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ABSTRACT

TiO; photocatalysts were prepared by doping transition metal ions like V>*, Mo®*and an inner transition
metal Th*" in the concentration range of 0.02-0.1% and were characterized by various analytical tech-
niques. The photocatalytic activities of these catalysts were studied for the mineralization of chlorpyrifos
(CP) as a probe molecule. X-ray diffraction results showed only anatase phase irrespective of nature,
oxidation state and concentration of these dopants. The photocatalytic activity of undoped TiO, showed
a better activity under UV light compared to doped catalysts. Under solar light illumination, the Th**
(0.06%)-TiO, showed highest activity for the mineralization of CP. This was attributed to the prolonged
separation of photogenerated electron-hole pairs, high specific surface area of the catalyst and high con-
centration of surface adsorbed water/hydroxyl groups. Further large shift in the absorption band (460
and 482 nm) due to the creation of mid band gap states by Th** dopant and also by its small crystallite
size additionally contributes to the enhancement of the degradation process. The degradation pathway
was followed by UV-vis spectroscopic and GC-MS analysis.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Photocatalysis based on TiO, semiconductor is very promising
and it has attracted extensive interest for the mineralization of
pollutants both in air [1,2] and water [3-5]. Titania based photo-
catalysis has advantages such as strong resistance to chemicals,
resistance to photo corrosion, ambient operational temperature
and its low cost have led the relevant applications to the stage of
commercialization. The current bottleneck with photocatalysis lies
in its low quantum yield which is due to the competition between
rates of surface charge carrier transfer to the rate of electron-hole
recombination. Further, TiO, can only utilize relatively small part
of the solar spectrum (<5%) for photocatalytic oxidation due to its
wide band gap. The improvement in photocatalytic activity of TiO,
is one of the most important aspects of heterogeneous photocatal-
ysis. Attempts have been made to overcome the above problems by
doping the TiO, matrix with various transition metal ions [6-11].
Doping within certain limits serves to prolong the lifetime of charge
carriers if the dopants have energy levels just below the conduction
band or just above the valence band which acts as charge carrier
trapping centers and also results in the extension of their wave-
length response towards the visible region. Further doping with
lanthanides has shown to stabilize anatase phase and increases the
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adsorption capacities of organic pollutants at the semiconductor
surface. This is due to the interaction of f orbital of lanthanide ions
with the functional group of organic pollutants which attributes for
its increased photoactivity [12-17]. Metal ions with vacant d and f
orbital are expected to behave as Lewis acid. The chlorpyrifos (CP)
which is a Lewis base forms a strong complex on the catalyst sur-
face. The complex formation tendency increases in the presence of
vacant f-orbital. Doping with various lanthanide ions (La3*, Ce3*,
Er3*, Pr3*, Gd3*, Nd3*, Sm3*, Yb3*, Eu?*, Nb>*) has been extensively
reported [12,13,18]. To our knowledge doping of a metal ion with 5f
electronic configuration into the TiO, matrix is hardly known.

In view of this, the present research work mainly focuses on the
process of doping of V>* (3d series), Mo®* (4d series) and Th** (5f
series) into the TiO, matrix. The photocatalytic activities of these
catalysts were investigated for the degradation of CP under both UV
and solar illumination.

CP is one of the world’s most widely used organophosphorus
pesticides in agriculture. Exposure to CP and its metabolites has
been related to a variety of nerve disorders in humans. Chlorpyrifos
shows a wide spectrum of biological activity and is used to con-
trol range and forage insect pests as well as soil dwelling grubs,
rootworms, borers and subterranean termites. The contamination
has been found up to about 24 km from the site of application.
Symptoms of acute poisoning include headache, nausea, muscle
twitching and convulsions and in some extreme cases even death.
Human birth defects have also been associated with exposure to CP
and its products. It also affects the male reproductive system. CP is
toxic to a variety of beneficial arthropods including bees, ladybird
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beetles and parasitic wasps. It kills fish at concentrations as low as
a few parts per trillion [19].

2. Experimental
2.1. Chemicals

Titanium tetrachloride [TiCl4], ammonium vanadate [NH4VO3]
and ammonium molybdate [(NH4)sMo7024-4H,0] were supplied
from Merck Chemicals. Thorium nitrate [Th(NO3)4], was obtained
from Sisco-Chem Industries, Bombay. CP was obtained from Rallies
Research Limited. The structure of the pesticide is shown in Fig. 1.

2.1.1. Catalyst preparation

Anatase form of TiO, nanoparticles were prepared by sol-gel
method [20]. 25 ml of diluted TiCl, was taken along with 1 ml of
concentrated H,SO4 and diluted to 11 using double distilled water.
Liquor NH3 was added to the solution so as to maintain the solu-
tion pH in the range of 7-8. The precipitate is filtered and washed
free of chloride and ammonium ions. The precipitate is first oven
dried at 100°C for 12 h and grinded in a mortar for about 1 h. The
obtained powder is then calcined at 550°C for 4.5h to get pure
anatase TiO5.

Thorium nitrate [Th(NOs3)4], ammonium vanadate [NH4VOs]
and ammonium molybdate [(NH4)sMo70,4-4H, 0] were used as the
source for Th#*, V>* and Mo®"* ions. Calculated amount of anatase
TiO, along with the known volume of metal ion solution in the con-
centration ranges of 0.02%, 0.06% and 0.1% is taken. This mixture was
grinded in mortar for 1 h and oven dried at 100 °C. The oven dried
powder was calcined at 550°C for 4.5 h.

2.1.2. Analytical instruments

The crystallite phase of the sample and variation of lattice
parameter upon doping with metal ions were determined by X-ray
diffraction (XRD) measurements using Philips powder diffractome-
ter PW/1050/70/76 with Cu Ko radiation. The specific surface area
of the powders was measured by dynamic Brunauer Emmett Teller
(BET) method in which N, gas was adsorbed at 77 K using Digisorb
2006 surface area, pore volume analyzer Nova Quanta Chrome
corporation instrument multipoint BET adsorption system. FTIR
spectra were recorded using Nicollet IMPACT 400 D FTIR spec-
trometer, over the range of frequencies from 4000 to 400 cm™!
using KBr as the reference sample. The diffuse reflectance spec-
tra (DRS) of the photocatalyst sample in the wavelength range of
200-800 nm were obtained by UV-vis scanning spectrophotometer
(31031 PC UV-VIS-NIR instrument) using BaSOy4 as reference stan-
dard. The band gaps of photocatalysts were calculated by using the
Kubelka-Munk method. Surface morphology was analyzed by SEM
analysis using JSM 840 microscope operating at 25KkV on speci-
men upon which a thin layer of gold had been evaporated and an
electron microprobe was used in the EDX mode to obtain quan-
titative information of the metal ions incorporated into the TiO,
lattice.

Fig. 1. Structure of CP.
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Fig. 2. Schematic diagram of reactor configuration: A, mercury vapor lamp [125W];
B, fan; C, pyrex glass reactor; D, experimental solution; E, stabilizer; F, switch box;
G, thermostat; H, clamp; ], switch box; M, motor; S, stand.

2.1.3. Photochemical reactor

UV light source used is a 125 W medium pressure mercury vapor
lamp and the photon flux is found to be 7.75 mW/cm? as determined
by ferrioxalate actinometry. The wavelength emission is around
350-400 nm. The photoreactor is a circular glass vessel with surface
area of 176 cm?2. The light was made to focus directly into reac-
tion mixture at a distance of 29 cm in the presence of atmospheric
oxygen as shown in Fig. 2. Experiments using solar light were car-
ried out between 11 am and 2 pm during the summer season in
Bangalore, India. At this interval the fluctuation in solar intensity
was minimal. The latitudes and longitudes are 12.58°N and 77.38°E
respectively. The average intensity of the sunlight is found to be
around 1200 W m~2. The intensity of solar light was concentrated
using a convex lens and the reaction mixture was exposed to this
concentrated solar light. The initial pH of the solution was 5.51 and
final pH is 5.89.

2.14. Degradation procedure

At desired time intervals the samples were collected and
centrifuged to separate the photocatalysts and were subjected
to UV-vis spectroscopic analysis using Shimadzu UV-1700
pharmaspec UV-visible spectrophotometer. These samples were
extracted into non-aqueous ether medium and were subjected to
GC-MS analysis using GC-MS-QP 5000 Shimadzu mass spectrome-
ter to identify the photoproducts during the course of the reaction.

3. Results and discussion
3.1. Structural characterization of photocatalysts

3.1.1. XRD analysis

XRD results showed that irrespective of the nature of the
dopants, their concentration and its oxidation states, all the doped
samples showed only anatase phase. The average crystallite size
was calculated in accordance with Scherer’s equation:

_ ka
" Bcosh

where k is the constant (shape factor, about 0.9), A is the X-ray wave-
length (0.15418 nm), B is the full width at half maximum (FWHM) of
the diffraction line and 0 is the diffraction angle. The values of 8 and
0 are taken for crystal plane (10 1) of anatase phase. In the present
case Th** doping effectively hinders the growth of crystallite size
and hence suppresses the anatase to rutile phase transformation.
Due to the absence of rutile phase in the doped TiO, samples, it can
be proposed that all the dopants can act as substitutional impu-

(1)
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Table 1

Lattice parameter, unit cell volume and crystallite size from XRD analysis for all the photocatalysts.

Photocatalyst 26 of crystal plane (10 1) of anatase

Lattice parameters (A)

Unit cell volume (A3) Crystallite size (nm)

TiO; (0.00%) 25.32 3.7828 +£0.0003; 9.5023 £ 0.0005 135.97 26.34
Th-TiO; (0.02%) 25.35 3.7822 +0.0006; 9.5123 £0.0013 136.07 24.28
Th-TiO; (0.06%) 25.38 3.7826 +£0.0008; 9.5293 +0.0004 136.34 24.29
Th-TiO; (0.10%) 25.36 3.7814 +0.0006; 9.5301 £0.0012 136.27 30.28
V-TiO, (0.02%) 25.34 3.7822 +0.0004; 9.5113 +£0.0007 136.05 26.24
V-TiO, (0.06%) 25.36 3.782440.0009; 9.5136 £ 0.0005 136.10 26.30
V-TiO; (0.10%) 25.33 3.7825+0.0006; 9.5152 +0.0007 136.13 28.42
Mo-TiO; (0.02%) 25.34 3.7801 £0.0009; 9.5209 + 0.0005 136.04 26.28
Mo-TiO, (0.06%) 25.36 3.7801 £0.0008; 9.5406 + 0.0002 136.32 26.40
Mo-TiO, (0.10%) 25.33 3.7809+0.0003; 9.5212 +0.0004 136.10 29.38

rity. Burns et al. reported that Nd3* ion occupies lattice positions
of Ti at lower dopant concentration and interstitial site at higher
dopant concentration (>0.1%) [21]. In this line of reasoning, the con-
centration of Th did not exceed 0.1%. Thus it can be proposed that
Th*" has occupied lattice positions of Ti in TiO,. Since the dopant
concentration is low, its incorporation into the TiO, lattice creates
oxygen vacancies which are still insufficient to facilitate rutile phase
transformation. Therefore nucleation of rutile phase is prevented
resulting in the enhanced stability of anatase phase. Due to similar-
ity in the ionic size of Mo®* (0.062 nm) and V°* (0.059 nm) with that
of Ti** (0.068 nm) it can be easily substituted into the TiO, lattice at
Ti lattice position which is further confirmed by the Vegards’s law
(change in the unit cell dimension should be linear with change
in the composition) confirming the possibility of metal ion as a
substituent in TiO, lattice [22,23]. It can be observed from Table 1
that unit cell parameter along c-axis increases with dopant con-
centration up to 0.06% linearly. It is reported that in the case of
metal oxides there is critical value of dispersion capacity, at val-
ues lower than which the oxide might become highly dispersed on
the support without the formation of a separate crystalline phase
[24]. Since, no characteristic peaks corresponding to Th, V and Mo
species is present, it can be concluded that the metal ion loading is
below the dispersion capacity.

The diffraction peaks of crystal planes (101), (200) and (204)
in anatase phase are selected to determine lattice parameters of
doped samples. On doping with metal cations (Th**, V>* and Mo®"),
diffraction angle of the crystal plane (10 1) of anatase phase shows
a slight shift to the higher angles which confirms the incorpora-
tion of metal cations into TiO, matrix. This shift is higher for Th**
dopant compared to V>* and MoS* dopants (both shows almost
similar shifts). This can be attributed to ionic size of Th** which
is larger than Ti#*. This is also confirmed by the calculation of lat-
tice parameters which shows the higher elongation of c-axis for
Th*-TiO, samples compared to other V>*-TiO, and Mo®*-TiO,
samples. Due to the similarity in ionic radii of V>* and Mo®* with
that of Ti#*, similar variation in lattice parameter along c-axis were
observed for both the samples. The variation in lattice parameter
and also increase in the unit cell volume of doped samples com-
pared to undoped TiO; confirms the fact that the dopant has entered
the TiO, matrix. However, for higher dopant concentration (0.1%)
slight decrease in the diffraction angle of the crystal plane (10 1) of
anatase was observed for all the dopants.

3.1.2. UV-vis and diffuse reflectance spectral studies

All the doped photocatalysts showed a clear red shift attributed
to the creation of mid band gap states and this can also be due to
decrease in their crystallite size as shown in Fig. 3. The extent of

shift depends on the nature and concentration of the metal ion. For
all the dopants, increase in the red shift was observed when the
dopant concentration was increased from 0.02% to 0.06%. Beyond
this dopant concentration, absorption band shows a slight blue
shift. The similar trend was observed for the variation in the crys-
tallite size and surface area. The band gaps calculated from the
Kubleka-Monk plot are shown in Table 2. The band gap is governed
by factors like crystallite size and the defects in the TiO, network.
Sanchez and Lopez [25] suggested that lowering of band gaps was
caused by stoichiometric deficiency of Ti/O ratios. When TiO, is
doped with transition metals like V>* and Mo®* ions n-type behav-
ior is expected. Therefore 3d and 4d orbitals of the dopants (V°*
and Mo®%*) create mid band gap states just below the conduction
band. Red shifts for these metal doped catalysts are attributed to
the charge transfer transition between the ‘d’ orbitals of the dopants
and band gap states of TiO,. The color of V>*-TiO, catalyst was com-
parable to that of TiO,, while Mo%*-TiO, catalyst shows light brown
color with a red shift of 480nm (450nm for V>*-TiO, catalyst).
Though the charges on Th and Ti are same, the incorporation of Th**
in TiO,, lattice is always accompanied by creation of oxygen vacan-
cies due to its higher ionic size. These oxygen vacancies may be
doubly ionized/singly ionized/neutral. Two absorption edges at 466
and 486 nm were observed in the visible region for Th**-TiO, cata-
lysts. The band at 480 nm may be due to the presence of Ti*in TiO,
lattice. The absorption edge at 460 nm may arise from the charge
transfer transition between the ‘d’ and ‘f’ orbitals of the dopants to
the band gap states of TiO5.

3.1.3. Induced defect states by the dopants in the pristine TiO,

Considering the ionic size and the oxidation states of the dopants
the following defect states can be proposed in accordance with
Krogner-Vink notation [22,26]:

Table 2
UV-vis absorption Amax and the band gap from diffuse reflectance spectra using
Kubelka-Munk plot.

Photocatalyst Amax (NM) Mid band gap states, Eg (eV)
TiO, 390 3.1

Th** (0.02%)-TiO; 436 2.8

Th* (0.06%)-TiO 460and 482 2.6 and 2.5
Th** (0.1%)-TiO, 410 3.0

V3* (0.02%)-TiO, 424 2.9

V3* (0.06%)-TiO, 456 2.6

V°* (0.1%)-TiO, 446 2.7

Mob* (0.02%)-TiO, 420 29

Mo®* (0.06%)-TiO, 480 2.5

Mo®* (0.1%)-TiO, 446 2.7
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e Case 1: if the incorporation of dopants creates conduction band
electrons, then:

V5,05 < 2Vp* +2e” +400 + %Oz (2)
Mo,0¢ < 2Mor;*® + 400 + 4e~ + 0, 3)
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Fig. 3. Kubelka-Munk plot of X versus wavelength where X=(1—R.)?/2R. The
inset in the figure refers to the diffused reflectance spectra (DRS) of the respective
catalyst. (a) Th** (0.06%)-TiO3; (b) V** (0.06%)-TiO3; (c) Mo®* (0.06%)-TiO,.

e Case 2: instead of creating conduction electrons, charge compen-
sation can also be achieved by defects such as interstitial oxygens:

V5,05 < 2Vig® + Oi// + 400 (4)
Mo, 0g < ZMOiTi" + Oi,/ + 400 (5)

e Case 3: if oxides are completely soluble then the dopants occupies
substitution site creating oxygen vacancies:

V205 <~ szi. + Vo” —+ 400 (6)
Mo,0g < 2Mori*® + 2Vo” + 400 (7)

ThO; <+ Thy; +Vo®® + Oo + (1/2)03 +e~

(since ionic radius of Th** > Ti**) (8)

The imbalance in the charge created on doping can also be com-
pensated by titanium vacancies:

2V,05 < 4Vy® + V" + 1000 9)
2Mo0,05 < 4Moir;** + 2V;”" + 1204 (10)

The mechanisms involved are complex and it is difficult to predict
the exact effect of dopants in TiO, matrix.

3.14. FT-IR analysis

FTIR spectra were recorded using KBr and anatase TiO,/doped
TiO, in the ratio 9:1. The spectra of undoped TiO, and M-TiO,
(M =Th*", V°* and Mo®%") show a broad band near 3426 cm~! and
at 1654cm~!. The surface adsorbed water shows bands around
3400 and 1630cm~! while surface adsorbed hydroxyl groups (Ti-
OH) are expected to show bands around 3563, 3172 and 1600 cm ™!
[27-30]. Therefore the peaks near 3426 and 1654cm~! were
attributed to surface adsorbed water and hydroxyl groups. The peak
at 3426cm~! was broadened for the sample Th** (0.06%)-TiO,
compared to all the other samples which may be due to their
smaller crystallite size. It is observed that doped samples have
higher concentration of surface adsorbed water than undoped TiO,
may be due to the increase in surface area. However the sam-
ples with higher dopant concentration M-TiO, (~0.1%), showed a
lesser capacity to adsorb water and hydroxyl groups due to decrease
in the surface area of the samples. The highest concentration of
these groups on the Th** (0.06%)-TiO, was attributed to largest
surface area compared to all the other samples. When cation hav-
ing positive charge higher than 4+ is substituted in TiO, lattice, an
imbalance in the positive charge is created which attracts hydrox-
ide anion on to the photocatalyst surface. Since the charge on
molybdenum is 6+ it may attract two hydroxyl groups on to the
surface while vanadium being in 5+ can attract only one hydroxyl
group [31]. But in the case of Th which is in 4+ oxidation state, the
hopping mechanism observed in Ti (Ti3*/Ti**) and its smaller crys-
tallite size is mainly responsible for the adsorption of these groups.
The photogenerated electrons can get trapped on the surface of
TiO, which may result in the formation of Ti3* centers. This con-
centration of Ti3* increases with surface area. For photocatalytic
reactions, surface adsorbed water and hydroxyl groups are crucial.
The concentration of adsorbed water and hydroxyl groups on the
photocatalyst surface is directly related to the surface acid base
properties of the sample.

3.1.5. Specific surface area measurements, scanning electron
microscopy (SEM) observations and energy dispersive X-ray (EDX)
analysis

The specific surface area of the undoped TiO, and M-TiO,
(M =Th*", V>* and Mo®*) are reported in Table 3. All the doped sam-
ples had higher surface area compared to undoped TiO, confirming
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Table 3
Specific surface areas of various photocatalysts and their adsorption capacities in
the dark.

Photocatalyst BET specific surface % of pesticide

area (m?/g) adsorbed
TiO, 18 8.5
Th** (0.02%)-TiO; 26 17.5
Th** (0.06%)-TiO, 34 20.5
Th** (0.1%)-TiO, 32 19.2
V°* (0.02%)-TiO, 23 14.2
V>* (0.06%)-TiO; 26 17.9
V5* (0.1%)-TiO, 24 11.0
Mo®* (0.02%)-TiO, 25 16.0
Mo®* (0.06%)-TiO; 28 18.5
Mo®* (0.1%)-TiO, 22 135

the substitution of the dopants in TiO, lattice. Th** (0.06%)-TiO,
samples had the highest surface area due to its smallest crystallite
size compared to all the other photocatalysts. SEM revealed simi-
lar morphology and homogeneous distribution of all the dopants
while EDX analysis confirmed the metal ion incorporation into the
TiO5 matrix.

3.2. Photocatalytic degradation of chlorpyrifos

3.2.1. Adsorption studies

The pesticide solution was stirred along with photocatalysts
(150 mg) in dark for 10 min. The amount of adsorption was cal-
culated by comparing the concentration of pesticide before and
after stirring. The saturation amount of pesticide adsorbed on
the different photocatalysts before the irradiation is shown in
Table 3. The percentage of pesticide adsorption was calculated
from (1 — C/Cp) x 100, where Cy and C are initial concentration and
residual concentration of pesticide respectively. The adsorption
experiments showed that Th** (0.06%)-TiO, has the highest
adsorption capacity, while V>* (0.1%)-TiO, had the least. The
decreasing adsorption capacity of the catalysts is of the order:
Th** (0.06%)-TiO; > Th** (0.1%)-TiO; >Mo®* (0.06%)-TiO;, > V>*
(0.06%)-TiO, > Th** (0.02%)-TiO, > Mo (0.02%)-TiO, > V>*
(0.02%)-TiO, >Mo®*  (0.1%)-TiO, >V>*  (0.1%)-TiO, >TiO,.  All
the doped samples showed stronger adsorption capacities than
undoped TiO,.

3.2.2. Photocatalytic activity under UV light/sunlight

Degradation was negligible in the absence of catalyst when
the solution was irradiated with UV/solar light for the period of
2.5h. Hence it was confirmed that decrease in the concentra-
tion of pesticide in the presence of either UV light or solar light
was originated from the photocatalytic effect of TiO, and doped
TiO,. Undoped TiO, shows the highest rate constant compared to
all the doped TiO, samples under UV light. This may be due to
the fact that mid band gaps created by the dopants may serve
as site for recombination. The degradation reaction follows first-
order kinetics indicated by the linearity of the plot —log C/Cy versus
time. Within the doped samples, Mo®*-TiO, (0.06%) showed high-
est activity while V>*-TiO, (0.1%) showed least activity under
UV light. Their respective rate constants are shown in Fig. 4 and
Table 4. Under solar irradiation, only 13% of the pesticide was
degraded after 2.5h of irradiation with undoped TiO, due to its
wide band gap. Among the doped samples, Th*-TiO, (0.06%)
showed enhanced activity compared to all the other doped sam-
ples. This is due to the large red shift in the band gap (482 nm)
which makes it sensitive to absorb more number of photons
under solar light. The decrease in the reactivity of the doped cat-
alyst under solar light is of the order: Th*" (0.06%)-TiO, > Th**
(0.1%)-TiO, ~ Mo®* TiO; (0.06%) > Th** (0.02%)-TiO, > Mo®* (0.1%)-
TiO, > Mo®* (0.02%)-TiO, >V>* (0.06%)-TiO, > V>* (0.02%)-TiO; >
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Fig. 4. Plot of —logC/Cy versus time for the degradation of pesticide using
M-TiO, where M=Th*[V>*/MoS* catalysts under UV light: (A) TiO, (B) Th*
(0.02%)-TiO3, (C) Th** (0.06%)-TiO,, (D) Th** (0.0%)-TiO,, (E) V>* (0.02%)-TiO>, (F)
V53*(0.06%)-TiO,, (G) V°* (0.1%)-TiOy, (H) Mo®* (0.02%)-TiOg, (I) Mo®* (0.06%)-TiO,,
and (J) Mo®* (0.1%)-TiO,. The inset plot shows the two stage first-order kinetics
between intervals 0-90 min and 90-150 min for the doped catalysts.

V>* (0.1%)-TiO,. The highest activity for Th** (0.06%)-TiO, can be
attributed to its (i) large surface area, (ii) large shift in the band gap,
(iii) higher concentration of surface adsorbed water and hydroxyl
groups, and (iv) doping Th** into TiO, matrix (0.06%) might result
in effective separation of electrons and holes.

The optimum dopant concentration was found to be 0.06% for
all the three dopants. This suggests that there exist an optimum
dopant concentration for these metal cations in TiO, matrix which
leads to efficient separation of photogenerated electron and hole
pairs. At this optimum concentration of dopants, the surface bar-
riers becomes higher and the space charge region extends leading
to the efficient separation of electrons and holes within the space
charge region, due to the electric field experienced by the charge
carriers. For higher dopant concentration (0.1%) the space charge
region becomes narrow and the penetration depth of light into TiO,
greatly exceeds the space charge layer which increases the rate of
recombination of electrons and holes. These results suggest that
there exists a optimal dopant concentration and maximum width
in the space charge region at which charged carriers can be sepa-
rated effectively. Based on the experimental results obtained, we
have proposed that the defect levels created by Th** ions in the
TiO,, lattice can capture the photogenerated electrons or holes shal-
lowly and detrap the same to adsorbed oxygen and hydroxyl ions
respectively to generate super oxide radicals and hydroxyl radicals.
These processes not only suppress the recombination rate but also
generate the excess free radicals necessary for the degradation reac-
tion. For the other doped catalysts, detrapping of the charge carriers
becomes difficult as they are deeply trapped which decreases the
catalytic activity.

3.2.3. Determination of rate constant

The first-order rate constant ‘k’ was calculated from the plot of
—log C/Cy versus time (Figs. 4 and 5). The curves show two different
linear stages which indicate that the photocatalytic degradation fol-
lows first-order kinetics in two stages [32,33]. The rate constant for
the second stage is twice than that of first stage for TiO, as shown
in Table 4. In the first stage, it is proposed that the hydroxyl radi-
cals attacks the side chain of the chlorpyrifos molecule which has
less electron density compared to the aromatic ring. The reaction
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Calculation of first-order rate constants in two stages of the reaction: (i) 0-90 min and 90-150 min for UV light photocatalysis; (ii) 0-60 min and 75-150 min

for solar light photocatalysis.

Photocatalyst Rate constant, k (x10~2 min~1)

UV light photocatalysis

Visible light photocatalysis

Ist stage IInd stage Ist stage IInd stage

TiO, 3.1 6.3 0.38 -

Th** (0.02%)-TiO; 1.48 - 2.0 3.6
Th** (0.06%)-TiO, 1.82 - 3.5 7.1
Th** (0.1%)-TiO, 1.19 - 2.3 4.0
V°* (0.02%)-TiO, 1.04 - 0.6 0.6
V3* (0.06%)-TiO, 1.38 - 1.5 1.6
V¥ (0.1%)-TiO, 0.59 - 1.0 1.1
Mo®* (0.02%)-TiO, 1.61 - 1.6 23
Mo®* (0.06%)-TiO, 2.2 3.6 2.6 6.0
Mo®* (0.1%)-TiO, 1.7 1.7 2.6 3.5

rate involving this side chain with hydroxyl radical is slow [34].
Therefore the rate constant for this reaction is less compared to
the second stage. While in the second stage, the hydroxyl radi-
cals might attack of electron rich aromatic ring whose degradation
kinetics proceeds at a faster rate and hence shows a higher rate con-
stant. While for Mo5*-TiO, (0.06%) the rate constant for the second
stage is 1.6 times higher than first stage and for Mo®* (0.1%)-TiO,
the rate constant for the second stage is 1.5 times higher than the
first stage. For other photocatalysts, reaction followed first-order
kinetics for the entire span of the experiment under UV light. The
catalyst Th**-TiO, (0.06%) shows highest rate constant under solar
light which may be due to the efficient separation of charged car-
riers. Similar values of rate constants were obtained for V>*-TiO,
catalyst both in the first and the second stage.

3.2.4. UV spectroscopic analysis

CP is characterized by the absorption bands at 210, 235 and
295 nm in the UV region. The band at 210 nm corresponds to the ‘E’
band which arises due to the electronic transition in the pyridinyl
ring. The bands at 235 and 295 nm may be attributed to the sus-
btituents on the pyridine ring. On UV irradiation with the TiO,
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Fig. 5. Plot of —log C/C, versus time for the degradation of pesticide using M-TiO,
where M =Th**/V>*/Mo®* catalysts under solar light: (A) Th** (0.02%)-TiO,, (B) Th**
(0.06%)-TiO, (C) Th** (0.0%)-TiO2, (D) V>* (0.02%)-TiO,, (E) V>* (0.06%)-TiO>, (F) V°*
(0.1%)-Ti02, (G) Mo®* (0.02%)-TiO,, (H) Mo%* (0.06%)-TiO>, and (1) Mo®* (0.1%)-TiO.
The inset plot shows the two stage first-order kinetics between intervals 0-60 min
and 90-150 min for the doped catalysts.

photocatalyst, the band at 295 nm slightly reduces its intensity and
shows a blue shift to 284 nm and a new band appears at 223 nm.
Formation of chloro (-Cl) substituted pyridine derivative gives rise
to the band at 284 nm and the band at 223 nm may be attributed
to hydroxyl (-OH) substituted pyridine derivative. This confirms
that the degradation proceeds in the initial stage by the loss of side
chain attached to the pyridine ring. The band at 284 nm shows fur-
ther blue shift to 260 nm which may be due to the formation of
pyridine [35] while the band at 223 nm reduces its intensity on
irradiating the reaction solution up to 90 min. These observations
show that the substituents chloro (-Cl) and (-OH) groups may be
eliminated as HCl and H,O. After 2 h of illumination no character-
istic bands appeared in the UV region which confirms the complete
cleavage of chromophores in the CP molecule. Complete degrada-
tion was not achieved for the doped catalysts under UV illumination
even after 3 h. This suggests that TiO, is the better photocatalyst
for the degradation of organic contaminants under UV light. Under
solar light only 10% of the pesticide was degraded with TiO, (in
2 h) while complete degradation of the pesticide was achieved with
in 45 min for Th** (0.06%)-TiO, samples (as further supported by
GC-MS analysis).

3.2.5. GC-MS analysis

The photocatalytic degradation of CP yielded a number of tran-
sient organic intermediates. The CP solution showed intense m/z
peak at 351 before irradiation. The sample after 30 min of UV irradi-
ation showed one m/z peak at 335. This intermediate (1) formation
is due to the result of hydroxyl radicals attack at the —-P=S bond
converting to -P=0 (oxon derivative) which is a primary character-
istic product formed during the photocatalytic oxidation of organo
phosphorous compound [36,37]. This indicates that the degrada-
tion proceeds through the loss of sulfur atom as sulfate group.
After 60 min of UV irradiation, the sample showed m/z peak at 199
attributed to 2-hydroxy 3,5,6 tri-chloro pyridine (2), 138 (3) and 154
(4) of medium intensity due to the formation of substituted alkyl
phosphates. The two possible proposed pathways are

(i) Hydroxyl radicals may attack the intermediate (1) at the site
of -P=0 group leading the formation of OH-P=O0 derivative (3)
and intermediate (2).

(ii) Hydrogen radicals might attack at the site of -P=0 group lead-
ing the formation of H-P=0 derivative (4) and intermediate

(2).

It is interesting to note that intermediate (2) is formed in both
the cases which is the most stable intermediate in the present
study. After 90 min of irradiation the observed m/z peaks at 95,
130, 165 and 183 are due to the formation of 2-hydoxy pyridine (5),
6-chloro,2-hydroxy pyridine (6), 3,5 dichloro-2-hydroxy pyridine
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(7) and 2,3,5 tri-chloro pyridine (8). The possible ways of forma-
tion of various intermediates starting from (2) may be explained as
follows:

(i) Intermediate (2) may react with three hydrogen radicals elim-
inating all the three chloro (-Cl) groups as HCl leading to the
formation of intermediate (5).

(ii) The chloro group at the positions of 2 and 5 in the intermedi-
ate (2) might react with two hydrogen radicals resulting in the
formation of (6).

(iii) The chloro group at the position 4 might react with one hydro-
gen radical leading to the formation of (7).

(iv) The —-OH group at the position 2 in the intermediate (2) might
be eliminated as water molecule resulting in (8). However the
involvement of hydroxyl radicals in the above reactions cannot

be ruled out. Though the hydroxyl can substitute —Cl, it can be
easily eliminated as water molecule resulting in the same inter-
mediates. The GC-MS spectrarecorded for 105 min showed m/z
peakat 79 due to the formation of pyridine (9). The chloro group
(-Cl) and the hydroxyl group (-OH) in the intermediates (5),
(6), (7) and (8) might be lost as HCl and H,O molecules giv-
ing (9). After 120 min of irradiation the subsequent reaction of
hydroxyl radicals with (9) leads to mineralization of the pesti-
cide. The m/z peaks of the intermediates (3) and (4) persisted
till 90 min and phosphorous present in the compound may be
eliminated as phosphates. The higher number of compounds
detected during the degradation of the above compound shows
the complexity in the degradation mechanism and suggests the
existence of various degradation routes resulting in complex
and interconnected pathways.

0 2-
H - S0,
°Z s 0O—CH

el

-3HCI

-2HC1
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5 OH -

(3 N
OH
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-H,0
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Scheme 1. Photodegradation pathway for CP.
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When the chlorpyrifos was irradiated with sunlight using Th**
(0.06%)-TiO,, intermediates (2), (3) and (5) were the major product
and (9) was the minor product. This was attributed to enhancement
in process due to the generation of excess free radicals under solar
light which has destroyed the intermediates at faster rate. Hence
it can be concluded that the use of solar energy is advantageous
as it enhances the photocatalytic process and avoids the complex-
ity in the degradation mechanism owing to the formation of less
number of intermediates. The degradation pathways are shown in
Scheme 1.

4. Conclusion

TiO, doped with Th**, V>* and Mo®* and their activity was stud-
ied on the degradation of chlorpyrifos as the probe reaction. Anatase
phase was confirmed for all the doped photocatalysts by XRD anal-
ysis. Th** (0.06%)-TiO, showed enhanced activity compared to all
the other catalysts under solar light due to the high surface area of
the sample and also due to the higher capacity to surface adsorb
water and hydroxyl groups. The larger shift in the absorption band
(460 and 482 nm) to visible region increases the efficiency of the
photocatalysts to absorb more photons under solar light. The degra-
dation was followed by UV-vis spectroscopy and GC-MS analysis.
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