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ABSTRACT

The TiO,/HZSM-11 materials were synthesized using titanium isopropoxide as a TiO, precursor and
HZSM-11 a medium pore size zeolite with high thermal and chemical resistance as support. The amount
of titanium isopropoxide was varied in order to obtain TiO, concentrations of 3, 10, 20, 30 and 50 wt%
in the final material. They were characterized by a series of complementary techniques: X-ray diffrac-
tion (XRD), ultraviolet-visible diffuse reflectance spectroscopy (DRS), transmittance Fourier transform
infrared spectroscopy (FTIR) and scanning electron microscopy (SEM). The surface area of the TiO, /HZSM-
11 samples decreased with the increment of TiO, loading. As result of the increment of the calcination
temperature from 450 to 800 °C an increase in the size of the anatase crystals was observed. However,
the X-ray diffraction patterns of the solids only presented the characteristic peaks of the anatase phase.
The catalytic activity of the materials in the photodegradation of Dichlorvos (DDVP) depended on the
TiO, amount the thermal treatment temperature. The sample containing 30% TiO, calcined at 450°C
showed the best catalytic performance and it can be reused without noticeable activity loss during at
least four cycles. The catalytic performance was similar to that of the P25 Degussa used as a reference
but its separation, recovery and reuse was easier.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, advanced oxidation processes (AOPs) have
been proposed as innovative water treatment technologies. The
rationale of these AOPs is based on the in situ generation of active
species (i.e.H,0,,0H°, 0,°~, O3) for the mineralization of refractory
organic compounds, water pathogens and disinfection by-products
[1,2]. One of the most widely used processes is heterogeneous
photocatalysis, which is the acceleration of a photoreaction by a
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catalyst, an attractive and efficient method for the degradation of
environmental pollutants or nonbiodegradable toxics present in
aqueous domestic, industrial or agricultural effluents.

Titanium dioxide (TiO3) is one of the most appropriate semicon-
ductor materials to be employed as a photocatalyst, due to its high
activity in the photodegradation of organic compounds, low cost,
low toxicity, and chemical stability [3,4]. 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 0.1eV [5].

However, there are certain limitations to using bulk TiO, in
photocatalytic reactors, — for example, due to small size (about
4-30nm) TiO, aggregates in a suspension that rapidly lose their
effective surface area as well as their catalytic efficiency. Being
nonporous, TiO, exhibits low adsorption ability for the pollutants,
especially for the nonpolar organic compounds due to their polar
surface [6].

The technical limitations of this method are the difficult sepa-
ration of the catalyst, its reuse and low quantum efficiency [7].

To solve this, recent research has focused on different kinds
of supports for dispersing titania catalysts, such as silica [8-10],
alumina [11,12], activated carbon [13-15], clay and zeolites
[10-12,16,17]. TiO, supported on an adsorbent provides higher
specific surface area and facilitates more effective adsorption sites
than bulk TiO, [8,13,16-18]. Recent research, has proposed the
synthesis of a zeolite-supported Fe3*-TiO, photocatalyst as an
alternative to degrade dyes [19].

Zeolites have been investigated as potential supports for pho-
tocatalytic systems. They offer several distinct advantages over the
other supports such as:

- They have cages and channels of the order of 4-14 A that can con-
fine substrate molecules to enhance the photocatalytic reactivity.
TiO, can thus be supported on this zeolite matrix.

- Zeolites behave as electron donors and acceptors of moderate
strength toward the guest species depending on the adsorption
site [20].

Organophosphorous pesticides are comprised within the 10
most widely used pesticides all over the world. They have been
used as an alternative to organochlorine compounds for pest con-
trol. However, they are considered as extremely toxic compounds
acting on acetylcholinesterase [21]. Their presence as contaminants
in aquatic environments may cause serious problems to human
beings and other organisms. Dichlorvos (DDVP), an organophos-
phorous insecticide, is widely used for crop protection mainly in
greenhouses and for controlling parasites and insects in houses,
aircraft, and outdoor areas (as aerosols, liquid sprays) [22].

In the present work, we report for first time the synthesis
of TiO, supported on HZSM-11 a medium pore size zeolite with
high thermal and chemical resistance. The resulting TiO,/ZSM-
11 materials were characterized by a series of complementary
techniques: X-ray diffraction (XRD), ultraviolet-visible diffuse
reflectance spectroscopy (DRS), transmittance Fourier transform
infrared spectroscopy (FTIR) and scanning electron microscopy
(SEM). The materials were evaluated in the photodecomposition
of the organophosphate pesticide dichlorvos.

2. Experimental
2.1. Materials
The ZSM-11 zeolite was prepared using the following reac-

tants: sodium aluminate (NaAlO,, Johnson Matthey Electronics),
tetrabutylammonium hydroxide (TBAOH, Fluka), Silicic Anhydride

(Fluka) and distilled water. For the supported catalysts, titanium
(IV) isopropoxide (Aldrich chemistry, 97%) and ethanol (Cicarelli)
were employed. P-25, standard TiO,, was kindly supplied by
Degussa. Dichlorvos (Pestanal, Fluka) was selected as the target
organic pollutant.

2.2. Preparation of HZSM-11-supported TiO, catalyst

The parent Na-ZSM-11 zeolite (Si/Al=17) was obtained by
known methods of hydrothermal crystallization, using TBAOH
as a structure directing agent [23]. The ammonium form of the
zeolite (NHy4-zeolite) was prepared by ion exchange of the as-
prepared Na-zeolite form with 1M ammonium chloride solution
at 80°C for 40 h. Finally, NH4-zeolite was dried at 110°C, treated
in a nitrogen flow at 500°C for 8h and then calcined in air at
the same temperature for 10h to obtain the HZSM-11 zeolite.
The supported catalysts were prepared by taking an appropri-
ate amount of titanium (IV) isopropoxide and zeolite in ethanol,
which was mechanically stirred for 4h at ambient tempera-
ture. Then the solvent was removed by rotary evaporation. The
amount of titanium (IV) isopropoxide was varied with the pur-
pose of generate in situ TiO, concentrations of 3, 10, 20, 30 and
50 wt% in the final solid, and they were denominated TiO,/HZSM-
11(3%), TiO,/HZSM-11(10%), TiO/HZSM-11(20%), TiO,/HZSM-
11(30%) and TiO,/HZSM-11(50%), respectively. The mixture was
then dried at 110°C and calcined in air at 450°C. The catalyst
TiO,/HZSM-11(30%) was also calcined at 600 and 800°C.

In order to compare the activity with the TiO,/HZSM-11(30%),
a physical mixture of P25/HZSM-11(30/70 wt%) was prepared. This
mixture was calcined at 450 °C for 8 h.

2.3. Characterization

The powder XRD diffraction patterns of the materials were col-
lected on a PANalytical X'pert PRO diffractometer equipped with
Cu Ko (1.54A) in the range of 26 from 5° to 60° in steps of 0.05°
with a count time of 2 s at each point. The mean crystallite size (d)
of the corresponding phase was estimated using the Scherrer equa-
tion and silicon as standard for the correction of the instrumental
broadening. It is worth noting that the Scherrer equation was used
in order to perform a rough estimation of the crystallite size. BET
surface area determinations were carried out with Micromeritics
ASAP 2000 equipment. Infrared (IR) studies of TiO,/zeolites were
performed on a JASCO 5300 FTIR spectrometer. The spectra in the
lattice vibration region were performed using KBr 0.05% wafer tech-
nique and they were carried out from 1800 to 400cm~"! in 16
consecutive registers of 4cm~! resolution each. The morphologi-
cal features of supported and unsupported catalysts were obtained
using scanning electron microscopy (SEM, FEG-SEM Zeiss Sigma)
using fine catalyst powder supported on carbon tape and coated
with platinum. UV-vis diffuse reflectance spectra (UV-vis DRS) in
absorbance mode were recorded using an Optronics OL 750-427
spectrometer in the wavelength range of 200-900 nm.

Ti, Si and Al content were determined by Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES) using a VARIAN,
model VISTA MPX - CCD simultaneous ICP-OES. They are provided
as supplementary material (Table S1).

2.4. Photocatalytic experiments

The photocatalytic degradation of DDVP was performed in
aqueous medium in a batch reactor. A cylindrical Pyrex glass pho-
tochemical reactor of 18 cm x 8 cm (height x diameter), provided
with water circulation arrangement to maintain the temperature
in the range 25-30°C, was used in all the experiments. The irra-
diation was carried out using 125 W high-pressure mercury lamp



S. Gomez et al. / Journal of Hazardous Materials 258-259 (2013) 19-26 21

(with a maximum emission at about 365 nm) placed inside a Pyrex
glass jacket, thermostated by water circulation, and immersed in
the pesticide solution contained in the batch reactor. The catalyst
was maintained in suspension by stirring, and air was continuously
bubbled. Previously, the DDVP solution (400mL, 1 x 10~4 mol/L)
containing 100 mg of catalyst was magnetically stirred in the
absence of light for 30 min. Aliquots were withdrawn at specific
time intervals and analyzed after filtration to remove the cata-
lyst. The variation of the pesticide concentration as a function
of irradiation time was determined using a UV-visible Shimadzu
spectrophotometer of double beam, measuring the absorbance at
210nm [24]. In some cases, an HPLC Perkin Elmer with a reverse
phase column of C18 measuring 250 mm x 4.6 mm and a mixture
of water (50%) with acetonitrile (50%) as solvent at a flow rate
of TmLmin~! was employed. An ion chromatograph (Metrohm
- 761 compact IC) equipped with an electroconductivity detector
for measuring the phosphate ion formation, was employed. Addi-
tionally, a chloride electrode (Phoenix Clo 1508-003B) was used to
follow the amount of chloride ions released.

3. Results and discussion
3.1. Characterization of TiO,/H-zeolite catalysts

3.1.1. XRD analysis

In order to confirm the structure and crystallinity of TiO, /zeolite
catalysts, an XRD study was carried out. Fig. 1 shows the XRD pat-
terns of HZSM-11 (a) and different titania-supported catalysts (b-f).
For comparative purposes, the diffraction pattern of commercial P-
25 titania (g) is also included. The figure shows the characteristic
signal of the parent HZSM-11 catalyst at 26 angles of 23-24° and
7-9°, which were assignedto(332),(303)and(101),(200)planes
respectively [25]. The XRD pattern of TiO,/H-ZSM-11(3%) catalyst
(Fig. 1(b)) was essentially the same as that of the original HZSM-11
(Fig. 1(a)). TiO,/HZSM-11 prepared in this study showed diffrac-
tion peaks at 25.4°, 48.2°, 54.9° and 55.4°, which were assigned to
the characteristic reflections from (101),(200),(211)and (106)
planes of anatase, respectively [5]. In the diffraction pattern of
TiO,/HZSM-11(10%), the peak at (10 1) is barely observed, but the
other three peaks are not clearly observed since the amount of TiO,
would not be enough to give clear diffraction peaks.

The peak intensity at 260=25.4° increased with an increasing
amount of TiO; loaded on HZSM-11. A similar XRD pattern was
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Fig. 1. XRD pattern of (a) zeolite HZSM-11, (b) TiO2/HZSM-11(3%), (c) TiO,/HZSM-

11(10%), (d) TiO2/HZSM-11(20%), (e) TiO2/HZSM-11(30%), (f) TiO2/HZSM-11(50%)
and (g) P-25 Degussa.
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Fig. 2. XRD pattern of TiO,/HZSM-11(30%) calcined at: (a) 450 °C, (b) 600°C and (c)
800°C.

obtained for TiO,/zeolites (Y, A and BEA), as reported previously
[3,26-28]. Simultaneously with the increase in the TiO; load, a
small decrease in the intensity of HZSM-11 diffraction peaks was
observed. However, this decrease can be attributed to a dilution
effect of the zeolite matrix in the catalyst.

On the other hand, no peak assigned to rutile phase (26 =27.4°)
was observed in the XRD patterns of all TiO,/HZSM-11 catalysts
used in the present study.

The calcination temperature effect on TiO,/zeolite photocata-
lysts is shown in Fig. 2. The diffraction patterns of the materials did
not show the presence of rutile phase, whereas the anatase phase
was the phase solely observed whatever the calcination tempera-
tures used. Therefore, it can be suggested that the anatase particles
are favorably stabilized on the surface of the zeolite matrix.

The calcination temperature profoundly influenced the crystal-
lite size of TiO;. As a result of the increment of the calcination
temperature from 450 to 800°C an increase in the size of the
anatase crystals was observed. It can be seen in Fig. 2 that the
XRD peaks become gradually sharper with increasing temperature,
indicating the crystals grew larger in size [5,29] (Table 1).

3.1.2. FTIR spectra

Fig. 3 shows the FTIR spectra of bulk TiO,, bulk zeolite and
TiO,/HZSM-11 (wt%)in the range of 1800-400 cm~!. All the zeolitic
materials present vibrations assigned to the internal bonds of a TO4
tetrahedral structure (T =Si or Al) that are insensitive to changes in
the zeolite structure, 1250-950, 850-700cm~! and the signals at
500-420cm~! being attributed to asymmetrical stretching, to the
symmetrical stretching and to (O—T—0) deformation, respectively.
Furthermore, vibrations assigned to the external bonds of the TO4
tetrahedral structure, which are sensitive to changes in the struc-
ture, can also be observed. These vibrations, in the region between
650 and 500 cm~!, are attributed to those of double rings consisting
of five atoms. A shoulder between 1050 and 950 cm™! is assigned
to the asymmetrical stretching of T-O—T bonds [30].

No band in the region near 960cm~! was detected, which
could be assigned to the antisymmetric stretching vibration of the

Table 1

Crystallite size of TiO; in the zeolite.
Sample d (nm)
TiO,/HZSM-11(30%)-450°C 10
TiO2/HZSM-11(30%)-600 °C 12.5
TiO,/HZSM-11(30%)-800°C 16.7
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Fig. 3. FTIR of (a) zeolite HZSM-11, (b) TiO,/HZSM-11(3%), (c) TiO2/HZSM-11(10%),
(d) TiO2/HZSM-11(20%), (e) TiO, /HZSM-11(30%), (f) TiO2/HZSM-11(50%) and (g) P-
25 Degussa.

Ti—0—Si bonds [28,31,32]. Therefore, the replacement of the tetra-
hedral Si sites with Ti during preparation did not take place. So, we
can conclude that TiO, was deposited on the surface of the zeolites.

3.1.3. BET surface area

The surface area (Sggr) of the synthesized materials was deter-
mined from the N, adsorption-desorption isotherms using the
Brunauer-Emmett-Teller method. The adsorption-desorption
isotherms of TiO,/HZSM-11 samples exhibit characteristics similar
to those of HZSM-11. According to IUPAC classification, they are
Type 1 isotherms, characteristic of microporous solids having
relatively small external surfaces [33].

With increasing loading of TiO», a linear decrease in the surface
area (Sger) of the samples can be seen (Fig. 4). This could be due to
deposition of TiO, particles on the HZSM-11 surface and blocking
of the pores.

On the other hand, the Sggr of the samples TiO,/HZSM-11(30%)
calcined at different temperatures decreases when the calcination
temperature increases. For the 450°C, 600°C and 800 °C samples,
the surface area were 309, 296, 293 m?2/g, respectively. This could
be explained by the TiO, agglomeration/growth phenomena during
the calcination treatments.

3.1.4. SEM

The morphology of the zeolitic supports and the supported
catalysts was studied using SEM. According to the SEM images
(Fig. 5) the zeolite matrix presents prismatoid-like crystals. The
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Fig. 4. BET surface area versus TiO; loading (wt%) over the zeolite matrix.

surface morphology of the TiO,/HZSM-11(30%) sample shows the
prismatoid crystals characteristic of zeolite and TiO, spherical
nanoparticles (size in the range 200-400 nm) and clusters attached
to the zeolite surface.

3.1.5. UV-vis DRS

The UV-vis diffuse reflectance spectra of zeolite matrix and
TiO,/HZSM-11 samples are shown in Fig. 6. The diffuse reflectance
spectrum of HZSM-11 (Fig. 6(a)) consists of a single band at
210nm arising from the Al—O charge-transfer transition of four-
coordinated framework aluminum, characteristic of as-synthesized
zeolites [34]. In the supported catalyst, the absorption band at
200-250 nm is due to electron transfer from the ligand-oxygen to
an unoccupied orbital of the Ti** framework [35]. The spectra are
also characterized by an intense band centered at 320 nm, corre-
sponding to charge transfer from the valence band (O 2p) to the
conduction band (Ti 3d) [36].

The determination of the band gap from the UV-vis spectra is
an alternative method to study the modification of the electronic
properties of the TiO, species [34]. The band gap of TiO, can be
affected by the particle size (quantum size effects) and the particle
size could be affected by the thermal treatment temperature and
of TiO, contents among others for TiO, hybrid systems [37-39].
The band gap energies were estimated from UV-vis-DRS spectra
using the Kubelka-Munk remission function [29]. The estimated Eg
values for the different samples are listed in Table 2. The UV-vis-
DRS spectra of the TiO,/HZSM-11 samples showed the absorption
threshold onset was scarcely shifted to the visible region when

Fig. 5. SEM images of (A) zeolite HZSM-11 and (B) TiO, /HZSM-11(30%).
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Fig. 6. DRS of (a) zeolite HZSM-11, (b) TiO,/HZSM-11(10%), (c) TiO,/HZSM-11(30%)
and (d) TiO,/HZSM-11(50%).

Table 2

Eg values for the supported catalyst.
Sample Band gap (eV)?
TiO2/HZSM-11(10%) 3.25
TiO,/HZSM-11(30%) 3.15
TiO,/HZSM-11(50%) 3.12
4 4+0.5eV.

the TiO, concentration increased. As result, the Eg values present a
small variation when varying TiO, content in the samples.

3.2. Photocatalytic evaluation

3.2.1. Primary studies

Prior to photocatalytic experiments, the DDVP solution (400 mL,
1 x 10~4 mol/L) with 100 mg of catalyst (HZSM-11 or TiO,/HZMS-
11 (wt%) samples) was magnetically stirred in the absence of
light to study the adsorption on the surface of the materials.
The maximum adsorption was reached after 30 min. These results
show that at least 30 min are necessary to the attainment of the
adsorption-desorption equilibrium of DDVP on the surface of the
materials.

The results of the photolysis experiments carried out without
any catalyst are depicted in Fig. 7(A). During the reaction it was
observed that only 2-5% degradation occurred. In the presence of
HZSM-11 as catalyst, no significant degradation was observed con-
firming that HZMS-11 is not active by itself in the degradation of
DDVP.

3.2.2. Effect of TiO, content on TiO;/HZSM-11 samples

The effect of TiO, percentage on the HZSM-11 in the photo-
catalytic activity is shown in Fig. 7(A) and (B). The studies were
made using 100 mg of catalyst in 400 mL of DDVP aqueous solution.
The degradation percentage was calculated as X =(Cy — C/Cy) x 100,
where (Cj is the original DDVP concentration and C the remaining
DDVP concentration in solution at specific time intervals. As can be
seen, the increment of TiO, content in TiO, /HZSM-11 samples from
3 to 30 wt% produces a continuous increment of the photocatalytic
activity. The decline in the degradation of samples with loadings
higher than TiO,/HZSM-11(30%), could be due to the presence of
TiO, particle aggregates of higher size on the zeolite matrix surface.
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The catalyst with the best performance in the DDVP degradation
(TiO,/HZSM-11(30%)) was chosen for further studies.

The DDVP degradation was monitored following the mineraliza-
tion products CI- and PO43~ anions as a function of the irradiation
time (Fig. 8).

After 240 min of irradiation the amount of DDVP degraded was
close to 90%. It can be observed that at the same irradiation time, the
ratio between the amount of Cl~ anions released and the amount of
DDVP molecules degraded is close to 2. These results are in agree-
ment with previous reports that indicate that the cleavage of the
Cl-aryl bond releases inorganic chloride to the reacting medium
[21].

On the other hand, the amount of PO43~ anions released was
only 15% of the total amount of phosphate present in the original
DDVP solution, which indicates the formation of phosphate-
containing intermediates [40]. The total mineralization of the
pollutant was not obtained under these conditions. According
Shifu and Gengyu [41] the intermediate products formed during
the photocatalytic degradation of dichlorvos are trimethyl phos-
phate, formic acid and acetic acid. Trimethyl phosphate has been
identified as an intermediate of the photocatalytic oxidation of
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dichlorvos elsewhere. This compound appears to be less toxic than
the parent compound [21].

3.2.3. Effect of catalyst preparation

According to Chatti et al. [20], the TiO, incorporation mode
played an important role in the photocatalytic activity of the
synthesized photocatalysts. Fig. 9 shows the catalytic activity of
TiO,/HZSM-11(30%) and a physical mixture of TiO, and HZSM-
11 containing the same amount of titania as that of the sample
prepared by the impregnation method.

We can see that the catalyst synthesized using titanium iso-
propoxide (as titanium source) shows the best photocatalytic
activity. This may be attributed to better dispersion and interaction
of TiO, particles over the zeolite matrix.

On the other hand, to understand the role of the support
(i.e., beneficial or detrimental effect) during the photocatalytic
degradation, comparative studies between TiO,/HZSM-11(30%)
(obtained by the impregnation method) and bulk TiO, (Degussa
P25) were carried out. Fig. 9 shows similar degradation of the
TiO,-supported system compared to bulk TiO,. Finally, at 240 min
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both materials reach almost the same degradation. This may be
caused by the synergistic effect resulting from the adsorption of
DDVP on the material. This can facilitate the degradation without
affecting the photocatalytic properties of TiO,. The delocalization
of electrons at the support material and the adsorption properties
of the support enhance the degradation [7]. Also, the dispersion
of TiO, over zeolite material avoids particle-particle aggregation
and light scattering by TiO,. The good dispersion leads to the pres-
ence of more holes available near the adsorbed DDVP molecules
resulting in faster degradation rates.

3.2.4. Effect of catalyst content

The effect of catalyst concentration on the degradation of DDVP
was investigated employing different concentrations of catalyst
TiO,/HZSM-11(30%), in the range 50-1000 mg/L, keeping all other
experimental parameters constant (Fig. 10). The DDVP degradation
increases with the increment of the catalyst concentration from 50
to 250 mg/L. However, further increments in catalyst concentration
lead to a continuous decrease of the DDVP degraded amount. When
the TiO,/HZSM-11(30%) concentration is high (above 250 mg/L), a
screening effect is produced. The degradation diminishes due to
the excessive opacity of the suspension, which prevents the cat-
alyst farthest in from being illuminated [24]. Further, at a higher
catalyst amount it is difficult to maintain the suspension homoge-
neous due to particle agglomeration, which decreases the number
of active sites [27].

3.2.5. Effect of catalyst calcination temperature

The photodegradation efficiency of TiO,/HZSM-11(30%)
decreased with the increment of the calcination temperature
from 93 to 86% for samples calcined between 450 and 800°C
respectively. The slight decrease of DDVP degradation percentage
could be due to the increment of TiO, crystal size and the sinter
of TiO, particles. As above-mentioned in the XRD analysis, higher
calcination temperatures produce larger TiO, crystallites over the
zeolite surface.

3.2.6. Effect of initial pH value

According to Mahalakshmi et al. [27], the solution pH is an
important variable in aqueous phase mediated photocatalytic reac-
tions. The pH solution influences the adsorption and dissociation of
the substrate, the catalyst surface charge, the oxidation potential of
the valence band and other physicochemical properties of the sys-
tem [27]. The effect of pH on the photocatalytic degradation was
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Fig. 11. Effect of pH on DDVP degradation. Experimental conditions: [DDVP]niial:
1 x 1074 mol/L, catalyst: TiO,/HZSM-11(30%) and catalyst/solution ratio equal to
250 mg/L.

studied by varying the initial pH of the DDVP solution and keeping
all other experimental conditions constant.

The initial solution pH in the reactions evaluated in previous
paragraphs is 5. In order to compare the standard reaction with the
initial pH =5, some reactions were carried out with initial acid pH
and alkaline pH in the range of 2-10, which were adjusted with
hydrochloric acid and sodium hydroxide, respectively (Fig. 11). We
can see that the DDVP degradation decreases when the pH was in
the range 2-4, and remains practically constant when it was in the
range 6-10.

The effect of pH on the photocatalytic reaction is generally
attributed to the surface charge of TiO, and its relation with the
ionic form of the organic compound (anionic or cationic). Electro-
static attraction or repulsion between the surface of the catalyst and
the organic molecule is taking place and consequently enhances or
inhibits, respectively, the photodegradation rate.

Taking into that dichlorvos is an unionizable compound, and
according to Evgenidou et al. [40], the decrease of the reaction
rate at acid pH can be ascribed to the lower hydroxylation of the
catalyst’s surface due to the presence of a small amounts of OH™
ions.

3.3. Catalyst recycling study

At the end of the first catalytic cycle, the catalyst was filtered,
washed, oven dried at 70°C and then reused without any calci-
nation treatment. The same procedure was employed after the
second cycle of usage. From the comparison of the DDVP degra-
dation degree reached at the end of the 1st the 2nd and the 3rd
cycle, a slight decrease in degradation rate was noticed (Fig. 12).
The decrease in degradation percentage was probably due to the
accumulation of organic intermediates in the cavities and on the
surface of the catalyst affecting the adsorption of DDVP, and reduc-
ing the activity of the catalytic material. The catalyst recovered after
the 3rd cycle was calcined at 450°C for 8 h and reused. As we can
see, the original activity was restored (Fig. 12, 4th cycle).

Hence, calcination of the reused catalyst is necessary in order
to regenerate the activity. Furthermore, this is substantiated by
comparing the surface characterization studies of fresh and used
catalysts (before and after the 4th cycle) with XRD in Fig. 13. The
XRD pattern showed that the sample was intact even after the 4th
cycle. The characteristic peaks of TiO, phase in the used catalyst
are the same as those in the fresh sample. Thus, this proves that the
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Fig. 12. DDVP degradation degree as a function of the number cycle for the

TiO,/HZSM-11(30%) catalyst. Experimental conditions: [DDVP];pitiai: 1 x 10~ mol/L;
pH: 5 and catalyst/solution ratio equal to 250 mg/L.
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Fig. 13. XRD of TiO,/HZSM-11(30%). (a) Fresh, (b) used-without regeneration (after
cycle 3rd) and (c) used - with calcination (after cycle 4th).

catalyst is highly stable and is reusable for several cycles without
losing its original activity.

It is worth noting that no leaching of titanium dioxide from
TiO,/ZSM-11 samples occurs during the reaction. TiO, could not
be detected in the liquid filtrate after each cycle of usage. Addition-
ally, no significant conversion of dichlorvos was observed when the
reaction was carried out dissolving DDVP in the liquid filtrate with-
out TiO,/HZSM-11(30%) as catalyst. These observations strongly
suggest that the reaction proceeds heterogeneously over the cata-
lyst.

4. Conclusions

Catalysts based on titania supported on ZSM-11 zeolite were
synthesized by taking an amount of titanium (IV) isopropoxide and
of zeolite in ethanol. The diffraction patterns of the materials did not
show the presence of rutile phase, whereas the anatase phase was
the phase solely observed whatever the calcination temperatures
and the TiO, content used. It can be suggested that the anatase
particles are stabilized on the surface of the zeolite matrix.
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The results of the present investigation indicate that the best
catalyst was TiO,/ZSM-11(30%) prepared by the impregnation
method. Several variables were studied and it was observed that
the best operating conditions were: DDVP solution, pH=5; calci-
nation temperature of the catalyst, 450°C; and catalyst/solution
ratio equal to 250 mg/L.

After regenerating the materials used no significant changes in
the structure and activity were observed, so they can be reused
without noticeable activity loss during at least four cycles.

The TiO,/ZSM-11 catalysts prepared in this study were suitable
for the degradation of the insecticide DDVP in water, resulting in
degradation percentages similar to the commercial TiO, P25. The
advantage of supported catalysts, in comparison with the commer-
cial ones, is mainly its easy separation and reuse.
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