h reaction time was 65, 69, 67, 68, 75
and 79 for pristine, Fe, Co, Ni, Cu and Ag metal
ion-exchanged ETS-4, respectively. Moreover, Ag-ETS-4
catalyst showed highest photocatalytic degradation
(79%) among all other transition metal-exchanged
ETS-4 catalysts. However, Ag ion-exchanged TiO2 was
used as a photocatalyst under the similar reaction
conditions had shown 89% degradation of NB in earlier
study [29]. The amount of TiO2 in the ETS-4 catalyst
calculated as per its stoichiometry is 17%. Thus, the
amount of photocatalytic active species (–O–Ti(IV)–O–)
of the prepared catalyst in 50 mg is 8.5 mg. The earlier
observed higher activity of TiO2 can be explained by
the higher number of available surface TiOH groups
and by the fact that most of the photons are able to acti-
vate the band gap mechanism for TiO2 [68]. Consider-
ing this, the results obtained with ETS-4 material as a
photocatalyst are very promising. For comparison, an
experiment was carried out with commercially avail-
able TiO2 (Degussa P25) without further modification
and only 61% degradation of nitrobenzene was
observed. This confirms the superior performance of
ETS-4 catalysts. The percentage decrease in the concen-
tration due to adsorption in dark was found to be 28,
23, 19, 25, 20 and 26 for pristine ETS-4, Fe, Co, Ni, Cu
and Ag metal-exchanged ETS-4 catalyst, respectively.
The decrease in the nitrobenzene concentration only
due to UV irradiation in absence of catalyst was found
nearly 14%. The COD analysis of the reaction mixture

Fig. 3. Photocatalytic disappearance of nitrobenzene using
different catalysts (a) and UV–visible absorbance spectra of
different reaction samples taken with Ag-ETS-4 catalyst
(b).

Table 2
Kinetics of the aqueous nitrobenzene photocatalytic degradation using ETS-4 based catalysts

Catalyst Initial rate × 106 (mol l−1 sec−1) Standard redox potential E0 (V) of metal

ETS-4 4.6 −2.71 (Na)
Fe-ETS-4 5.1 +0.33
Co-ETS-4 5.3 −0.28
Ni-ETS-4 5.8 −0.25
Cu-ETS-4 4.8 +0.68
Ag-ETS-4 6.1 +0.80
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samples at different time intervals determined the com-
plete mineralization of nitrobenzene during the
degradation process, Fig. 4(b). Approximately 59%
mineralization was observed in 240 min with Ag-ETS-4
catalyst which is best among all samples used. The reac-
tion sample was analysed by inductively coupled
plasma (ICP) analysis after the reaction. The absence of
exchanged metals in the reaction sample confirms the
lack of leaching of these metals during the reaction.

The silver metal-exchanged ETS-4 showed the high-
est activity for both degradation and mineralization.
Furthermore, all the metal-exchanged ETS-4 catalysts
showed enhanced photocatalytic activity. The
transition metal can capture the photogenerated
electrons in the –O–Ti(IV)–O– semiconductor nanowires
under UV-irradiation to be reduced to M0. The effect
of transition metal ion exchange on TiO2-based
photocatalysts has been extremely studied and the cap-
ture of photogenerated electrons by transition metals
over TiO2-based photocatalysts is well known to occur.
Similar effect may also be possible for –O–Ti(IV)–O–

nanowires present in the ETS-4 system. The contact of
a metal with a semiconductor creates a heterojunction
at the interface with the difference in electrochemical
potential of both the surfaces, set by their position of
work function (ϕm) and Fermi level (EF), respectively.
The contact between these two phases leads to the elec-
tron flow from the phase with more negative initial
electrochemical potential to the other until the electro-
chemical potentials of both phases are in equilibrium,
in this case from the semiconductor to the contacting
phase. A barrier height (ϕb), known as Schottky barrier,
is formed at the interface which stops the back transfer
of electron and the barrier height energy (qϕb) is the
differences between the equilibrium Fermi level and
the energy of the conduction band edge (Fig. 5):

/b ¼ ð/m � vsÞ=q (2)

where ϕdm is the work function of the metal (in eV)
and χs is the electron affinity of the semiconductor.

The conduction band energy level of TiO2 (Ec) is
approximately –0.3 eV [69] and thus –O–Ti(IV)–O–
semiconductor unit of ETS-4 is higher than that of
reduction potential of transition metal as shown in
Table 2. This difference in the energy level makes it
feasible to thermodynamically transfer an e– from con-
duction band to metallic particles and the Schottky
barrier at the interface that makes the trapping this
electron feasible. Thus, by the trapping of electron,
these transition metal acts as a sink for photogener-
ated electrons and minimize the e–/h+ recombination
to assist the photocatalytic oxidation of nitrobenzene
with known oxidizing species such as free h+ or OH�

radicals [70]. OH� radical is an extremely important
species responsible for the photocatalytic oxidation of
organic compounds [71–73]. On the other hand, Na+

and K+ ions in the pristine ETS-4 cannot be reduced
into Na and K metal by photogenerated e– as the
reduction potentials of these ions are much higher
(Table 2); this causes the lower photocatalytic activity
of ETS-4 towards nitrobenzene degradation.

ETS-4 consists of a combination of four poly-
morphs, which causes the appearance of numerous
stacking faults blocking the 12-membered rings chan-
nels, and thus the effective pore size of as-synthesized
ETS-4 is ca. 3.7 Å, which may be even smaller for
transition metal ion-exchanged ETS-4. Hence, the reac-
tion of nitrobenzene most likely takes place on the
external surface of pristine and M-ETS-4 materials,
where defect sites may be abundant [68]. The
photocatalytic active sites are titanol species located
on the external surfaces where the –O–Ti–O–Ti– chain
emerges, exposing a surface Ti–OH titanol group [68].

Fig. 4. Photocatalytic disappearance of nitrobenzene after
4 h irradiation (a) and Reduction in COD value (b) using
different synthesized catalysts.
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4. Conclusions

The microporous ETS-4 is found to exhibit photocat-
alytic activity under UV light and exhibits a promise as
an alternative to conventional supported titania photo-
catalysts. Decrease in COD and absorbance of photode-
graded NB revealed mineralization of NB. The
transition metal ion-exchanged ETS-4 zeolites show
enhanced activity for the photocatalytic degradation as
well as mineralization of nitrobenzene from aqueous
solution compared to pristine ETS-4. The photocatalytic
activity shown by ETS-4 was due to the presence of –O–
Ti(IV)–O– nanowires in its structure. The enhanced
activity of the transition metal-ion exchanged ETS-4 is
found to be due to transition metal acting as a sink for
photogenerated electrons. Ag ions show pronounced
effect to improve the photocatalytic activity compared
to other transition metals. The Ag-ETS-4 catalyst exhib-
ited maximum photodegradation, mineralization (~59%
COD decrease) and higher initial rates than pristine
ETS-4 and among all other transition metal-exchanged
ETS-4 catalysts. Considering the amount of photocat-
alytic active part (17%) in the synthesized ETS-4 mate-
rial, the observed results are satisfactory and further
research for the modification in this existing material is
needed to enhance its photocatalytic activity. Microp-
orous zeolite ETS-4 having chains of –O–Ti(IV)–O– semi-
conductor units as photocatalyst can provide an
alternate of conventional supported photocatalyst to
solve the leaching problem.
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