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a  b  s  t  r  a  c  t

Materials  based  on titania  supported  on zeolitic  matrices  (HBETA,  HY  and  HZSM5)  were  synthesized  by
in situ  generation  of TiO2. The  supported  catalysts  characterized  by XRD  indicate  the  presence  of the
anatase  phase  alone.  The  materials  were  also  characterized  by FTIR,  SBET, and  UV-VIS  DRS. A high  TiO2

content  produced  lower  degradation,  due  to the  presence  of  TiO2 particle  aggregates  of  greater  size on
the  zeolite  matrix  surface,  as  evidenced  by the  calculated  crystal  size.  TiO2/HBETA(20%)  presented  more
activity  than  TiO2 supported  on  the  other  matrices  due  to higher  adsorption  of  dichlorvos  on  HBETA. It
has  more  surface  area  and  a lower  band  gap value  too,  which  makes  it more  effective.  The  mineralization
degree  is lower  than  the  degradation  percentage  due  to  the  formation  of organophosphorous  interme-
diates  that  are less  toxic than  the  starting  material.  The  complete  degradation  and  mineralization  of  the
itanium dioxide
eusable catalyst

pollutant  was  obtained  in  360  and  540  min of  reaction  with  TiO2/HBETA(20%),  respectively.  This  catalyst
resulted  in degradation  percentages  close  to  that  of commercial  TiO2 P25.  The  main  advantage  of  sup-
ported  catalysts  is their  easy  separation  and reuse,  in this  case  resulting  in  a very  low  activity  loss  during
eight  cycles.  These  materials  present  suitable  properties  to be used  as catalysts  in the  photocatalytic
treatment of  wastewater  that  contains  pesticide  dichlorvos  in water.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

The increasing demand and shortage of clean water sources due
o the rapid development of industrialization, population growth
nd long-term droughts have become an issue worldwide. With this
rowing demand, various practical strategies and solutions have
een adopted to yield more viable water resources [1].

In recent years, an alternative to conventional methods for the
econtamination of water has been provided, which is known as

Advanced Oxidation Processes” (AOPs) and is based on the gener-
tion of very reactive species such as hydroxyl radicals that quickly
nd nonselectively oxidize a broad range of organic pollutants [2].

∗ Corresponding author at: CITeQ (Centro de Investigación y Tecnologı́a Quı́mica),
acultad Regional Córdoba, Universidad Tecnológica Nacional, Maestro López esq.
ruz Roja Argentina, Córdoba, Argentina. Tel.: +54 351 469 0585;
ax: +54 351 469 0585.

E-mail address: sgomez@scdt.frc.utn.edu.ar (S. Gomez).

ttp://dx.doi.org/10.1016/j.apcatb.2014.06.047
926-3373/© 2014 Elsevier B.V. All rights reserved.
One of these AOPs that has attracted special attention is heteroge-
neous photocatalysis, employing UV–Vis light as energy source and
a solid catalyst as active site for water detoxification. Indeed, the
subject has become an area of intensive research. The main advan-
tage of photocatalysis over conventional water treatment methods
is that a wide range of organic compounds can be completely min-
eralized, leading to the formation of carbon dioxide, water, and
inorganic mineral salts [3]. The generated OH• radicals interact
with organic pollutants, leading to progressive degradation that
is followed by complete mineralization. Among these heteroge-
neous photocatalysts, TiO2 has been considered as a promising one
for the remediation of wastewater treatment [4–7]. TiO2 is pre-
sented as one of the most appropriate semiconductor materials to
be employed as a photocatalyst due to its high activity in the pho-
todegradation of organic compounds, low cost, low toxicity, and

chemical stability [8].

The main drawbacks of TiO2 catalysts are the need for com-
plex filtration procedures and the high turbidity that decreases the
radiation flux. The practical applications of TiO2 are limited because

dx.doi.org/10.1016/j.apcatb.2014.06.047
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2014.06.047&domain=pdf
mailto:sgomez@scdt.frc.utn.edu.ar
dx.doi.org/10.1016/j.apcatb.2014.06.047
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f the problems of low recovery efficiency of TiO2 fine particles,
ast recombination rate of the photogenerated electron–hole pair,
nd a low quantum yield in the photocatalytic reactions in aqueous
olutions [9].

Such problems have motivated the development of supported
hotocatalysts in which TiO2 is immobilized on different adsor-
ent materials. Immobilizing TiO2 on substrates such as a glass
atrix, optical fiber and stainless steel plate eliminates the prob-

em of agglomeration, although the photocatalytic efficiency of
mmobilized TiO2 is less than that of the suspended TiO2 par-
icles [10]. Besides, the specific surface area also decreases due
o the fixing of TiO2 on nonporous supports, which reduces the
dsorption capacity. For photocatalytic decomposition of a tar-
et compound, its adsorption on the TiO2 surface is essential
rior to the surface reaction. Furthermore, organic pollutants gen-
rally occur in low concentrations (ppm level or below) and
re-concentration of the substrates on the surface where photons
re absorbed is a desirable feature for effective photodegradation
11].

The supports should withstand reactive oxidative radical attack
uring illumination, have long-term stability, prevent TiO2 leaching
uring light irradiation, and have the ability to delocalize electrons.
any reported studies deal with the immobilization of TiO2 over

ifferent inert porous supports [10,12–23]. In this context, zeolites
ave attracted greater attention due to their adsorption capacity,
hich helps in pooling the pollutants to the vicinity of the TiO2

urface and also leads to faster degradation [7,23,24].
Zeolites are microporous crystalline aluminosilicates with

tructural features, such as the ability to trigger photoinduced elec-
ron donor and acceptor reactions, which make them attractive
osts for photochemical applications [25,26]. Furthermore, zeo-

ites delocalize band-gap excited electrons of TiO2 and minimize
lectron–hole recombination. Due to these interesting proper-
ies, zeolites are attractive catalyst supports in the treatment of
esticide-contaminated water. TiO2 supported on zeolites, which
ave large surface area and light transparent nature, increases the
dsorption capacity, and the uniform diffusion of pesticide pollut-
nts leads to efficient degradation [27].

Increasing pesticide application and improper wastewater dis-
osal methods contaminate water resources and severely affect
he ecology as well as the environment [24]. Insecticides are con-
idered accumulative and toxic compounds. Their presence as
ontaminants in aquatic environments may  cause serious prob-
ems to human beings and other organisms [28]. The migration
f pesticides to groundwater and surface water has become an
ssue of great concern, and numerous incidents of contamination
ave been documented in developed countries [29]. Organophos-
horous pesticides such as methyl parathion and dichlorvos are
ommonly used in Third-World countries like India where there
re poor environmental controls for increasing agricultural pro-
uctivity and they are detected in various environmental matrices
uch as soil, water and air because of their widespread use
30,31].

In the present work, we attempted to combine the well-
nown photocatalytic properties of TiO2 and the properties of
eolites as TiO2 supports to synthesize heterogeneous photocat-
lytic materials. They were prepared by impregnation of titanium
IV) isopropoxide onto three different zeolites (HBETA, HY and
ZSM5) and characterized by a series of complementary tech-
iques: X-ray diffraction (XRD), transmittance–Fourier transform

nfrared spectroscopy (FTIR), and UV–visible diffuse reflectance
pectroscopy (DRS). The materials were evaluated in the photode-

omposition of organophosphate pesticide dichlorvos. To the best
f our knowledge, this is the first time that these materials have
een successfully synthesized and tested in the photodegradation
f this pollutant.
ironmental 162 (2015) 167–173

2. Experimental

2.1. Preparation of photocatalysts

The supports employed were BETA, ZSM5 and Y zeolites.
Zeolite HY was  provided by Aldrich; the other zeolites were syn-
thesized by means of the hydrothermal crystallization method
using tetrapropylammonium hydroxide (TPAOH, Fluka) for the
ZSM5 structure [32] and tetraethylammonium hydroxide (TEAOH,
Merck) for the BETA structure [33] as directing agents. The
ammonium forms of zeolite were prepared by ion exchange
of the as-prepared Na-zeolite form with 1 M ammonium chlo-
ride solution at 80 ◦C for 40 h. The HBETA and HZSM5 were
obtained by means of a thermal treatment under nitrogen flow
for 8 h at 500 ◦C and then calcinations in air at the same tem-
perature for 10 h. The catalysts supported on zeolitic matrices
(HBETA, HY and HZSM5) were prepared by using an appropri-
ate amount of titanium (IV) isopropoxide (Aldrich chemistry, 97%)
and zeolite matrix in ethanol (Cicarelli), which was mechani-
cally stirred for 4 h at ambient temperature. Then the solvent
was removed by rotary evaporation. In the HBETA matrix, the
amount of titanium (IV) isopropoxide was varied with the pur-
pose of generating in situ TiO2 concentrations of 5, 10, 20,
and 30 wt% in the final solid. The mixture was then dried
at 110 ◦C and calcined in air at 450 ◦C. They were denomi-
nated TiO2/HBETA(5%), TiO2/HBETA(10%), TiO2/HBETA(20%) and
TiO2/HBETA(30%). In order to compare the activity, TiO2/HY(20%)
and TiO2/HZSM5(20%) were prepared with 20 wt% of TiO2 in the
final solid in HY and HZSM5, respectively. P25 standard TiO2, which
was included for comparison with the supported catalyst, was
kindly supplied by Degussa.

2.2. Characterization

The powder XRD diffraction patterns of the materials were col-
lected on a PANalytical X’pert PRO diffractometer equipped with
Cu K� (1.54 Å) in the range of 2� from 5 to 50◦ (for HBETA and
HY) and 5–60◦ (for HZSM5) in steps of 0.05◦ with a count time of
2 s at each point. The crystallite size (Dc) of the new crystalline
phase was estimated by XRD using the Scherrer equation. BET
surface area determinations were carried out with Micromeritics
ASAP 2000 equipment. Infrared (IR) studies were performed on
a JASCO 5300 FTIR spectrometer. The spectra in the lattice vibra-
tion region were performed using KBr 0.05% wafer technique and
they were carried out from 1800 to 400 cm−1 in 16 consecutive
registers of 4 cm−1 resolution each. UV–visible diffuse reflectance
spectroscopy (DRS) in absorbance mode was  recorded using an
Optronics OL 750-427 spectrometer in the wavelength range of
200–900 nm.

The Si/Al relation of HBETA and HZSM5 zeolites was deter-
mined by atomic absorption in a Perkin Elmer Analyst 800
spectrometer after the digestion of the samples by microwave
in a Milestone ETHOS 900 digester. In order to determine the
Bronsted/Lewis acid site relation and concentration of acidic
sites of the zeolitic matrices, pyridine (Py) adsorption experi-
ments were carried out on self-supporting wafers (8–10 mg/cm2)
using a thermostated cell with CaF2 windows connected to a
vacuum line. Pyridine (3 Torr) was adsorbed at room tem-
perature and desorbed at 400 ◦C and 10−4 Torr for 1 h. The
Bronsted/Lewis relation was  calculated from the maximum inten-
sity of the adsorption bands at 1545 cm−1 and 1450–1460 cm−1,

for Bronsted and Lewis sites, respectively, and quantified using
the literature data of the integrated molar extinction coefficients
[34], which are independent of the catalysts or strength of the
sites.
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Table  1
Specific surface area, crystallite size and optical band gap of TiO2, HBETA, HY, HZSM5
and TiO2/zeolite samples.

Samples SBET (m2/g) Dc (nm)a Eg (eV)b

HBETA 585 5.40
TiO2/HBETA(5%) 522 14.1 3.52
TiO2/HBETA(10%) 516 15.2 3.20
TiO2/HBETA(20%) 510 12.9 2.98
TiO2/HBETA(30%) 466 16.1 2.98
HY  485 5.10
TiO2/HY(20%) 346 17.5 3.58
HZSM5 355 5.70
TiO2/HZSM5(20%) 342 16.4 3.47
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a Dc values of TiO2/zeolite samples were calculated using 2� = 25.4◦ assigned to
he  (1 0 1) crystal plane.

b ±0.05 eV.

.3. Photocatalytic degradation of dichlorvos

The catalytic activity of the materials was evaluated in the pho-
odegradation of dichlorvos (DDVP Pestanal, Fluka) in water, at
5 ◦C. The tests were carried out employing a 125 W high-pressure
ercury lamp (the maximum emission is 365 nm and the light

ntensity is about 20 mW/cm2) placed inside a Pyrex-glass jacket,
hermostated by water circulation, and immersed in the DDVP
olution contained in a 400 mL  cylindrical Pyrex-glass reactor. For
omparison purposes, solar light was utilized for the best supported
atalyst. The catalyst was maintained in suspension by stirring
nd air was continuously bubbled. Previously, the DDVP solution
400 mL,  1 × 10−4 mol  L−1, 22.1 ppm) containing 100 mg  of catalyst
as magnetically stirred in the absence of light for 30 min  to ensure

hat the adsorption–desorption equilibrium of DDVP on the surface
f the materials was attained. During the course of the experiments,
amples were periodically extracted, filtered using a Millipore
yringe adapter (porosity, 0.22 �m)  and then analyzed. The vari-
tion of the pesticide concentration as a function of irradiation
ime was determined using a Shimadzu double-beam UV-Visible
pectrophotometer, measuring the absorbance at 210 nm [35]. The
xtent of DDVP mineralization was determined using the Total
rganic Carbon, Shimadzu 5050. In order to evaluate the possibility
f TiO2 leaching, a reaction was conducted under similar conditions
o that of the degradation, only that after 30 min  of reaction the cat-
lyst was removed and then, the reaction continued as before up
o 240 min.

. Results and discussion

.1. Catalyst characterization

The surface area (SBET) of HBETA, HY, HZSM5 and TiO2/zeolite
amples, determined from N2 adsorption–desorption isotherms
sing Brunauer–Emmett–Teller (BET) method, is listed in Table 1. In
ll the cases, the SBET decreases with the increment of TiO2 content
n the sample. This could be due to deposition of TiO2 particles on
he zeolite matrix surface and pore blocking. The greatest decrease
as observed for TiO2/HY zeolite, which has the largest pore size
ith respect to the other matrices [36], favoring the formation of

arger crystals of TiO2 in the pores, blocking them. This behavior
an be checked with the results of XRD (Fig. 1).

In order to confirm the structure and crystallinity of TiO2/zeolite
atalysts, an XRD study was carried out. Fig. 1 shows the XRD
atterns of HBETA (a) and different titania-supported catalysts
b–e). The figure shows the characteristic signals of the parent

BETA catalyst at 2� angles of 7–8◦ and 21–22◦ [37,38]. These
ata were confirmed with JC-PDF file for BETA zeolite. However,

ts intensity decreases in parallel with the increment of TiO2 con-
ent. TiO2/HBETA prepared in this study showed a diffraction peak
Fig. 1. XRD pattern of (a) HBETA zeolite, (b) TiO2/HBETA(5%), (c) TiO2/HBETA(10%),
(d) TiO2/HBETA(20%), and (e) TiO2/HBETA(30%).

at 25.4◦, which was  assigned to the characteristic reflection from
the (1 0 1) plane of anatase [39]. The peak intensity at 2� = 25.4◦

increased with an increasing amount of TiO2 loaded on zeolite
[23,40–43].The peak at 48.5◦ is barely observed since the amount
of TiO2 would not be enough to give clear diffraction peaks.On the
other hand, no peak assigned to the rutile phase (2� = 27.4◦) was
observed in the XRD patterns of all TiO2/HBETA catalysts used in
the present study. For most photocatalytic reaction systems, it is
generally accepted that the anatase phase has higher activity than
rutile, and this enhancement in photoactivity has been ascribed to
the higher Fermi level of anatase than that of rutile by about 0.1 eV
[39].

The XRD patterns of HY and HZSM5 matrices (see supplemen-
tary data, Figure S1) show the characteristic peaks, 2� angles of
6.3◦ and 15.92◦, and 2� angles of 7–8◦ and 21–22◦, respectively.
TiO2/HY(20%) and TiO2/HZSM5(20%) materials, as well as other
supported catalysts, show the anatase phase but not the rutile
phase. Therefore, it can be suggested that the anatase particles
are favorably stabilized on the surface of the zeolite matrix [23].
However, the absence of characteristic peaks assigned to the rutile
phase could also be due to the its presence in a lower proportion
than the anatase phase or in a high dispersion degree (very small
crystals undetected by XRD). In TiO2/HY(20%), some peaks of the
starting matrix disappeared and the baseline was modified, result-
ing in a less crystalline catalyst compared with the other supported
catalysts. Zeolite Y is more sensible than other zeolites during the
incorporation of other substances in the matrix. This is partly due
to the instability of zeolites Y at low Si/Al ratios (see supplementary
data T1) [44,45].

The crystallite size (DC) of the new crystalline phase, estimated
by XRD using the Scherrer equation, seems to be independent of
the TiO2 content in the prepared materials in the majority of the
cases. In general, an increase in the TiO2 content causes an increase
in the crystal size, but in the case of TiO2/HBETA(20%) the crystal-
lite size is smaller, which maybe because this amount of TiO2 is
appropriate to generate smaller crystals of TiO2 and achieve good
dispersion (Table 1). Also, the available surface area is large enough
to accommodate new crystals instead of generating larger crystals.

The FTIR spectrum of HBETA (Fig. 2a) shows the bending mode
of water at 1640 cm−1. The framework asymmetric vibrations of
Si–O–Si and Si–O–Al give an intense broad band between 1300
and 850 cm−1, and the symmetric vibration at 800 cm−1. The spec-

tra b–e shown in the same figure correspond to 5, 10, 20 and
30 wt% TiO2/HBETA catalysts. Though the spectra appear simi-
lar, there are still some variations in the region of the bending
modes of HBETA framework. The symmetric vibration of Si–O–Si
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ig. 2. FTIR of (a) HBETA zeolite, (b) TiO2/HBETA(5%), (c) TiO2/HBETA(10%), (d)
iO2/HBETA(20%), and (e) TiO2/HBETA(30%).

800 cm−1) is clearly resolved in the spectrum of HBETA (spectrum
) but its intensity decreases with the increase in TiO2 loading. This
s attributed to intense Ti–O stretching overlapped with Si–O–Si
ibration, due to calcination of the samples at 450 ◦C [42,46]. The
ther bands also show a decrease in intensity, which can be due to

 dilution effect by the increase in TiO2 loading and a decrease in
he zeolite matrix loading.

The intensity of the O–H2 bending mode at 1640 cm−1 increases
p to 10 wt%, but decreases for 20 and 30 wt% TiO2/HBETA. There
ay  be a transfer of outer surface Bronsted acid sites of HBETA

o TiO2 particles up to 10 wt% TiO2 loading. Hence, both negatively
harged Si–O–Al bridge and protonated TiO2 particles could adsorb
ater. But the excess TiO2 particles block the acid sites in 20 and

0 wt% TiO2/HBETA [42]. Hence, the intensity of the OH2 bending
ode decreases for higher loading of TiO2/HBETA.
For the other matrices, the FTIR spectra in the range

800–400 cm−1 (see supplementary data, Figure S2) present vibra-
ions assigned to the internal bonds of a TO4 tetrahedral structure
T = Si or Al) that are insensitive to changes in the zeolite struc-
ure, asymmetrical stretching (1300–900), symmetrical stretching
850–750 cm−1) and to (O–T–O) deformation (600–400 cm−1).

In all the cases, no band in the region near 960 cm−1 was
etected, which could be assigned to the antisymmetric stretching
ibration of the Ti–O–Si bonds [43,46,47]. Therefore, the tetrahe-
ral Si sites were not replaced with Ti during preparation. So, we
an conclude that TiO2 was deposited on the zeolite surface [23].

The diffuse reflectance spectrum of zeolitic matrices (see sup-
lementary data, Figure S3) presents two bands at 216 and 300 nm
ssigned to the first one that arose from the Al–O charge-transfer
ransition of four-coordinated framework aluminum, the second
ne being attributed to structures with highly ordered octahe-
ral symmetry [48,49]. The UV–vis diffused reflectance spectra
f TiO2/HBETA, TiO2/HY(20%) and TiO2/HZSM5(20%) samples are
hown in Fig. 3. In the supported catalyst, the absorption band at
00–250 nm is due to electron transfer from the ligand oxygen to
n unoccupied orbital of the Ti4+ framework [50]. The spectra are
lso characterized by an intense band centered at 320 nm,  corre-
ponding to charge transfer from the valence band (O 2p) to the
onduction band (Ti 3d) [51]. According to the literature, a band
round 320 nm might be due to the presence of anatase in the extra
ramework [52]. The UV–vis DRS results may  confirm the absence
f a Ti–O–Si linkage in these systems [25].
The band gap energy values (Eg), estimated from UV–Vis–DRS
pectra using Kubelka–Munk remission function [53], are listed in
able 1. The Eg values of zeolitic matrices (HBETA, HY and HZSM5)
ithout TiO2 and TiO2/zeolites are similar to those reported in the
Fig. 3. DRS of the catalyst supported on the different zeolitic matrices with TiO2.

literature [54,55]. The Eg values decrease slightly with the incre-
ment of the TiO2 content for the HBETA zeolite up to 20% TiO2
loading, and then the Eg values remain practically unchanged no
matter the TiO2 content in the samples. For the different zeolitic
matrices with the same loading, the values indicate that there are
differences in the band gap for the TiO2/HY(20%) sample, whose
value was relatively high (3.58 eV). This result may be due to the
low crystallinity in this sample compared with other matrices. The
higher number of imperfections and defects in the TiO2 structure
may  act as recombination centers for the electron/hole pairs, which
in turn will result in poor efficiency in photocatalysis [43].

3.2. Photocatalytic activities

Prior to photocatalytic experiments, the DDVP solution (400 mL,
1 × 10−4 mol  L−1, 22.1 ppm) with 100 mg  of catalyst was magneti-
cally stirred in the absence of light to study the adsorption on the
surface of the materials. The pesticide adsorption over the zeolitic
matrices follow a Langmuir isotherm behavior. From the lineal-
ized Langmuir isotherm the maximum adsorbed amounts were
obtained. These values were 0.02, 0.01 and 0.006 mg  of DDVP for mg
catalyst for HBETA, HY and HZSM5, respectively. These behaviors of
the zeolitic matrices agree with the structural properties and sta-
bility of each material. The results revealed the greater adsorption
of DDVP on HBETA and hence, it was chosen as the suitable support
for further studies. The lower adsorption property of HY and HZSM5
compared to HBETA is attributed to the higher hydrophilic nature
of HY and lower surface area of HZSM5. Apart from these facts,
the larger number of acid sites in HBETA (see supplementary data,
Table S1) could also be yet another reason for the better adsorption
of DDVP [56]. The DDVP molecule can be efficiently adsorbed on the
acid sites of HBETA due to its small size. The maximum adsorption
was reached within 30 min, that is, at least 30 min was necessary
to ensure that the adsorption–desorption equilibrium of DDVP on
the surface of the materials was attained.

The results of the photolysis experiments carried out without
any catalyst showed that only 2–5% degradation occurred. In the
presence of H-zeolites as catalyst, no significant mineralization was
observed, confirming that zeolitic matrices are not in themselves
active in the degradation of DDVP.

The effect of TiO2 percentage in the zeolitic matrices on the pho-
tocatalytic activity of DDVP is shown in Table 2. The studies were

done using 100 mg  of catalyst in 400 mL  of DDVP aqueous solution.
The degradation percentage was calculated as X = (C0 − C/C0) × 100,
where C0 is the original DDVP concentration and C the remaining
DDVP concentration in solution at specific time intervals. It is
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Table  2
Degradation percentages for DDVP at 240 min, reaction rate (kr), adsorption equilibrium constant (Kads) and TOC values. The experimental conditions were air; pH 5;
[DDVP]  = 1 × 10−4 mol  L−1; [catalyst] = 250 mg/L; UV lamp.

Catalyst Degradation percentage (%) kr (mol L−1 min−1) Kads (mol−1 L) TOC (ppm)

TiO2 90.04 (±0.02) 2.52 × 10−6 3.28 × 103 3.47
HBETA 30.02 (±0.03) 3.33 × 10−7 3.88 × 103 4.82
TiO2/HBETA(5%) 67.28 (±0.05) 1.10 × 10−6 2.67 × 103 3.45
TiO2/HBETA(10%) 77.35 (±0.06) 2.32 × 10−6 2.91 × 103 2.96
TiO2/HBETA(20%) 89.96 (±0.05) 2.94 × 10−6 3.27 × 103 2.75
TiO2/HBETA(30%) 75.34 (±0.04) 1.89 × 10−6 2.03 × 103 2.98
HY  22.82 (±0.04) 3.33 × 10−7 3.42 × 103 4.84
TiO2/HY(20%) 47.54 (±0.03) 5 × 10−7 2.04 × 103 4.13
HZSM5 18.66 (±0.07) 3.33 × 10−7 3.03 × 103 4.82
TiO2/HZSM5(20%) 71.40 (±0.05) 5 × 10−7 2.89 × 103 3.32
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ig. 4. DDVP photocatalityc degradation at different initial concentration with
iO2/HBETA (20%).

nown that the photocatalytic reaction rate of most organic
ompounds is described by pseudo-first-order kinetics that is ratio-
alized in terms of the Langmuir–Hinshelwood model, modified to
ccommodate reactions occurring at a solid–liquid interface [57]:

o = −dc

dt
= krKCo

1 + KCo
(1)

here ro is the initial rate of DDVP degradation, Co its initial concen-
ration, K the equilibrium constant and kr the degradation rate at

aximum coverage for the experimental conditions [58]. Equation
1) is linearized by its reciprocal expression (2):

1
ro

= 1
kr

+ 1
krKCo

(2)

For this purpose, experiments at five different initial concen-
rations of DDVP (Fig. 4) with TiO2/HBETA(20%) were carried out.
he conditions were the same as those for photocatalytic reactions,
00 mL  of DDVP solution with 100 mg  of catalyst. The ro values were

ndependently obtained from these curves by the linear fit, using
nly the experimental points during the first minutes of illumina-
ion.

With our experimental data, Fig. 5 was plotted with Equation
2). From the intersection of this straight line with the ordi-
ate 1/kr results and hence, the value of the reaction rate is
r = 2.94 × 10−6 mol  L−1 min−1. From the slope of this line, the equi-
ibrium constant, K = 3.27 × 103 mol−1 L, was calculated.

The same procedure was performed for each of the catalysts.
he results are listed in Table 2.

The extent of DDVP mineralization was measured at the end of

eaction by TOC and the results are listed in Table 2. The initial TOC
f DDVP was 4.86 ppm.

For the catalysts supported on the zeolitic matrix HBETA, the
ncrement of TiO2 content in TiO2/HBETA samples from 5 to 20 wt%
Fig. 5. Linearization of Langmuir–Hinshelwood equation.

produces a continuous increment of the photocatalytic activity at
240 min. The decline in the degradation of samples with loadings
higher than TiO2/HBETA(20%) could be due to the presence of TiO2
particle aggregates of greater size on the zeolite matrix surface.
As shown in Table 1 and by XRD, the crystallite size is larger in
TiO2/HBETA(30%) than in TiO2/HBETA(20%). Moreover, at higher
percentage loading, the excited particles may  not be close to the
zeolite surface and hence, its conduction band electron is not delo-
calized over zeolite. As a result, there could be much electron–hole
recombination giving a low degradation rate. Additionally, the
increment of the catalytic activity can also be due to the lower band
gap values of the samples with higher TiO2 contents, which would
increase the absorption capacity of higher wavelength radiation.

The differences in the behaviors of the zeolitic matrices in the
photocatalytic activity of DDVP can be associated with the struc-
tural properties and stability of each material. The lower activity
for zeolite ZSM5 could be associated with its microporous struc-
ture (pores defined by ten member rings) that hinders the access of
large molecules to the internal acid sites. In addition and in com-
parison with the other matrices, it has lower surface area and a
fewer number of acid sites. The lower adsorption property and
photocatalytic activity of HY compared to HBETA is attributed to
the higher hydrophilic nature of HY, which allows water to pass
through its channels but it does not allow the passage of organic
molecules such as those of DDVP. Also, as aforementioned, zeo-
lite Y is more sensible and unstable than other zeolites due to low
Si/Al ratios. The loss of crystallinity because of the incorporation
of TiO2 and the thermal treatment reduce the activity of the cat-
alytic material. In these studies BETA zeolite presents better results

due to its three-dimensional pore system with straight channels
of 0.73 nm × 0.65 nm and tortuous channels of 0.55 nm × 0.55 nm
with 1.0 nm channel intersections, with higher accessibility to its
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Fig. 6. DDVP degradation and mineralization degree as a function of the number of
cycles of use for TiO2/HBETA(20%).
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ctive sites (pores defined by twelve member rings), which makes
t more active.

The rate of degradation is related to the formation of OH• rad-
cal, which is the critical species in the degradation process [59].
he equilibrium adsorption of reactants on the catalyst surface and
he reaction rate of OH• radicals with other chemicals are also
ignificant in the rate of degradation [60]. The hydroxyl radicals
re formed through the reaction of holes with adsorbed OH− and
2O on the TiO2 surface. The oxidizing power of the OH• radi-
als is strong enough to oxidize adsorbed DDVP on the surface of
iO2/zeolites.

After 240 min  of irradiation, the amount of degraded DDVP
as close to 90% with TiO2/HBETA(20%), but the mineralization
egree was close to 44%. The TOC values decreased with the

ncrease in the degradation percentage, but were slightly lower
han the amount of degraded DDVP as a result of the formation
f organic intermediates. These results are in agreement with pre-
ious reports that indicate the formation of phosphate-containing
ntermediates [23,58]. The O,O,O-trimethyl phosphoric ester and
,O-dimethyl phosphonic ester have been reported as the main

ntermediates during the photodegradation of DDVP [61]. These
y-products appear to be less toxic than the parent compound, so

 less contaminant solution than the starting solution is obtained.
he complete degradation and mineralization of the pollutant was
btained under these conditions in 360 and 540 min  of reaction
ith TiO2/HBETA(20%), respectively. We  assume that once all the
DVP have been degraded, the phosphate intermediates start to
e degraded.Additionally, comparative studies were performed to
nderstand the role of the support during the photocatalytic degra-
ation between TiO2/HBETA(20%) and bulk TiO2 (Degussa P25). The
eaction was carried out with 20 mg  of TiO2 P25 and 400 mL  of
DVP solution 1 × 10−4 mol  L−1, which is equivalent to 20% in the
atrix. In Table 2, at 240 min  of reaction, it can be seen that the

iO2-supported system shows similar degradation to that of bulk
iO2, both materials reaching almost the same degradation. This
ay  suggest that the zeolite matrix does not affect the degradation

apacity and the photocatalytic properties of TiO2. But supported
iO2 is easier to separate than the commercial one, so it can be eas-
ly reused. Also, the dispersion of TiO2 over zeolite material avoids
article–particle aggregation and light scattering by TiO2 [23]. TOC
esults revealed that pure TiO2 required more time for the complete
ineralization of DDVP.
The experiment with solar light was performed with

iO2/HBETA(20%), the degradation percentage achieved was
8% at 240 min  of reaction. Kinetic and adsorption equilibrium
onstants were calculated as: kr: 2.31 × 10−6 mol  L−1 min−1 and
: 2.86 × 103 mol−1 L, respectively. This result is mainly due to
he different initial photon flow of both light sources [57]. With
n improvement in the photocatalytic system, making solar rays
ocus on the photoreactor, the system applied may  be better.

.3. Reusability of the catalysts

To evaluate the reusability of the catalysts we  chose
iO2/HBETA(20%) because it was the catalyst with better perfor-
ance in this study. At the end of the first photocatalytic cycle,

he catalyst was separated from the resulting suspension by fil-
ering, washed, oven dried at 70 ◦C, and then reused without any
alcination treatment. The same procedure was employed after the
econd and all the cycles of use. The percentage of degraded DDVP
fter each cycle of use, together with the mineralization degree, is
hown in Fig. 6.
The comparison of the DDVP degradation degree reached at the
nd of the first cycle showed that the degradation rate decreased
lightly and then kept constant. The decrease in the degrada-
ion percentage was probably due to the accumulation of organic
Fig. 7. Evolution of DDVP after photocatalysis with TiO2/HBETA(20%) (�) and leach-
ing test (�) with the same catalyst filtrate at the 30 min.

intermediates in the cavities and on the surface of the catalyst
affecting the adsorption of DDVP, and reducing the activity of the
catalytic material. Finally, these results show that these materials
can be reused without noticeable activity loss during at least eight
cycles, and the synthesized materials can be considered as suitable
photocatalysts to degrade organophosphorous pesticides.

3.4. Titanium dioxide leaching

It is worth noting that no leaching of titanium dioxide from
TiO2/zeolite samples occurs during the reaction. TiO2 could not be
detected in the liquid filtrate after each cycle of use. Additionally,
no significant conversion of DDVP was observed when we evalu-
ated the possibility of TiO2 leaching. This reaction was carried out
under similar conditions to that of the degradation, except that after
30 min  of reaction the catalyst was removed. As can be seen in Fig. 7,
the reaction stopped. These observations strongly suggest that the
reaction proceeds heterogeneously over the catalyst.

4. Conclusions

Materials based on TiO2 supported on zeolitic matrices (HBETA,
HY and HZSM5) were synthesized by the in situ generation of

TiO2 using titanium (IV) isopropoxide and ethanol. XRD patterns
indicate that all materials presented crystalline phases and only
showed the presence of the anatase phase. In FTIR no band in the
region near 960 cm−1 was  detected, so it can be concluded that TiO2
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as deposited on the surface of zeolites. In the TiO2/HBETA sam-
les, SBET decreased with the increase of the TiO2 content as a result
f zeolite pore blocking, attributed to clogging of zeolite pores by
iO2 species. Comparing the different matrices with the same TiO2
ontent, TiO2/HBETA(20%) shows the highest surface area.

The results of the present investigation indicate that the
ost convenient catalyst for photocatalytic degradation is

iO2/HBETA(20%). At higher TiO2 content the degradation percent-
ge is lower, which could be due to the presence of TiO2 particle
ggregates of greater size on the zeolite matrix surface. This is
videnced by the crystal size calculated by XRD.

TiO2/HBETA(20%) presented more activity than TiO2/HY(20%)
nd TiO2/HZSM5(20%) due to higher adsorption of DDVP on it. It has
ore surface area and a lower band gap value too, which makes it
ore effective. The complete degradation and mineralization of the

ollutant was obtained in 360 and 540 min  of reaction, respectively.
hese materials can be reused without noticeable activity loss dur-
ng at least eight cycles. The mineralization degree is lower than the
egradation percentage due to the formation of organophospho-
ous intermediates that are less toxic than the starting material.

According to the results presented in this work, the materi-
ls obtained by in situ generation of TiO2 onto zeolitic matrices,
BETA, HY and HZSM5, present suitable properties to be used as
atalysts in the photocatalytic treatment of wastewater that con-
ains DDVP insecticide. The TiO2/HBETA(20%) catalysts prepared in
his study yielded degradation percentages closer to commercial
iO2 P25. The advantage of supported catalysts, in comparison with
he commercial ones, is mainly their easy separation and reuse.
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