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Materials based on tungstosilicic acid (TSA) immobilized on zeolites (NH4Y and NH4,ZSM5) were prepared
by wet impregnation of the zeolite matrix with TSA aqueous solutions. The concentration was varied in
order to obtain TSA contents of 5%, 10%, 20%, and 30% w/w in the solid. Catalysts were further character-
ized by N, adsorption-desorption isotherms, FT-IR, XRD, DRS-UV-vis and SEM techniques. The resulting
materials were evaluated in the photodecomposition of azo dye methyl orange. The results revealed
that the materials present suitable properties to be used as catalysts in the photocatalytic treatment of
wastewater containing dyes, and the photodegradation follows a pseudo-first-order kinetics. Reaction
parameters such as TSA content, catalysts mass, reuses and pH, were evaluated.

© 2016 Published by Elsevier B.V.

1. Introduction

Wastewaters resulting from human activities can contain many
organic and inorganic substances and they are one of the main
sources of environmental pollution due to the fast industrial devel-
opment. Anthraquinone, arylmethane, indigoid and azo dyes, used
on a large scale particularly in textile industries, may generate
toxic substances through oxidation, hydrolysis or other chemical
reactions occurring in the wastewater phase [1]. For this reason,
the development of procedures to control or destroy this type of
pollution is of great interest and a challenge.

Up to the present time, different methods have been devel-
oped for removing colored pollutants from wastewaters. The most
common methods are coagulation/flocculation and removal by
activated carbon [2-4] which generates huge amounts of sludge

* Corresponding author at: Centro de Investigacion y Desarrollo en Ciencias Apli-
cadas “Dr. ].J. Ronco” (CINDECA), Departamento de Quimica, Facultad de Ciencias
Exactas, UNLP-CCT La Plata, CONICET, 47 No. 257, 1900 La Plata, Argentina.

E-mail addresses: cleal@frc.utn.edu.ar (C. Leal Marchena),
Irpizzio@quimica.unlp.edu.ar (L. Pizzio).
T Co-corresponding author.

http://dx.doi.org/10.1016/j.apcatb.2016.01.064
0926-3373/© 2016 Published by Elsevier B.V.

and waste that should be disposed. A new and effective approach
for the removal and degradation of dyes are the advanced oxida-
tion processes (AOPs). Among the different AOPs, the photoassisted
catalytic decomposition of organic pollutants employing semicon-
ductors as photocatalysts is promising [5,6].

Methyl orange is an azo dye that has been widely used as a
model compound for the research on photoreactions [7,8]|. Many
researchers have reported the decomposition of methyl orange
using TiO, as a photocatalyst under ultraviolet irradiation or solar
irradiation [9-12].

Heteropolyacids with Keggin structure have received increas-
ing attention in many research applications, such as acid catalysts
and redox [13-15]. Currently, heteropolyacids are used as photo-
catalysts for the degradation of organic pollutants in water due to
their nontoxicity and photostability [16-18]. Tungstophosphoric
acid (H3PW1,04g, TPA) is one of the most studied and used het-
eropolyacids due to its high Bronsted acidity, high thermal stability
and low reducibility, among other qualities [19-21]; tungstosilicic
acid (H4SiW1,049, TSA) shows similar and comparable character-
istics, but is less taken into account.

Heteropolyacids have photocatalytic properties comparable to
the best-known semiconductors such as TiO,, ZnO, CdS, etc. [22,23].
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Both TPA and TSA absorb in the region of visible and near UV,
generating a charge-transfer excited state of the isolated metal
oxospecies [Me(™1*-0°]* formed. The difference between TPA and
TSA lies primarily in the charge difference in the heteropolyanion.
Choi et al. [24] evaluated the redox behavior and catalytic proper-
ties of Keggin-type heteropolyacids (Co%*, B3*, Si** and P>*) in the
oxidation of benzaldehyde and determined the potential reduction,
which was correlated with the heteropolyanion charge. It was also
reported that the charge difference generates different interactions
between the heteropolyacids and the solid surfaces. Pruethiarenun
et al. [25] synthesized and compared brookite hybrid films with
TPA and TSA, demonstrating that the higher charge of [SiW1,040]%~
with respect to [PW;,040]° results in lower interaction with the
material.

The main drawback of polyoxometalates as catalysts is their
low surface area (lower than 10 m2/g) and high solubility in polar
organic solvents and water, which makes it impossible to recover
and reuse these materials [26,27]. Such problem could be overcome
by supporting them on suitable porous materials with high surface
area to obtain a greater number of available and accessible acidic
sites. The high surface area could result in a high concentration of
active catalytic sites. Moreover, the supported heteropolyacids are
more thermally stable than ion exchange resins and they are practi-
callyinsoluble [28].1t was reported that polyoxometalate salts were
combined and supported on photoactive and/or inactive materials
seeking to improve their properties [29-31]. Supporting the poly-
oxometalates on solid surfaces, such as zeolites, activated carbon,
SiO,, Al, 03, among others [32]. increases their specific surface area
and allows an easy recovery and reuse of hybrid catalysts.

Zeolites are microporous crystalline aluminosilicates with
structural characteristics, such as the ability to trigger photoin-
duced electron donor and acceptor reactions, which makes them
attractive hosts for photochemical applications [33,34]. The appli-
cation of zeolites as supports provides photospecific properties
such as the control of charge-transfer and electron-transfer pro-
cesses, causing an increase in the photoactivity of the catalysts
obtained [35,36]. This increase has been attributed, among other
factors, to the stabilizing effect on the redox species photogen-
erated, and control over charge-transfer and electron-transfer
processes [36-38]. The stabilization of the charge-transfer state
of many reactions and transient species, such as *OH and *02- in
the presence of zeolites, has also been reported in several stud-
ies [39-46]. Additionally, the acidity of zeolite plays a crucial role
on the Keggin anion stability, because it is strongly related with
the acidity of the support. For example, when NH4Y and NH4ZSM5
zeolites were used as supports for tungstophosporic acid (TPA), the
Keggin structure was more stable on ZSM-5 and it was attributed
to its higher acidity [47]. When Al,03 was evaluated as sup-
port for TPA, the Keggin anion was partially transformed into the
[P2W21071 ]67 SDECiE [32]

Chenetal. [48] employed HZSM5 zeolite with a Si/Al ratio of 14.2
forin situ synthesis and impregnation of H;PMo1,04g, obtaining an
improvement in the n-octane hydroconversion. Pamin et al. [29]
found that TPA was stabilized when it was supported in lower Si/Al
ratio (2.47) zeolite Y. We reported [47] that both NH,Y (Si/Al=2.47)
and NH4ZSM-5 (Si/Al=17) zeolites were suitable for TPA immobi-
lization. Even when a huge number of ordered porous materials
and amorphous silicoaluminates could be employed as supports
for the heteropolyacids, zeolites were selected based on the before
mentioned studies.

In the present work we attempted to combine the well-
known but not deeply investigated photocatalytic properties of
TSA and the above-mentioned properties of zeolites as heteropoly-
acid supports in order to synthesize heterogeneous photocatalytic
materials. The resulting materials were evaluated in the photode-
composition of azoic dye methyl orange. We also analyzed a kinetic

study of the degradation of methyl orange employing a new mate-
rial for this process (TSA-Zeolite) as heterogeneous photocatalytic
materials with the objective of applying the photoreaction to water
cleanup technology.

2. Experimental
2.1. Catalyst preparation

The zeolite NH4Y (Si/Al=2.47) was provided by Aldrich. ZSM-5
material (Si/Al=17) was obtained by the hydrothermal crystalliza-
tion method [49] with some modifications made by our group.
Aqueous solution of sodium aluminate (NaAlO,, Johnson Matthey
Electronics) was added to a silica anhydride (Fluka) solution that
was previously prepared by partial dissolution of tetrapropylam-
monium hydroxide (TPAOH, Fluka) in water. The obtained gel
reached a pH>9 and was maintained at 120-160 °C for 12-16 days
under self-generated pressure on autoclave. Afterwards, the reac-
tion products were extracted, washed and dried at 100°C for 12 h.
The structure directing agent (TPAOH) was desorbed in N, atmo-
sphere (20 ml/min) at programmed temperature (10°C/min) from
25 to 500°C and then it was calcined in air at 500°C for 12 h to
obtain Na-ZSM5. The ammonium form of the material (NH4ZSM5)
was prepared by ion exchange with NH4Cl (1 M) for 40 h at 80°C
from Na-zeolite.

The TSA solutions were prepared from tungstosilicic acid
(H4SiW12040.23H,0, Fluka p.a.) and using distilled water as
solvent. TSA was incorporated into the zeolite matrix by wet
impregnation in a rotary evaporator at 80°C. The solids were
calcined in air at 200°C for 2h. The amount of TSA deposited
onto the surface of the zeolites was varied with the purpose
of obtaining a TSA concentration of 5%, 10%, 20% and 30%
by weight in the final solids, named TSAO5NH.Y, TSA10NH,Y,
TSA20NH,Y, and TSA30NH.Y, respectively; and for zeolite
NH4ZSM5, TSAO5NH4ZSM5, TSA10NH,4ZSM5, TSA20NH4ZSM5 and
TSA30NH4ZSM5, respectively.

For comparative purposes, the ammonium salt of tungstosilicic
acid [(NHg4)4SiW12040] was synthesized following a previ-
ously reported procedure [50]. An aqueous solution of NH4Cl
[0.073 mol/l] was added dropwise to ca. 50ml of a 50/50
ethanol/water solution of H4SiW1,04¢ [0.025 mol/l] under vigorous
stirring to form a white colloidal solution, which contains well-
dispersed (NHy4)4[SiW1,049] precipitates. The rate addition was ca.
0.4ml/min, and the time taken for the addition of NH4Cl was ca.
150 min. During the procedure, the H4SiW1,049 solution was kept
at a constant temperature of 25 °C. The resulted solution was aged
for 30 min at the same temperature. Then, it was dried at 55°C
with a vacuum rotary evaporator to obtain the white powder of
(NH4)4[SiW12040].

2.2. Sample characterization

The specific surface area and the mean pore diameter of
the solids were determined from the N, adsorption-desorption
isotherms at the liquid-nitrogen temperature, obtained using
Micromeritics PulseChemisorb 2700 equipment. The solids were
previously degassed at 100 °C for 2 h.

The Fourier transform-infrared (FT-IR) spectra of the solids were
obtained using a JASCO 5300 spectrometer and pellets in KBr in the
400-4000 cm~! wavenumber range.

The X-ray diffraction (XRD) patterns were recorded with Philips
PW-3020 equipment with a built-in recorder, using CuKa radia-
tion, nickel filter, 20 mA and 40KkV in the high voltage source, and
scanning angle between 5 and 50° 260 at a scanning rate of 2° per
minute.
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The diffuse reflectance spectra (DRS-UV-vis) of the materials
were recorded using a UV-vis JASCO V 650 spectrophotometer,
to which a diffuse reflectance chamber with an integrating sphere
of 50 mm diameter and internal Spectralon coating is attached, in
the 200-800 nm wavelength range. From DRS-UV-vis spectra the
band gap energy (Eg) of the materials was estimated using Kubelka-
Munk remission function [51].

The morphological characteristics of supported catalysts were
determined by scanning electron microscopy (SEM) in a Philips
Model 505 microscope at 14-20Kv accelerating voltage using fine
catalyst powder supported on carbon tape over an aluminum tip
and coated with gold.

2.3. Photocatalytic experiments

Methyl orange (MO), used as a model contaminant, is an azo
dye that exhibits acid-base equilibrium in solution with pK;, =3.5.
Under neutral conditions, MO exists as negative charged form with
orange color (Amax =464 nm, € =24600). The band at 464 nm that
is associated with the azo bond (—N=N—) was used to monitor the
effect of photocatalysis on the degradation of MO under neutral
conditions. Rochkind et al. [52] advised that dyes are inappropriate
as model compounds for the evaluation of photocatalytic activity
of novel photocatalysts claimed to operate under visible light. So,
the performances of our materials were measured using a high-
pressure mercury lamp with a maximum emission in the UV region.

The photocatalytic degradation of methyl orange (MO) was
performed in a cylindrical Pyrex glass photochemical reactor ther-
mostated by water circulation in order to maintain the temperature
at 25°C. The tests were carried out employing a 125W high-
pressure mercury lamp (with a maximum emission at 365 nm and
the light intensity at about 20 mW/cm?) placed inside a Pyrex glass
jacket thermostated by water circulation and immersed in the MO
solution. The catalyst was maintained in suspension by stirring and
air was continuously bubbled at a flow of 0.9 1/min. Previously, the
MO solution (400 ml, C%yo =8 x 10> mol/l) containing 200 mg of
catalyst was magnetically stirred in the absence of light for 30 min
to ensure the adsorption-desorption equilibrium of MO on the
surface of the materials. During the course of the experiments, sam-
ples were periodically withdrawn, filtered using a Millipore syringe
adapter (porosity, 0.45 wm) and then analyzed. The variation of the
MO concentration as a function of the reaction time was measured
spectrophotometrically using a Jasco 7800 double-beam UV-vis
spectrophotometer. The concentration change was calculated from
the linear calibration plot of MO at a wavelength of 464 nm.

3. Results and discussion
3.1. Catalyst characterization

The specific surface area (Sggr) of the synthesized mate-
rials, zeolites (NH4Y, NH4ZSM5), TSA and its ammonium salt
(NHg4)4[SiW12049], determined from N, adsorption-desorption
isotherms using Brunauer-Emmett-Teller (BET) method, is
listed in Table 1. According to IUPAC classification, the N,
adsorption-desorption isotherms of NH4Y and NH4ZSM5 zeo-
lites can be classified as Type I, characteristic of microp-
orous solids having relatively small external surfaces. The
N, adsorption-desorption isotherms of the TSANH4Y and
TSANH4ZSM5 samples exhibit similar characteristics to that of the
respective zeolite. The Sggr values decrease with the increment of
TSA content in the sample. Taking into account that the pore diam-
eter of NH,Y and NH4ZSM5 are 0.74 nm and 0.56 nm, respectively
[53]. the progressive decrease in Sggr could be due to the clogging

Table 1
Specific surface area, crystallite size and optical band gap of zeolite, TSA and the
impregnated materials.

Samples Sger (M?/g) Dc (nm)? Eg (eV)
TSA 9 04 2.80
(NHa)4[SiW12040] 101 04 2.90
NH4Y 485 1.0 5.05
TSAO5NH,Y 446 1.0 3.11
TSAT10NH4.Y 410 0.9 3.00
TSA20NH,Y 376 1.0 2.95
TSA30NH,Y 362 1.0 2.95
NH4ZSM5 355 0.4 5.70
TSAO5NH4ZSM5 340 0.4 3.12
TSA10NH4ZSM5 329 0.4 3.12
TSA20NH4ZSM5 312 04 3.10
TSA30NH4ZSM5 286 0.4 3.08

2 D¢ values were calculated using the (1, 1, 1) and (1, 0, 1) crystal plane corre-
sponding to NH4Y and NH4ZSM5 samples, respectively.
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Fig.1. FT-IRspectra of H4SiW12040,(NH4)4[SiW12040], NH4Y and TSANH4Y samples.

of zeolite pores by the [SiW;,040]*~ anions, which have a diameter
of 1.2 nm.

The FT-IR spectrum of NH,4Y (Fig. 1) shows the bands between
1250 and 950 cm~! that are assigned to asymmetrical stretching
vibrations corresponding to the tetrahedral Si, Al atoms of the
structures. The bands at 790 and 720cm~! are assigned to Si—O
symmetrical stretching vibrations. The presence of structural dou-
ble six-membered rings in the case of NH4Y zeolite originates
the band at 550-555cm™!. The FT-IR spectrum of NH4ZSM5 zeo-
lite exhibits the bands between 1250 and 950 cm~! (assigned to
asymmetrical stretching vibrations), the band at 800cm~! (Si—0
symmetrical stretching vibrations) and at 550-555cm™~! (struc-
tural double five-membered rings). The band appearing between
465 and 455 cm~! in both matrices can be assigned to the structure-
insensitive internal tetrahedral bending bond, i.e., T-O4 (T: Si or Al)
[53].

In the TSA spectrum, the bands were observed at 1019, 982,
926, 884, 782, and 540 cm~!, which agrees with those referred to in
the literature [54]. The first band is not assigned, while the others
correspond to the stretching vibrations W—0y, Si—0,, W—0,—W
and W—0—W and to the bending vibrations 0,—Si—0, + W—0—W,
respectively. The subscripts indicate oxygen bridging the W and the
heteroatom (a) corner-sharing oxygen, (b) edge-sharing oxygen, (c)
belonging to WOg octahedral, and (d) terminal oxygen.

The spectrum of the salt (NH4)4[SiW12040], as well as the
bands assigned to the Keggin anion, presents a band at 1415 cm™!
attributed to the N—H stretch. The spectra of the samples
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Fig. 2. XRD patterns of H4SiW13040.23H,0, H4SiW12040, (NH4)4[SiW12040], NH4Y,
TSAO5NH4Y, TSA10NH,4Y, TSA20NH4Y and TSA30NH,4Y samples.

TSAO5NH,Y, TSA10NH,4Y, TSA20NH,4Y and TSA30NH4Y show, over-
lying the zeolite, characteristic bands overlapped with those of TSA,
whose relative intensity increases with the increment of TSA con-
tent. The spectrum of the TSANH4ZSM5 samples shows an increase
in the signals 982, 926 and 884cm™, assigned to the heteropoly-
acid with the increased amount of TSA. Additionally, in both cases,
the band of zeolite at 782 cm~1, assigned to the vibrations related
to external linkages between tetrahedra and sensitive to the frame-
work structure, gets wider as a result of its superposition with the
W-0.-W stretching of TSA [55].

The XRD pattern (Fig. 2) of H4SiW1,049-6H,0 shows the char-
acteristic peaks at 26 =10.5, 26 and 30°, corresponding to the [110],
[222], and [400] planes, in agreement with the literature [56].

The XRD patterns of the TSANH4Y and TSANH4ZSM5 samples
show the presence of the characteristic peaks of zeolite NH4Y
and NH4ZSM5 respectively, but with lower intensity. The XRD
diffraction patterns also have an additional set of peaks, which
are different from those presented by H4SiW,049, its hydrate,
H4SiW12040.23H,0, or other crystalline phases resulting from
the processing [57]. These peaks are similar to those of salt
(NHg4)4[SiW12040], whose formation is due to the interaction of the
anions [SiW1,040]%~ with the [NH4]* present in both zeolites.

It has been reported [58] that the interaction between
H3PW{,049 and supports such as SiO,, TiO, or ZrO, can be assumed
to be of the electrostatic type due to the transfer of protons to M-OH
according to:

M-OH + H3PW13040 — [M-OH;*][H2PW120497]

The proton transfer from H3PW;,049 to the amine group, result-
ing in an electrostatic bond between —NH3* and [H3_xPW12040]*~
(where 1<x < 3), is responsible for the efficient immobilization of
the heteropolyanion [59,60].

The crystallite size (D¢) (Table 1) of the new crystalline phase,
estimated by XRD patterns using Scherrer’s equation, seems to be
independent of the TSA contents in the samples (TSANH4Y and
TSANH4ZSM5) and similar to those of zeolite. In general, an increase
of supported species causes an increase in the crystal size, but this
effect does not occur in these samples, probably due to the good
distribution achieved on the surface of TSA.

The charge-transfer absorption spectra of most nonreduced het-
eropolyanions obtained by DRS-UV-vis appear in the 200-500 nm
region and consist of bands that may be ascribed to oxygen-to-
metal transfers. The bulk TSA spectrum presents two broad bands
that extend from 250 to 450 nm, assigned to the charge trans-

—NHY
—— TSAO5NH,Y
TSATONH,Y
—— TSAZ0NH,Y
= TSA3ONH,Y
=
&
(0]
o
c
®©
Kol
—
o
(2]
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<
L | L | L | L | L | L
200 250 300 350 400 450 500

Wavelength (nm)

Fig. 3. DRS-UV-vis spectra of the NH4Y, TSAO5NH,4Y, TSA10NH4Y, TSA20NH,Y and
TSA30NH4Y samples.

fer from bridging or terminal O 2p to W 5d (W-0O-W and W-0Qy,
respectively) [32,61].

The DRS-UV-vis spectrum (Fig. 3) of NH4Y consists of two bands
at 216 nm and 300 nm, the first one due to the Al-O charge trans-
fer transition of four-coordinated framework aluminum, and the
second one attributed to structures with highly ordered octahe-
dral symmetry [62]. For NH4ZSM5 zeolite, the spectrum consists
of the same two bands, but the one at 300 nm presents a shift at
~240-260nm, in addition to the 220nm band. The addition of
TSA leads to an increase in the intensity of the band located at
shorter wavelengths and to the appearance of the new ones at
257 and 356 nm, characteristic of the Keggin structure, assigned
to [SiW12049]*" anion [63]. As a result of the increment of TSA
content in the samples, there is a red shift of the onset threshold
for lower energy, which is highly important for the photoinduced
electron transfer processes because it promotes its activity in the
visible range. The signal located at 255 nm, assigned to the lacu-
nar species [SiW11039]3~ that could be generated as a result of the
decomposition of the anion [SiW12040]%", was not detected.

The band gap energy (Eg), estimated from DRS-UV-vis spectra
using Kubelka-Munk remission function [51], is listed in Table 1.
For the zeolites without TSA, the band gap values are in the range
5-6eV and they are in agreement with those reported in the lit-
erature [64]. Zeolite molecular sieves are insulators that cannot be
excited even with UV light due to a band gap.

For the NH4Y and NH4ZSM5 samples impregnated with TSA, the
band gap energy was in the range 3.0-2.9 eV and 3.1-3.0 eV, respec-
tively. These results are similar to those obtained by TPA addition
[47].

The morphology and particle size of the materials obtained
were analyzed by scanning electron microscopy (Fig. 4). The SEM
image of the sample TSAO5NH,Y presents cubic particles and clus-
ters of varying sizes. This morphology is similar to that of NH4Y
zeolite. With increasing content of TSA, the particles, whose mor-
phology is mainly cubic, become both edges rounded vertices. This
phenomenon is mainly due to the action of the acidity of the het-
eropolyacid on the zeolite, together with the thermal treatments
to which the samples were subjected during synthesis. For the
TSANH4ZSM5 samples, the SEM images present a similar morphol-
ogy and behavior.
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Fig. 5. Photocatalytic degradation of MO as a function of the irradiation time using: a) TSANH4Y and b) TSANH4ZSM5 samples. The experimental conditions were: air

flow=0.91/min; C%\o =8 x 10~ mol/l; catalyst amount =200 mg.

3.2. Photocatalytic activity

Fig. 5a and b shows the variation of MO concentration
(Cmo/C°mo) as a function of time using TSANH4Y samples and
TSANH4ZSM5 samples as catalysts, respectively. The decrease in
the concentration of MO after 240 min of irradiation was only 7% for
the NH4Y sample and it was similar to that achieved for NH4ZSM5
(10%). Zeolites are insulators that cannot be excited even with UV
light (A <320 nm) due to a band gap of about 5-6 eV. We ascribed
these values to the absorption of MO molecules on the catalyst
surface, although some authors have suggested that the highly iso-
lated Al-O units are the photoactive sites of H-form zeolites or that
charge-transfer pairs [Me("™1*-0~]* formed upon light excitation
(A <300 nm)led to the photocatalytic reactions [65,66]. The amount

of MO degraded after 240 min of irradiation without catalyst was
only 1%, and it is mainly due to a photolytic process [67].

The increment of the TSA supported on zeolite matri-
ces (NH4Y and NH4ZSM5) from 5 to 30%w/w produces a
continuous increment of the photocatalytic activity and
degradation velocity in the following order: TSAO5NH,Y
(28%)<TSA10ONH4Y  (39%)<TSA20NH4Y  (53%)<TSA30NH4Y
(73%) and TSAO5NH4ZSM5 (21%) < TSA10NH4ZSM5
(41%)<TSA20NH4ZSM5 (57%)<TSA30NH4ZSM5 (75%), respec-
tively. This behavior is due to the direct participation of TSA in
the degradation of the organic substrate. Heteropolyoxometalates
(POM) absorb strongly in the near visible and UV region of the light
spectrum (A <400nm), generating a strongly oxidizing excited
state POM™ (Reaction 1). These species are able to oxidize the



28 C. Leal Marchena et al. / Applied Catalysis B: Environmental 188 (2016) 23-30

organic substrates (S) (Reaction 2) directly via charge transfer
or H-atom abstraction, or indirectly through the intermediacy of
solvent-derived radicals [68]. After that process, the correspond-
ing reduced POM is usually reoxidized to its original state by an
electron acceptor such as dioxygen (Reaction 3).

POM + hv — POM* (1)
POM* +S — POM~ +S* 2)
POM~ + 0, — POM + 05~ (3)

The increment in the photocatalytic activity and degradation
velocity is also due to the direct participation of TSA in the
production of the OH reactive species (Reaction (4))
that participates in the degradation of the organic substrate

(Reaction(5))[69].

POM* + H,0 — POM~ 4+ OH + H* (4)
OH + S — oxidationproducts (5)

Taking into account, from XRD results, that TSA is present in zeo-
lite in the form of (NH4 )4[SiW1,049] salt, we measured the catalytic
activity of the bulk (NH4)4[SiW1,040] salt under the same exper-
imental conditions. In this test, the amount of (NH4)4[SiW12040]
was fixed in order to obtain a TSA amount similar to that con-
tained in the TSA30-Zeolite samples. MO concentration decreased
by 32% at 240 min under reaction and it was lower than those
obtained using both TSA30NH,4Y (73%) and TSA30NH4ZSM5 (75%)
samples. According to the results reported by Mizrahi et al. [70] the
rather poor catalytic behavior of the (NH4)4[SiW1,049] salt could
be mainly due to the lower specific surface area of ammonium salt
(101m?2/g) in comparison to TSA30-Zeolite samples (Table 1).

3.3. Kinetic study

It has been reported that the photocatalytic degradation of
dyes in aqueous systems can be described by pseudo-first-
order kinetics with respect to dye concentration [10,71-75]
which results from considering that the reaction rate follows the
Langmuir-Hinshelwood (L-H) kinetic model:

. __dCuo _ kKCuo
MO = ""4r T 1+ KCuo

where ryo is the degradation rate, Cyjp is the dye concentration,
k; and K are the reaction and adsorption constants, respectively.
When Cyo is low, KCyjp is generally negligible and the reaction
rate can be assumed as a pseudo-first-order kinetic with respect
to the dye concentration. The resultant equation can be integrated
taking into account that C°yq is the dye concentration at time zero,
hence,

0
In (C 2A0> =kkt

From the plots of In(C%o/C) as a function of time, the values
of the apparent reaction constant kap =k; K were obtained and are
shown in Fig. 6.

The values of kap of the TSANH4Y and TSANH4ZSM5 samples
in the MO photodegradation increased with a higher TSA content.
The increase of kyp is attributed to the direct participation of TSA
in the degradation of the organic substrate (Egs. (1)-(3)) and/or to
the direct participation of TSA in the production of the *OH reactive
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Fig. 6. Values of the apparent reaction constant k,, of the TSANH4;Y and
TSANH4ZSM5 samples at different TSA contents (% w/w).

species that participates in the degradation of the organic substrate
(Egs. (4), (5)), as was mentioned.

Generally, first-order kinetics is appropriate for the entire con-
centration range up to few ppm. It has been reported [76] that the
expression for the rate of photomineralization of organic substrates
such as dyes with irradiated solid catalysts follows the L-H kinetic
model in four possible situations:

(a) The reaction takes place between two adsorbed substances.

(b) The reaction occurs between a radical in solution and an
adsorbed substrate molecule.

(c) The reaction takes place between a radical linked to the surface
and a substrate molecule in the solution.

(d) The reaction occurs with both species being in the solution.

3.4. Photocatalytic evaluation

In order to study different variables during catalytic evaluation,
TSA30NH,Y was selected. Taking into account that the photodegra-
dation performance was similar for both matrices, the catalyst was
selected due to its lower cost since it can be obtained commercially.

The effect of catalyst concentration (Ccat) on the degradation of
MO was investigated employing a concentration of TSA30NH,4Y in
the range 250-1500 mg/l, keeping all other experimental parame-
ters constant (Fig. 7).

The amount of MO photodegraded at 240 min increased with
the increment of Ccar from 0.25 to 0.50g/1 due the availability
of active sites on the catalyst surface and the light penetration of
photoactivating light into the suspension. The amount of degraded
MO increased significantly from 25% to 73% with the increment
of Ccar in the above-mentioned range. The amount of photode-
graded MO remains practically constant when Ccar increases
from 0.50 to 1.0g/l, and then it decreases for higher Ccar val-
ues. This phenomenon was also observed by other authors for
the photodegradation of MO, fuchsin acid, malachite green and
p-nitrophenol [77-79] and it was suggested that an increase in
catalyst concentration, will provide more reactive sites, resulting
in the enhancement of the decolorization rate. At a higher level
of catalyst concentration, although the reactive sites increased the
solution became cloudy and opaque, which reduced light penetra-
tion. As a result, part of the catalyst surface became unavailable for
photon absorption and the decolorization rate decreased.

The possibility to easily recover and reuse the materials obtained
in this investigation was evaluated. For this purpose after each reac-
tion, the catalyst was recovered by filtration, washed with distilled
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Fig. 7. Effect of TSA30NH,Y catalyst amount on MO degradation.

water, dried at 70 °C, and then reused without any calcination treat-
ment. The MO degradation obtained after the first cycle of reuse was
significantly lower (36%) than that obtained using the fresh catalyst
(73%). A similar behavior was reported by Subba Rao et al. [80]. Okte
and Yilmaz [81] and Zhu et al. [82]. They claimed that the decline in
the catalyst activity after a certain number of reuses could be due
to the adsorption of the reaction products on the catalyst surface
and the photocatalyst active sites, which render them unavailable
for decolorization of fresh dye solution. Adsorbed products can be
removed by an adequate thermal treatment. However, this treat-
ment could induce the sintering of catalyst particles and structural
changes that could also reduce the photocatalytic activity.

In order to study this possibility, after the first reuse the cat-
alyst was separated by filtration, treated at 200°C for 2h, and
reused again. Although the MO degradation value using the cat-
alyst treated in this way increased (59%), the activity was not
completely restored. The XRD pattern of TSA30NH,4Y calcined at
200°C present similar features to those of the fresh one with no
considerable reduction in crystallinity. However, it is not possible
to exclude the sintering of the catalyst particles. The main reason for
the slightly smaller photocatalytic activity of the calcined sample
could be because the calcination temperature applied to the mate-
rial was not enough to completely remove the remaining adsorbed
molecules on the catalyst surface and therefore, the photocatalytic
activity decreases, as was corroborated in the FT-IR spectra.

Polyoxometalates can be used as bulk or supported catalysts
owing to special properties. However, one of the major draw-
backs of bulk polyoxometalates is related to their high solubility
in oxygenated solvents (such as water) thus make impossible its
subsequent recovery and reuse. For comparison purposes, we eval-
uated the catalytic activity of bulk TSA as homogeneous catalyst. In
this test, the TSA amount was fixed in order to obtain a tungstosilicic
acid amount similar to that contained in the TSA30NH4Y sample.
Under those conditions (homogeneous reaction due to the com-
plete TSA dissolution in the aqueous media), MO was practically
degraded at 180 min (Fig. 8). However the TSA catalyst cannot be
recovered and reused. We also evaluated a physical mixture of
TSA and NH4Y zeolite (TSA30+NH4Y) with a TSA content similar
to that contained in the TSA30NH4Y sample (Fig. 8). MO concen-
tration decreased by 91% at 240 min under reaction and it was
similar to that obtained with bulk TSA. After the photocatalytic
experiment, the catalysts was separated from the solution, dried at
70°C and reused. No significant MO degradation was detected. This
was attributed to the complete TSA solubilisation in the MO water
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Fig. 8. Comparative photocatalytic activity of TSApu, TSA30+NH4Y (physical mix-
ture) and TSA30-yAl, Os.

solution and it was confirmed by atomic absorption spectrometry.
Additionally, the catalytic activity of TSA supported (30% w/w in the
final solid) on y-Al,05 (surface area 280 m2/g; mean pore diameter
3.4nm)was evaluated [32]. After 240 min under irradiation, the MO
concentration decreased only 21%. The rather poor catalytic activ-
ity was attributed to the transformation of TSA into the lacunary
specie [SiW11039]3~. When an alkali material was used as support,
acomplex series of reactions takes place leading to different lacunar
species. The Keggin anion of TSA finally decomposes into [SiO3]%~
and [WO4]%~ via the species [SiW71039]8~ and [SiWg034]10- [83].
So, we can conclude that y-Al, 05 is not suitable as TSA support.

The solution pH is an important variable in aqueous phase
mediated photocatalytic reactions. The solution pH influences the
adsorption and dissociation of the substrate, the catalyst sur-
face charge, and other physicochemical properties of the systems
[84]. The effect of pH on the photocatalytic degradation of MO
by TSA30NH,4Y was studied. The experiments were performed at
acidic (pH 2.5) and alkaline (pH 11) pH values of the MO solution,
keeping all other experimental conditions constant. The amount
of degraded MO slightly increased at pH 2.5 (from 73% to 85%) at
the same irradiation time (240 min) and it considerably decreased
(from 73% to 28%) at pH 11. A similar influence of the pH on the
photodegradation of MO was reported when employing solar light
or UV light sources with TiO, as catalyst in FBR or batch reactors
[7,77,85]. The effect of pH on the photocatalytic reactions is gen-
erally attributed to the surface charge of solids and its relation
to the ionic form of the organic compound (anionic or cationic).
At higher pH than the point of zero charge (p.c) of the catalyst,
the surface is negatively charged. At pH > p,c, the MO due to the
negatively charged group is repelled by the surface of the catalyst
negative charge reducing the possibility of adsorption and hence,
the photodegradation decreases.

4. Conclusion

Catalysts based on TSA supported on NH4Y and NH4ZSM-5
zeolites were synthesized successfully by wet impregnation. The
results of characterization techniques revealed that the surface area
of the materials decreased when a higher amount of TSA was added
due to pore entrance blocking by the anion [SiW,049]*~ in both
matrices. XRD patterns indicate that TSA was incorporated in the
form of the cubic salt (NH4)4[SiW12049], whose generation was a
result of the interaction of the anion [SiW1,049]* with the cations
[NH4]* of zeolites. The results of DRS-UV-vis of the samples dis-
play an absorption threshold onset that continuously shifts to the
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visible region with the increment of TSA content. The Eg values of
TSA-Zeolite samples were similar to those reported for TiO,.

According to photocatalytic activity results, the increment in the
amount of TSA supported on the zeolite matrices caused a contin-
uous increase in photocatalytic activity and degradation velocity,
due to the direct participation of TSA in the degradation of the
organic substrate and/or in the production of the OH reactive
species. The photocatalytic degradation of MO was described by
pseudo-first-order kinetics with respect to dye concentration. The
values of kp of the TSANH,Y and TSANH4ZSM5 samples increased
with higher TSA content, which is attributed to the direct participa-
tion of TSA in the photodegradation process. The optimum catalyst
concentration was 0.5g/l, and an increase in the catalyst amount
decreased the degradation rate because the solution became cloudy
and opaque, reducing light penetration. The effect of pH on the pho-
tocatalytic degradation was studied by varying the initial pH of the
MO solution and keeping all other experimental conditions con-
stant. A decrease in pH changed the surface state of the catalyst and
increased MO adsorption, which is beneficial to the photocatalytic
rate.

The effect of supported TSA on zeolites generated recoverable
and reusable materials with an increased surface area. The materi-
als obtained presented suitable properties to be used as catalysts in
the photocatalytic treatment of wastewater that containing dyes.
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