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ABSTRACT

The photocatalyzed and ozonated degradation of a widely used pesticide, chlorothalonil
was studied using Ru loaded on titania as photocatalyst under visible light. The Ru/TiO2

photocatalysts with metal loadings 0, 0.25, 0.50, and 1 wt% on TiO2 were prepared by
deposition–precipitation method and characterized by X-ray diffraction, UV-DRS, Bru-
nauer–Emmett–Teller, transmission electron microscopy, SEM–EDX, FT-IR, and ICP analy-
ses. Photocatalyzed ozonation with 1% Ru/TiO2 yielded 100% degradation and
mineralization of chlorothalonil in 2 h under basic pH conditions. The extent of degradation
of chlorothalonil pesticide and its mineralization were confirmed by GC–MS. For 10 mg/L
of chlorothalonil, 0.1 g/L of catalyst was found to be the optimum for effective mineraliza-
tion. Results show that photocatalyzed ozonation of chlorothalonil with Ru/TiO2 catalyst is
a very practical means for its mineralization. The catalyst is fully recoverable and reusable
multiple times with no loss of activity.

Keywords: Photocatalyst; Ozonation; Chlorothalonil; Ru–TiO2; Deposition–precipitation
method; Mineralization

1. Introduction

Pesticides play prominent role in pest control man-
agement and are integral part in modern agriculture.
Synthetic pesticides are accepted as a cost-effective
means of controlling pests, and refining productivity
and food quality [1]. Although pesticides may valu-
able for agricultural productivity, their persistence in
environment has serious implications to the human
health, particularly when they are used indiscrimi-
nately. As these compounds are chlorine-containing
compounds, they are toxic to non-target species and
many are non-biodegradable [2–5]. Residues of

chemical pesticides in the environment and water sys-
tems have become a major issue for both consumers
and producers. In view of this, it is prudent to
improve technologies that promote the easy degrada-
tion of these organic pesticide compounds.

Heterogeneous photocatalysis is an emerging tech-
nique for environmental remediation where semicon-
ductor materials are used as photocatalysts [6–9].
Currently, photocatalysis is demonstrated to be as an
excellent method over than others due to the use of
oxygen as an oxidant, oxidation of the organic com-
pounds at low concentrations, at low temperatures,
and comprehensive mineralization [10,11]. Photocat-
alytic degradation utilizes certain semiconductors as
catalysts for the production of the highly reactive*Corresponding author.
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cradicals under light irradiation [12]. The proficiency
of this system is based on the production of reactive
species, such as hydroxyl radicals, holes, and superox-
ide anions. However, it is active only under UV
irradiation (λ < 387 nm) because of its wide band gap
(Eg ≈ 3.2), which hinders its further application in the
visible light region (λ > 400 nm) [13–15]. The use of
titanium dioxide (TiO2) as catalyst for the photo-ox-
idation of aqueous pollutants has significance as it is
plentiful, chemically stable, economical, and eco-
friendly. The photocatalytic activity of TiO2 depends
on dispersed nature, electron–hole recombination, sur-
face charge, surface morphology, and synthetic
approach [15].

A promising technique to execute the mineraliza-
tion of the substances is the application of advanced
oxidation processes by ozone aeration [16–18]. “Cata-
zone” systems, use ozone in the presence of catalyst
have been developed in order to enhance the �OH
radical production [19]. Ozone can react with organic
matter using two ways: by direct molecular ozone
initiated reactions or by indirect pathway leading to
ozone decomposition and the generation of �OH [20].
Attack of ozone on organics leads to the formation of
carbonyl compounds and aliphatic acids, which are
less reactive to ozone [21,22]. One of the alternatives
to gain greater mineralization efficiency is to promote
the process via the generation of free hydroxyl radi-
cals, which are more reactive than molecular ozone
[23,24]. The decomposition of ozone can take place on
different types of active centers. Therefore, basicity
and acidity of surface play an important role in the
process [24]. In the present study, we report the
ozone-facilitated photodecomposition of chlorothalo-
nil, a non-biodegradable pesticide using different load-
ings of Ru on TiO2 support as heterogeneous catalyst.

2. Materials and methods

2.1. Preparation of catalysts

The deposition–precipitation method was used in
the preparation of metal oxide-supported catalysts
[25]. Initially, 1.8 g of TiO2 (Alfa Aesar Chemical) was
suspended in 50 ml of deionized water under vigor-
ous stirring for 45 min. Then, the pH value of this sus-
pension was adjusted with 0.1-M NaOH solution to
the desired value, using a computer-based pump sys-
tem linked to a pH meter. The suspension was kept at
pH under stirring for additional 2 h. In parallel, 20 mL
of deionized water and 1.5 mL of 0.1 M NaOH solu-
tion are mixed in another beaker. Then, 1.8 mL of 0.2-
M ruthenium(III) chloride hydrate aqueous solution
(Aldrich, 99.98% trace metals basis) was added, and

the mixture was stirred once. This solution was pre-
served for 1.5 h. After, the ruthenium aqueous solu-
tion was added into the TiO2 suspension under
stirring. For the period of addition of the ruthenium
solution, the pH was maintained at the same value as
before the addition via adjustment with 0.1-M NaOH
solution using a pH meter. The suspension was vigor-
ously stirred for another 2 h. All of the steps described
pH value of 10 were maintained. The precipitate was
aged at 60–70˚C for 1 h in the mother solution and fil-
tered and washed with deionized water for three
times. The samples were dried at 130–140˚C for over-
night and then calcined in the presence of air, at
450˚C for 4 h to obtain the 0.25, 0.50, and 1% w/w of
Ru/TiO2 catalysts.

2.2. Instrumentation

2.2.1. Characterization of catalysts

The different metal oxide phases in the catalysts
were observed using powder X-ray diffraction (XRD)
performed on a Bruker D8 Advance instrument,
equipped with an Anton Paar XRK 900 reaction cham-
ber, a TCU 750 temperature control unit, and a Cu Kα
radiation source with a wavelength of 1.5406 nm at
40 kV and 40 mA. Diffractograms were recorded over
the range of 15˚–90˚ with a step size of 0.5 per second.
The Brunauer–Emmett–Teller (BET) surface area, total
pore volume, and average pore size were measured
using a Micrometrics Tristar II surface area and poros-
ity analyzer. Prior to the analysis, the powdered sam-
ples (~0.180 g) were degassed under N2 for 12 h at
200˚C using a Micrometrics Flow Prep 060 instrument.
Textural properties of catalyst samples were measured
by N2 adsorption–desorption isotherms obtained at
−196˚C. The SEM measurements were carried out
using a JEOL JSM-6100 microscope equipped with an
energy-dispersive X-ray analyzer (EDX). The images
were taken with an emission current = 100 μA by a
Tungsten (W) filament and an accelerator volt-
age = 12 kV. The catalysts were secured onto brass
stubs with carbon conductive tape, sputter coated with
gold, and viewed in JEOL JSM-6100 microscope. The
transmission electron microscopy (TEM) images were
viewed on a Jeol JEM-1010 electron microscope. The
images were captured and analyzed using iTEM soft-
ware. The particle sizes obtained were the average
particle size of 40–60 particles and the standard devia-
tion is done in order to determine the range of the
particle sizes. High-resolution TEM images were
recorded using Jeol JEM 2100 Electron Microscope.
Infrared spectra of the samples were recorded using
Fourier transmission infrared (FTIR) spectrometer
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(PerkinElmer spectrum 100 series with universal ATR
accessory). UV–vis diffuse reflectance spectra were
recorded with an Ocean Optics high-resolution spec-
trometer (HR2000+) equipped with an integrating
sphere accessory, using BaSO4 as a reference. Induc-
tively coupled plasma optical emission spectrometer
(ICP-OES) (Optima 5300 DV) was used in analyzing
the concentration of the elements present in the sam-
ples after digesting in concentrated H2SO4.

2.2.2. Characterization of the products

The GC–MS analysis was carried out in EI mode
and the spectra were recorded in the interval 35–
500 amu. For analysis of compounds, Agilent 6890 gas
chromatograph equipped with a quadruple Agilent
5973n mass selective detector was used. Column speci-
fications: J & W DB5MS, 30-m length, 250-μm diameter
and 0.25-μm film thickness. The temperature program
used during the GC–MS analysis was ramped as fol-
lows: 50˚C (2 min), 20˚C min−1 until 300˚C (10 min).
The sample was carried out with a 1.50 min split-less
time at 250˚C. The carrier used was helium. The mass
spectra were recorded on an Agilent 1100 LC/MSD
instrument, with method API-ES, at 70 eV. 1H NMR
(400 MHz) spectra were recorded on a Bruker AMX
400 MHz NMR spectrometer in CDCl3/DMSO-d6 solu-
tion using TMS as an internal standard. All chemical
shifts are reported in δ (ppm) using TMS as an inter-
nal standard. The mass spectra were recorded on an
Agilent 1100 LC/MSD instrument, with method API-
ES, at 70 eV.

2.2.3. Photocatalytic ozonation experiment

The chlorothalonil degradation experiments were
carried out in a simple photocatalyzed ozonation reac-
tor using visible light (Fig. 1). The cylindrical pho-
toreactor of capacity 500 mL which is provided with a
water jacket for maintaining the temperature at (20
± 1)˚C and a magnetic stirrer to keep the reaction mix-
ture in suspension. The light was provided by a high-
pressure mercury lamps (8 W; 365 nm) or halogen
lamp with filter (125 W) for visible irradiations,
respectively. It was arranged in the center of the reac-
tor and cooled by a water jacket. Ozone was generated
using a Fischer Ozone 500 generator, which produced
ozone by the electric discharge of oxygen from a com-
pressed oxygen cylinder via the corona discharge
method. Chlorothalonil solution was prepared by dis-
solving in double-distilled water. The temperature
was kept at 20 ± 1˚C during all the experiments. For
Visible light (Vis) + O3 experiment, the specific

concentration of chlorothalonil (10 mg/L) was pre-
served in the reactor and ozone was passed in to the
solution with continuous stirring. The amount of
ozone was estimated by volumetric method trapping
it in KI solution and titrating the liberated iodine
using standard thiosulfate solution with starch as
indicator [26,27]. Flow rates and ozone concentrations
were calibrated and highly reproducible. Parameters
were checked in duplicate runs, prior to and after
each of the experiments. The same procedure was
adopted in without light. For catalyst/visible experi-
ments, before the light irradiation, 0.1 g of the photo-
catalyst was added to 250 mL of chlorothalonil
(10 mg/L) aqueous solution, and then the mixture
was thoroughly mixed using an ultrasound bath for
20 min, to disperse the powder. The mixture was then
kept in the dark for 1 h, with continual stirring using
a magnetic stirrer bar, to reach the adsorption–desorp-
tion equilibrium. Samples were collected at specified
intervals of time and centrifuged at 3,500 rpm, filtered,
and taken for analysis. The same procedure was
repeated for catalyst/UV/O3 experiments.

3. Results and discussion

3.1. Catalyst testing and product identification

All the photocatalyzed ozone aeration semi-batch
experiments were conducted by exposing the reaction
mixtures with visible light and with a continuous flow
of ozone-enriched oxygen stream. After a specified
period of ozone aeration, the organic portion of the
reaction mixture was extracted and analyzed after
every reaction with 20 min intervals. The three prod-
ucts identified by GC–MS (Fig. 2). The peaks from 9.00
to 13.60 retention times refer to the intermediates and
various aliphatic carboxylic acid compounds formed
due to the further oxidation of the products of the
reaction. Based on the mass spectra and the reference
standards, the first oxidation product was confirmed
to be 2,4-dinitrile-3-hydroxy-4-oxo-2-butenoic acid
(DNHBA), the second product was 2-cyano-2-oxoacetic
acid (CAA) and the third product was Oxalic acid
(OA). The 1P NMR spectrum of DNHBA showed a
broad singlet for the COOH group at δ 11.96 ppm and
singlet at δ 9.12 ppm for the OH group, respectively.
The mass spectrum showed m/z peak at 165 (M–H).
Similarly compound CAA displayed a broad singlet at
δ 11.35 ppm for COOH proton. Moreover, the mass
spectrum showed at m/z at 99 (M+). Finally, com-
pound OA displayed a broad singlet peak for COOH
groups at δ 13.08 ppm. The mass spectrum showed m/
z peak at 91 (M + H). These are the good agreement
with spectra of the 1H NMR and mass values in the
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products. Further, the qualitative test (lime water)
confirmed the release of CO2 during the reactions and
suggested some mineralization of pesticides. Photocat-

alytic ozonation of pesticides in water is known to pro-
duce more biodegradable oxygenated organic products
and low-molecular weight acids.

Fig. 1. Experimental set up for photocatalytic ozonator.

Fig. 2. GC–MS chromatogram of product mixture.
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3.2. BET surface area and elemental analysis (BET and
ICP)

The N2 adsorption–desorption study was carried
out over (a) bare TiO2, (b) 0.25% Ru–TiO2, (c) 0.5%
Ru-TiO2, and (d) 1% Ru–TiO2 (Fig. 3). N2 adsorption–
desorption resulted in typical type-II isotherm, with a
H1 hysterisis loop, for both the materials as defined
by Sing et al. The initial increase in N2 uptake at low
p/po may be due to monolayer adsorption on the pore
walls, a sharp steep increase at intermediate p/po indi-
cates the capillary condensation in the mesopores, and
a plateau portion at higher p/po is associated with
multilayer adsorption on the external surface of the
materials [28].

Bare TiO2 exhibits N2 uptake at a relative pressure
of 0.3 which corresponds to the pre-condensation loop.
The isotherm shows a H1-type hysteresis loop with
well-developed step in the relative pressure range

≈0.9. The incorporation of Ru in the TiO2 framework
is found to higher the p/po value for capillary con-
densation step, indicating the shift in pore size to
higher value. The pore diameter is found to increase
with increase in loading of Ru content over the TiO2

surface.
The textural properties such as BET surface area,

pore diameter, and pore volume derived from the N2

adsorption–desorption measurements are included in
Table 1. The parent TiO2 has a surface area of
79.14 m2/g but a gradual increase in the value with
increase in Ru content in TiO2 was observed. This
may be due to the increase in the active phages of Ru
onto support surface. Pore size and pore volume exhi-
bit similar trend as that of surface area with a gradual
increase in the values with increasing Ru % on TiO2.
The ICP-OES analysis confirmed the presence of
respective amounts of Ru in the catalyst materials.

Fig. 3. N2-adsorption & desorption spectra and pore size distribution curve of (a) bare TiO2, (b) 0.25% Ru/TiO2, (c) 0.5%
Ru/TiO2, and (d) 1% Ru/TiO2.
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3.3. Fourier transform infrared spectroscopy (FT-IR)

The FT-IR spectrum of bare TiO2 and Ru doped
TiO2 catalysts is shown in (Fig. 4). The sequences of
bands seeming in these spectra are corresponding to
the various lattice vibrational modes. The broad peaks
in the range of 3,000–3,400 cm−1 attributed from sur-
face adsorbed water and surface hydroxyl group,
respectively [29]. The sharp peaks observed at
1,630 cm−1 for all the catalysts may be originated to
the bending vibrations of adsorbed water molecules
whereas the peaks observed around 650 cm−1 are due
to the vibrational modes of Ti–O–Ti. After modifica-
tion of Ru over titania surface, adsorption peaks are
shifted to the lower wave number.

3.4. X-ray diffraction (XRD)

The crystallinity of the prepared samples was
examined by XRD analysis. The PXRD pattern of (a)
bare TiO2, (b) 0.25% Ru–TiO2, (c) 0.5% Ru–TiO2, (d)
1% Ru–TiO2 is shown in the Fig. 5. This pattern gives
the information of phases and structure of the pre-
pared samples. The peak values at 25.3, 30.8, 37.8,
48.1, 53.9, 54.3, 56.6, 70.2, 75.1, and 82.7 were identi-
fied by comparison with literature data and confirm
that the particles are crystalline with an anatase struc-

ture [30]. The PXRD patterns of different wt% Ru
loaded TiO2 corresponds to anatase phase (JCPDS 06-
0663 & JCPDS 83-2243). A reflection due to ruthenium
is observed at 27.4˚ and 36.1˚. From this, it is clear that
the content of RuO2 has an influence on the particle
size of anatase, which decreases with increase in
amounts of RuO2. The crystallization degree of the
anatase could be confirmed from the XRD patterns.

3.5. Scanning electron microscopy–EDX (SEM–EDX)

To study the surface morphology and to assess the
dispersion of the active components over the surface
of TiO2, SEM investigation was performed for (a) Bare
TiO2, (b) 0.25% Ru/TiO2, (c) 0.5% Ru/TiO2, and (d)
1% Ru/TiO2 are shown in the Fig. 6. From the SEM
images, it is conform that TiO2 is spherical particles of
particle size around 30–40 nm. After different wt% of
Ru modified on the titania support, the morphology
of catalyst changes i.e. it comes to rod-like shape. The
rod -like morphology depends upon the amount of
ruthenium incorporates on support surface [31]. From
lower to higher wt%, all the crystals showed good
growth. EDAX investigation was performed to get
information about the presence of the surface com-
position of the active components like (a) bare TiO2,

Table 1
BET surface area, elemental analysis and bandgap of Ru loaded supports

Catalyst
Ru wt%
(from ICP)

Surface area
(m2/g) Pore size (nm)

Pore volume
(cm3/g)

Ru wt%
(from EDX)

Band
gap (eV)

Bare TiO2 – 79.14 10.4 0.2068 – 3.20
0.25Ru–TiO2 0.24 92.22 11.9 0.2903 0.24 2.87
0.5Ru–TiO2 0.49 94.72 12.5 0.2966 0.48 2.79
1Ru–TiO2 0.98 96.27 12.9 0.2997 0.99 2.69
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Fig. 4. FT-IR spectra of (a) bare TiO2, (b) 0.25% Ru/TiO2,
(c) 0.5% Ru/TiO2, and (d) 1% Ru/TiO2.
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Fig. 5. XRD spectra of (a) bare TiO2, (b) 0.25% Ru/TiO2, (c)
0.5% Ru/TiO2, and (d) 1% Ru/TiO2.
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(b) 0.25% Ru/TiO2, (c) 0.5% Ru/TiO2, and (d) 1% Ru/
TiO2 are shown in the Fig. 6. EDX analysis showed
successful dispersion of ruthenium on the surface of
TiO2 sample. It showed that ruthenium was homoge-
nously dispersed on the surface of TiO2 and the EDX
analysis results are in agreement with the ICP analysis
results.

3.6. Transmission electron microscopy (TEM)

Fig. 7 shows the typical TEM images of the ruthe-
nium-supported TiO2 catalysts. The TEM images
clearly illustrated twin boundaries due to the presence
of ruthenium on TiO2 surface [32]. From this image,
the bare titania is amorphous shape. After ruthenium
modification on the titania surface, the morphology
changes like rod-like shape. From lower wt% to higher
wt% of Ru is on the titania surface, the crystals are
well grown. It is one-dimensional nanorod. Selected
areas of the SAED electron diffraction patterns confirm
the presence of anatase and RuO2 phases Fig. 7(e).

3.7. UV–vis DRS and photoluminescence spectra

The bandgap measurements from diffuse reflec-
tance studies will cover way to understand the optical
response of the catalysts. From the DRS spectra, the
bandgap values for all the catalysts were designed
using the formula E (eV) = 1,240/λ and specified in
Table 1. While pure titania exhibited the maximum
bandgap value of 3.20 eV, Ru-loaded materials exhib-
ited lower bandgap. Reddy et al. too observed a slight
decrease in the band-gap values for ruthenium
impregnated titania catalysts [33]. The shifting of opti-
cal response of doped catalysts to visible area can well
be understood from the decrease in the band-gap
value from 3.2 eV. The intensity of the absorbance in
the visible region increases with the concentration of
the doped ruthenium ion. Catalysts showing such red
shift are generally photocatalytically active in the visi-
ble region. The drop in TiO2 band gap is due to the
presence of the dopant. A shift in the band gap of
TiO2 may be attributed to its crystallinity [34], and
hence the possibility for new energy levels.

Fig. 6. SEM and SEM–EDX spectra of (a) bare TiO2, (b) 0.25% Ru/TiO2, (c) 0.5% Ru/TiO2, and (d) 1% Ru/TiO2.
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Fig. 7. TEM image of (a) bare TiO2, (b) 0.25% Ru/TiO2, (c) 0.5% Ru/TiO2, (d) 1% Ru/TiO2, and (e) 1% Ru/TiO2 (inset in
SAED image).

S. Maddila et al. / Desalination and Water Treatment 57 (2016) 14506–14517 14513



Photoluminescence (PL) emission spectra have
been used to study the transfer behavior of the photo-
generated electrons and holes for the understanding
the separation and recombination of photogenerated
charge carriers [35]. The PL intensity greatly decreased
after the loading of Ru. Ru deposits could act as trap-
ping sites to capture photogenerated electrons from
titania conduction band, separating the photogener-
ated electron–hole pairs [36]. Therefore, the recom-
bination rate of photogenerated electrons and holes
was retarded, leading to the reduction of PL signal
decrease. And it was also found that 1.0% Ru/TiO2

showed lower PL intensity, which may be attributed
to its higher Ru content. It was reported in the litera-
ture [37] that the ruthenium oxide coupled with titania
could form the composite semiconductor and the elec-
trons which were generated by UV-light illumination
could move from TiO2 into RuO2 particles due to their
conduction band offset. Thus, the lifetime of hole–elec-
tron pairs generated was prolonged.

3.8. Role of Ru doping concentrations

Photo-oxidation of chlorothalonil in the presence of
pure TiO2 and Ru loaded on TiO2 was carried out in
order to study the photocatalytic oxidation activity
under visible light. The photocatalytic oxidation activ-
ity of photocatalyst was significantly enhanced on the
addition of ruthenium. The removal efficiency
increased from these catalysts. Further, the photocat-
alytic oxidation activity of Ru-doped TiO2 increased
with the increase in doping concentration of ruthe-
nium (up to 1.0%). An increase in the amount of Ru
dopant resulted in the increase in visible light absorp-
tion and hence enhanced photocatalytic oxidation
activity. The optimal degradation of chlorothalonil
was found to be at 1.0 wt% Ru concentration with the
removal efficiency of 100%.

3.9. Role of 1% Ru/TiO2 loading

The photocatalytic ozone degradation of chlorotha-
lonil was carried out over a 1.0% Ru/TiO2 catalyst at
a different loading of 5–15 mg/L in order to optimize
catalyst loading during the visible irradiation process.
A significant increase in the degradation of chlorotha-
lonil as catalyst loading increases from 5 to 15 mg/L.
The decrease in the degradation of chlorothalonil
above 10 mg/L may be attributed to the scattering
effect of light caused by the high concentration of
photocatalyst. The photodecomposition rates of pollu-
tants are influenced by the active site and the photoab-
sorption of the catalyst used. Adequate loading of the

catalyst increases the generation rate of electron/hole
pairs for enhancing the degradation of pollutants.
However, addition of a high dose of the semiconduc-
tor decreases light penetration by the photocatalyst
suspension and reduces degradation rate [37].

3.10. Effect of pH

The pH of solution may influence the surface
properties of catalyst, charge of the pollutants, and
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Fig. 8. Time course of the ratio of C/Co for different
photo-oxidations at (a) pH 3, (b) pH 7, and (c) pH 11 con-
centration of chlorothalonil = 10 mg/L, mass of 1% Ru/
TiO2 = 0.1 g/L, temperature = 20 ± 1˚C.
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generation of free radicals [38]. Therefore, the study of
pH influence on the photocatalytic ozonation process

would be helpful to understand the mechanism of the
process as well as for a higher degree of removal. The
influence of pH on the effectiveness of chlorothalonil
degradation by ozonation is shown in Fig. 8. The
degradation experiments were carried out at pH
values of 3, 7, and 11. The degradation rate increased
as the pH increased from 3 to 11. Under acidic pH, O3

molecule is main reactive species and its reactivity is
very low relative to hydroxyl radical, so the degrada-
tion of chlorothalonil is very low. As the solution
becomes more basic, the rate of photocatalyzed
decomposition of ozone to secondary oxidants, such
as hydroxyl radicals increases. While the increase in
pH facilitates the hydroxyl radical concentration, the
effect of pH on the substrate reactivity is also equally
vital for efficient conversion. The obtained results
indicate that the process effectiveness increases
significantly and highest conversion was recorded at
pH 11.
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3.11. Photocatalytic activity Ru/TiO2

The photocatalyzed ozone facilitated degradation
of chlorothalonil in presence of pure TiO2 and various
wt% of Ru on TiO2 is illustrated in Fig. 9. A perusal
of figure clearly shows that the photodegradation of
Ru-doped titania catalysts is far efficient than that of
pure TiO2, which confirms that Ru doping enhances
the photocatalytic activity of pure TiO2. The probable
reasons are: (a) Ru ion doping makes the doped sam-
ples have smaller average crystal size and absorb
more visible light to generate more electron–hole pairs
and/or (b) Ru can interact directly with the organic
molecules, and the electrons surrounded by ruthenium
are efficiently transferred to the adsorbed O2 to gener-
ate superoxide anion radicals, which is beneficial to
react with the organics.

Fig. 9 also show that the photocatalytic activity of
Ru–TiO2 enhanced by wt% of Ru doped on the sup-
port. The sample of Ru–TiO2 with 1% Ru ion doping
shows the highest photocatalytic activity. Ruthenium
can capture electrons to accomplish a higher photocat-
alytic activity with an appropriate doping concentra-
tion. Excessive Ru doping concentration is expensive
and may also result in the recombination of photo-
generated electron–hole pairs resulting in decrease in
the photcatalytic activity. Hence, higher loading of
Ru > 1 wt% was not tested.

The phenomenon of photocatalyzed degradation
of chlorothalonil in presence of ozone probably
occurs through the cleavage of the chlorothalonil
pesticide chloro groups from aromatic compound
(Fig. 10). In substituted aromatics, chloro and cyano
are very good leaving groups; the ozone or hydroxyl
radical attack leads to dechlorination and formation
of phenoxy radical. Phenoxy radicals get transformed
to phenol, through further attack by �OH. The tran-
sient intermediate, 2,4-dihydroxy-3,5-dinitrile-1,6-di-
carboxylic acid favoring the electrophilic substitution
of ˙OH at the cyano position forms a stable inter-
mediate, 2-cyano-2-oxoacetic acid (via oxidation). The
further oxidation of cyano-2-oxoacetic acid by �OH
leads to oxygenated aliphatic compounds and forma-
tion of degraded to aliphatic carboxylic acids. Oxalic
acid was identified in this study. Further oxidation of
the reaction products leads to complete mineraliza-
tion to CO2 and H2O.

4. Conclusions

A combination of photocatalysis and ozonation
proved to be effective in dechlorination and mineral-
ization of chlorothalonil. The Ru–TiO2 catalysts were
successfully prepared by deposition–precipitation

method and characterized. Ru doping possibly
decreases the recombination of photogenerated elec-
tron–hole pairs, acting as the capture of photo-holes.
Compared with pure TiO2, the light absorption edge
of Ru–TiO2 is redshift. After 2 h reaction, about 65%
of substrate got oxidized at neutral pH, while at pH
11, the extent of oxidation was 85%. The results con-
clude that 1% Ru/TiO2 could be an ideal catalyst for
the photocatalyzed ozonated degradation of chlorotha-
lonil. The catalyst activity is found to be sustainable
and catalyst is recyclable with no significant loss of
activity.
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