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a b s t r a c t

Nitrogen doped titanium photocatalysts with different nitrogen containing organic compounds were
prepared by sol–gel method in acidic media. Among different nitrogen containing organic compounds,
triethylamine doped TiO2 showed better photocatalytic activity under visible light. XRD, SEM and TEM
eywords:
-doped TiO2

indane
riethylamine

analyses showed that the crystalline size of N-doped TiO2 was in the range of 20–24 nm. XRD and Raman
spectrum showed that all peaks of N-doped TiO2 correspond to anatase crystalline structure. The forma-
tion of O–Ti–N bond in N-doped TiO2 does not lead to any new Raman band. XPS study confirmed that
N replaces the O in the lattice of TiO2 and is present in the form of O–Ti–N. The photocatalytic activity
of doped TiO2 was measured under UV and visible light using lindane as a target pollutant. The photo-

se TiO
form
hotocatalyst
esticide

catalytic activity of anata
P-25 TiO2. Intermediates

. Introduction

Increased awareness about the potential pesticides movement
nto the drinking water sources has compelled the researchers and
olicy makers to identify ways to prevent such contamination. Sev-
ral studies reported the presence of organochlorine pesticide such
s lindane residues in river, soil and groundwater in India [1,2].
hough the production of lindane in India has reduced as compared
o its earlier production, India is still one of the highest lindane con-
aminated country in the world [3,4]. Most of the Indian rivers are
assing through agricultural fields and they are subjected to con-
amination with different pesticides used for crop protection [5].
ence, leaching of pesticide from agricultural fields is the single
on-point source of pollution to the aquatic environment. Since
ivers are the major source of water in India, water quality needs to
e maintained. Though many conventional methods are available
or the treatment of pesticides contaminated surface and ground-
ater sources, advanced oxidation method is the most effective

echnology for surface and groundwater treatment [6]. Titanium
ioxide (TiO2) remains the most promising photocatalyst because
f its high efficiency, low cost, chemical inertness and photostabil-
ty [7].
Several researchers have tried the degradation of lindane from
rinking water sources using TiO2 under UV light [8–10]. Zaleska
t al. [10] have reported that anatase supported on glass hol-
ow microspheres was able to degrade 50% of lindane (40 ppm

∗ Corresponding author. Tel.: +91 44 22574252; fax: +91 44 22574274.
E-mail address: ligy@iitm.ac.in (L. Philip).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.04.034
2 and N-doped TiO2 was compared with commercially available Degussa
ed during the degradation of lindane were monitored by GC–MS analysis.

© 2010 Elsevier B.V. All rights reserved.

initial concentration) within 150 min of processing time. Dionys-
iou et al. [9] have reported the degradation of lindane using TiO2
immobilized on a continuous flow rotating disc and have achieved
63% of lindane (initial concentration 0.016 mmol/L) degradation.
Senthilnathan and Philip [8] have reported the degradation of
lindane using immobilized TiO2 in single and mixed pesticides sys-
tems. In both cases complete degradation was achieved, however
the rate of degradation of lindnae in single pesticide system (1 mg/L
degraded within 230 min) was different from that in mixed (lin-
dane, methyl parathion and dichlorvos) pesticides system (1 mg/L
lindane degraded within 260 min). Though photocatalytic degrada-
tion of pesticide using TiO2 under UV light is possible, it may not be
a practical proposition for the treatment of drinking water sources
due to the high cost. Efficient utilization of visible and solar light is
one of the major goals of modern science and engineering that will
have a great impact on technological applications [11]. Although
advanced oxidation process with TiO2 photocatalysts have been
shown to be an effective alternative in this regard, the vital snag
of TiO2 semiconductor is that it absorbs a small portion of solar
spectrum in the UV region (band gap energy of TiO2 is 3.2 eV). To
utilize maximum solar energy, it is necessary to shift the absorption
threshold towards visible region [12,13].

The shifting of TiO2 absorption into visible light region mainly
focuses on the doping with transition metals [14]. However, the
thermal instability, tendency to form charge carrier recombination

centers, as well as the expensive ion implantation facilities make
metal doped TiO2 impractical [13,15]. TiO2 absorption towards the
visible light with non-metallic elements such as the nitrogen (N),
sulphur (S), carbon (C) and phosphorus (P) have been reported
in many literatures [16–22]. Insertion of N or S atoms in TiO2

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:ligy@iitm.ac.in
dx.doi.org/10.1016/j.cej.2010.04.034
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roduces localized states within the band gap just above the
alence band. Thus, when N or S doped TiO2 is exposed to visi-
le light, electrons are promoted from these localized states to the
onduction band [16,17]. The substitutional (N–Ti–O) doping of N
as most effective compared to other non-metal dopants (S, P and
) because its p states contribute to the band-gap narrowing by
ixing with O 2p states [13,24]. Even though doping with S shows
similar band-gap narrowing, it requires larger formation energy

or the substitution than that required for the substitution of N.
oreover, the ionic radius of S is larger than O thus difficult to fit

n into the TiO2 crystal [13].
Xing et al. [24] have reported that N-doped TiO2 synthesized

sing ammonium nitrate and ammonia as a nitrogen sources
howed maximum photocatalytic activity for the degradation of
,4-dichlorophenol (initial concentration 100 mg/L) within 5 h of

rradiation under visible light. Ananpattarachai et al. [23] have
eported that the degradation of 2-chlorophenol (initial concen-
ration 25 mg/L) using N-doped TiO2 under visible light followed
seudo first order reaction and complete degradation was achieved
ithin 50 min of irradiation [23]. Similar study was conducted

y Cong et al. [25], with 2-4-dichlorophenol (100 mg/L) and rho-
amine B (20 mg/L) using N-doped TiO2 under visible light and
omplete degradation was obtained within 5 h and 1 h of irradia-
ion, respectively. Huan et al. [26] have studied the decomposition
f 4-chlorophenol (13 mg/L) using N-doped TiO2 under visible light
nd achieved 63.5% degradation within 6 h of irradiation time.
un et al. [27] have studied the photocatalytic activity of phenol

0.5 mmol/L) under visible light with N-doped TiO2 and found that
cid treated N TiO2 showed higher catalytic activity within 2 h of
rradiation. Many researchers have worked on simple organic com-
ounds like methylene blue [28,29], toluene [30], benzamide [31],
henol [32] and methyl violet [33]. However, so far no attempt was
ade to degrade lindane or any other organochlorine pesticides

sing N-doped TiO2 under visible light.
The present study is focused on the preparation of N-doped TiO2

sing different nitrogen containing organic compounds. Their pho-
ocatalytic activity was measured using lindane as a target pollutant
nder UV and visible light. Characterization of N-doped TiO2 was
arried out using XRD, XPS, TGA, TEM, SEM, UV–vis, Raman and
TIR spectrometer techniques. The lindane degradation was carried
ut with anatase TiO2, N-doped TiO2 and commercially available
egussa P-25 TiO2 and their kinetics was measured under UV as
ell as visible light.

. Materials and methods

.1. Chemicals used

Titanium isopropoxide (purity over 98%), isopropanol, triethy-
amine, urea, ethylamine, silver nitrate, ferric chloride, chromium
hloride and ethyl alcohol purchased from Ranbaxy Chemicals,
ndia, were used for the preparation of metal ion doped TiO2 and
-doped TiO2. Lindane (HPLC grade) used in the present study
as procured from Ranbaxy Chemicals, India. Titanium dioxide

Degussa P-25), which is a known mixture of 70% anatase and 30%
utile with an average crystalline size of 30 nm and a non-porous
aterial with a reactive surface area of 50 m2/g, was supplied by
icas Rane, India Limited, Bombay, India.

.2. Preparation of metal and non-metal ion doped TiO2
.2.1. Preparation of metal ion doped TiO2
The preparation of chromium (Cr) doped TiO2 and Cr–N co-

oped TiO2 was carried out by sol–gel process. Precursor chromium
hloride was dissolved in ethanol and then mixed with titanium
neering Journal 161 (2010) 83–92

isopropoxide. The volume of ethanol was 10 times higher than that
of titanium isopropoxide and the amount of chromium chloride
was calculated based on the desired Cr/Ti percentage (0.5%, 1.0%,
1.5%, 2.0% and 2.5%). For Cr–N co-doped TiO2, fixed amount of tri-
ethylamine (1 mL) was added to all the five different concentration
chromium and titanium isopropoxide solution. The mixed solution
was slowly added to equal volume of 0.1 M HCl solution and quickly
stirred until a clear solution was obtained. The solution was auto-
claved at 80 ◦C for 12 h. The suspension was centrifuged at 8000 rpm
and residue was dried at 100 ◦C for overnight. The dried gel was
then calcined in air atmosphere at 550 ◦C for 4 h. Ag and Fe doped
TiO2 also was prepared by above process. 1000 mg/L of Ag and Fe
solutions were prepared using AgNO3 and anhydrous FeCl3 salt.
The required concentration (0.5%, 1.0%, 1.5%, 2.0% and 2.5%) of Ag
doped TiO2 and Fe doped TiO2 was prepared by mixing various con-
centrations of above prepared solutions with ethanol and titanium
isopropoxide solution. The rest of the procedure was similar to that
of Cr doped TiO2 preparation.

2.2.2. Preparation of non-metal (nitrogen) ion doped TiO2
Preparation of N-doped TiO2 was carried out by the hydrolysis

of titanium isopropoxide. 2.4 mL of titanium isopropoxide was dis-
solved in 20 mL ethyl alcohol and suitable ratio (1:0.4, 1:0.8, 1:1.2,
1:1.6 and 1:2.0 ratio of N:Ti) of nitrogen containing organic com-
pound (triethylamine) was added to it. 20 mL of 0.1 M of HCl was
added to the above solution and stirred to get a clear liquid. The
above solution was autoclaved at 80 ◦C for 12 h. The suspension
was centrifuged at 8000 rpm and residue was dried at 100 ◦C. The
dried sample was calcined at 550 ◦C for 4 h. Similar procedure was
followed for the preparation of anatase TiO2 without the addition of
nitrogen and N-doped TiO2 using other nitrogen containing organic
compound like urea, ethyl amine and ammonium hydroxide.

2.3. Analytical methods

The concentration of lindane was analyzed using PerkinElmer
Clarus 500 gas chromatograph (GC) with electron capture detector
(GC/ECD) equipped with auto-sampler, an on-column, split/split
less capillary injection system and with PerkinElmer (PE)-5
capillary column (30 m × 0.53 mm × 0.5 �m film thickness). The
operating conditions were as follows: the column was initially held
at a temperature of 100 ◦C for 1 min and then the temperature was
increased at a rate of 10 ◦C/min to 260 ◦C and finally held at 260 ◦C
for 1 min. The temperatures of injector and detector were main-
tained at 200 and 350 ◦C, respectively. The intermediates formed
during the degradation of lindane were monitored using a GC–MS,
supplied by Agilent, USA, and a temperature program similar to
the one used for GC analysis was employed for the GC–MS anal-
yses also. The crystalline structure modification of N-doped TiO2
was examined by X-ray diffraction (XRD) analyses using Copper
K alpha radiation with Lynx detector at an operating voltage of
35 kV and current of 25mamps supplied by Bruker Axs, USA (model
D8 Discover). Varian Cary-5E UV–vis-NIR, scan range 185–3000 nm
(UV–vis-NIR) high-resolution spectrophotometer was used to find
the UV and visible light absorption pattern of anatase and N-
doped TiO2. FTIR spectrometer supplied by PerkinElmer Spectrum
one, scan range of MIR 450–4000 cm−1 and resolution 1.0 cm−1

was used. The surface morphology and crystalline size of N-doped
TiO2 were monitored using a scanning electron microscope (SEM)
equipped with a field emission gun (JEOL, JSM-6380, Japan) and
high-resolution transmission electron microscopy (HRTEM) using

JEOL 3010 UHR instrument. The SL films were lifted on car-
bon coated copper grid sand dried in ambience. The sample was
observed at 200 keV to reduce electron beam induced damage. X-
ray photoelectron spectroscopy (XPS) measurements were carried
out using an Omicron Nanotechnology spectrometer with poly-
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Ag+ doped TiO2, respectively. Cr3+–N co-doped TiO2 showed max-
imum degradation of 43.42%, whereas Cr3+ doped TiO2 showed
only 30.3% lindane degradation. As evident, Cr3+–N co-doped TiO2
showed better photocatalytic activity compared to Cr3+, Fe3+ and
J. Senthilnathan, L. Philip / Chemica

hromatic Al K� X-rays (h� = 1486.6 eV). At least ten spectra in the
esired binding energy range were collected and an average was
aken. The samples were spotted as drop cast films on the sample
tub and dried under vacuum. X-ray flux was adjusted to reduce
he beam induced damage of the sample. The energy resolution of
he spectrometer was set at 1.1 eV at pass energy of 50 eV. Bind-
ng energy (BE) was calibrated with respect to C 1s (285.0 eV). The
aman spectrum and corresponding imaging were done using a
itec Gmb Hconfocal Raman spectrometer equipped with 514.5

nd 532 nm sources with a spot size <1 �m. The laser had a maxi-
um power of 40 mW. The excitation laser was focused using a 100

bjective and the signal was collected in a back scattering geometry
nd guided to a Peltier-cooled charge-coupled device (CCD) detec-
or and the signal was dispersed using an 1800 grooves/mm grating.
oncentration of free chloride ions was analyzed using ion chro-
atography (IC) supplied by Dionex, USA, with Electro Chemical
etector (ED50).

.4. Experimental methodology

.4.1. Immobilization of doped TiO2
A Pyrex glass tube with an inner surface area of 169.56 cm2 (with

height of 90 mm and a diameter of 60 mm) was coated by the
hotocatalyst. Before coating, the inner surface of the Pyrex glass
ube was treated with 5% (v/v) hydrofluoric acid for 30 min to get a
ough surface and then washed with distilled water. The Pyrex glass
ube coating was carried out using 0.5% suspension of N-doped TiO2
n isopropanol. Before coating, the suspension was sonicated for
5 min and the Pyrex tube was inserted slowly into the suspension.
t was allowed to stay for 5 min, then taken out and dried in an oven
or 30 min at 150 ◦C. The weight of coated TiO2 was monitored each
ime.

.4.2. Photo reactor
Photocatalytic degradation of lindane was performed in an

mmobilized batch reactor. A cylindrical photochemical reactor
ith a volume of 400 mL was provided with water circulation

rrangement to maintain the temperature in the range of 25–30 ◦C.
rradiation was carried out with 500 W high pressure tungsten
isible lamp, supplied by Haber Scientific, India, which emitted
adiation at a wavelength of >400 nm. For immobilized batch reac-
or, coated Pyrex tube was inserted into the reactor. Before adding
indane, the visible lamp was warmed up for 15 min to attain suffi-
ient energy. Oxygen flow rate of 300 mL/min and a stirring rate of
50 rpm were maintained in all the experiments. Samples were col-

ected at regular intervals and extracted with HPLC grade n-hexane
purity 99%) and analyzed using GC. The stock solutions of lindane
or desired concentration were prepared in double distilled water
nd HPLC grade acetone. A schematic diagram of the photoreactor
mployed in the present study is given in Fig. 1.

. Results and discussion

.1. Photocatalytic properties of different ions doped TiO2

TiO2 is not an efficient catalyst under visible light. In order to
xplore the possibilities of using photoctalytic degradation of pes-
icides under visible light, different metal/non-metal doped TiO2
ere prepared (Ag+, Fe3+, Cr3+ doped TiO2 and Cr3+–N co-doped

iO2−x Nx) by sol–gel process. Photocatalytic activity of Ag+, Fe3+,
r3+ doped TiO2 and Cr3+–N co-doped TiO2 were assessed using
indane (3.44 × 10−4 mmol/L) as a target pollutant. A fixed reac-
ion time of 7 h and 3.44 × 10−4 mmol/L concentration of lindane
ere maintained for preliminary screening of metal doped TiO2.

he doping concentration was varied from 0% to 2.5% for all the
etal ions. The degradation of lindane under visible light using
Fig. 1. Schematic diagram of photo reactor.

different metal doped TiO2 is given in Fig. 2. Maximum degrada-
tion of 10.2% and 23.45% of lindane were achieved for Fe3+ and
Fig. 2. Lindane degradation by Ag, Fe, Cr and Cr–N co-doped TiO2.
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ig. 3. Comparison of lindane degradation efficiency of N-doped TiO2 with metal
ons doped TiO2.

g+ doped TiO2 under visible light. None of the metal doped TiO2
atalyst showed complete degradation of lindane within the stip-
lated reaction time of 7 h. Hence, anion doping (nitrogen doping)
as tried with titanium isopropoxide and triethylamine in the ratio

f 1:1.6 under similar condition. Performance of N-doped TiO2, Ag+

oped TiO2, Fe3+ doped TiO2, Cr3+ doped TiO2 and Cr3+–N co-doped
iO2 are given in Fig. 3. N-doped TiO2 showed better photocatalytic
ctivity compared to other metal ions doped TiO2. Complete degra-
ation of lindane (3.44 × 10−4 mmol/L) was achieved in presence of
-doped TiO2 within 5.5 h of irradiation. Hence, N-doped TiO2 was
sed for further studies.

.2. Effect of different nitrogen containing organic compounds

The N-doped TiO2 was prepared using triethylamine, urea,
thylamine and ammonium hydroxide by sol–gel process. Pho-
ocatalytic activity of N-doped TiO2 was compared with Degussa
-25 TiO2 and photodegradation studies were carried out with
.44 × 10−4 mmol/L of lindane. The N-doped TiO2 prepared by dif-
erent nitrogen containing compounds was compared with each

ther and the results are given in Fig. 4. Photocatalytic activity
as much higher for triethylamine doped TiO2 as compared to
rea, ethyl amine and ammonium hydroxide doped TiO2 [23,25].
riethylamine doped TiO2 showed greater photocatalytic activity.

ig. 4. Kinetics of lindane degradation by N-doped TiO2 prepared using various
itrogen containing organic compounds.
Fig. 5. Effect of nitrogen concentration in (triethylamine) N-doped TiO2 on lindane
degradation.

Triethylamine is a tridentate ligand, which forms a stable organo
titanium complex compared to urea, ammonium hydroxide and
ethylamine. This complex plays a very important role on the stabil-
ity of the nano-particles and avoids the growth and aggregation of
the particles [33]. This may be the reason for the higher photocat-
alytic activity of triethylamine doped TiO2. Hence, triethylamine
doped TiO2 was used for rest of the studies. Only 5% degrada-
tion occurred with Degussa P-25 TiO2 was used under visible
light.

3.3. Effect of triethylamine concentration on doped TiO2

The photocatalytic activity of different grades of N-doped TiO2
prepared by varying the molar ratio of titanium isopropoxide and
triethylamine was monitored. The molar ratios of Ti:N used in the
present study were 1:0.4, 1:0.8, 1:1.2, 1:1.6 and 1:2.0. Fixed concen-
tration of lindane (3.44 × 10−4 mmol/L) was used for all degradation
studies and the results are given in Fig. 5. The rate of degradation
was increased with increasing triethylamine concentration up to
1:1.6 ratio and complete degradation was achieved within 330 min
of irradiation. Beyond this ratio there was no change in the rate of
degradation of lindane. Xing et al. [24] and Cong et al. [25] have
reported that photocatalytic activity of N-doped TiO2 increased
with increase in the molar ratio of Ti:N up to 1:2, beyond this molar
ratio the catalytic activity decreased rapidly. The photocatalytic
activity of N-doped TiO2 improves by the increasing Ti:N ratio in
the catalyst. However, the photocatalytic activity decreases due to
chemically adsorbed nitrogen on TiO2 lattice. The increase in nitro-
gen ratio causes chemical adsorption and the chemically adsorbed
nitrogen covers the surface of the catalyst and decreases the num-
ber of active sites [24,34]. The optimum molar ratio of Ti:N (1:1.6)
was used for the rest of the studies.

3.4. Characterization of N-doped TiO2

The effect of nitrogen concentration was investigated for TiO2
modified with triethylamine and its characterization was done.
Physical characterization of N-doped TiO2 was carried out using
UV–visible spectrometer, X-ray diffraction (XRD), X-ray photoelec-

tron spectrometer (XPS), Raman spectrometer, Fourier transformed
infrared spectroscopy (FTIR), transmission electron microscope
(TEM), thermo gravimetric analysis (TGA) and scanning electron
microscope (SEM) analysis.
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for different grades of N-doped TiO2 are presented in Fig. 9. All
the N-doped TiO2 samples showed X-ray line broadening com-
pared to TiO2, representing the formation of nano-particles. The
broadening of the peak gradually increased up to 1:2.0 ratio of
ig. 6. UV–visible absorption of Degussa P-25, anatase TiO2 and N-doped TiO2.

.4.1. Optical properties of N-doped TiO2
UV–visible spectroscopy is the most commonly used technique

o study the optical properties of N-doped TiO2. Most of the stud-
es showed that the N-doped TiO2 exhibited increased absorption
etween 400 and 600 nm, which depended on the experimental
onditions and nature of nitrogen containing organic compound
sed for the doping study [35]. The UV–vis absorption spectrum
or N-doped TiO2 (1:0.8, 1:1.2, 1:1.6 and 1:2.0 ratio), anatase TiO2
nd Degussa P-25 TiO2 were studied and the results are presented
n Fig. 6. The optical absorption edges of the N-doped TiO2 shifted
o the lower energy region compared to those of the Degussa P-25
nd anatase TiO2 and the absorption of light in the wavelengths
anging from 400 to 600 nm was stronger after nitrogen doping.
urthermore, the absorption increases with increasing doping con-
entration from 1:0.8 to 1:2.0 and the results showed that band gap
nergies of all N-doped TiO2 were lower than those of anatase TiO2
nd Degussa P-25. The reduction in the band gap energy of the
-doped TiO2 sample was determined by the following equation

36].

g = 1239.8
�

(1)

here Eg is the band gap (eV) and � is the wavelength (nm) of
he absorption edge in the spectrum. The band gap was shifted
rom 3.20 to 2.91 eV for (1:1.6 ratio) N-doped TiO2. This decrease in
andwidth will enhance the transfer of electron from valance band
o conduction band under visible light. This may be the reason for
he better performance of N-doped TiO2 compared to other metal
ons doped TiO2.

.4.2. FTIR spectroscopy of N-doped TiO2
An FTIR spectrum gives an idea about surface functional groups

f N-doped TiO2. The FTIR spectra of different photocatalysts
re shown in Fig. 7. The main absorption peaks were located at
410, 2845, 2916, 2340 and 1623 cm−1 in all the three samples.
he broad adsorption band observed at 2900–3600 cm−1 corre-
ponds to the O–H stretch region [37]. The peaks at 3450–3420
nd 1640–1630 cm−1 were assigned to the O–H stretching vibra-
ion and the adsorbed H2O bending vibration. The absorption
eak at 2345 cm−1 is characteristic of surface adsorbed CO2 [38].
he typical infrared peaks of NO occur at 1618 cm−1 (anti-
2
ymmetric stretch, very strong). Triethylamine displays sharp
eaks at 2950 cm−1. Such a peak was not obtained for N-doped
iO2. Thus, it can be inferred that there was no organic residue in
ny of the N-doped TiO2 photocatalysts.
Fig. 7. FTIR spectrum of Degussa P-25 and N-doped TiO2.

3.4.3. Thermo gravimetric analysis (TGA) profile of N-doped TiO2
The thermo gravimetric profile of N (triethylamine) doped TiO2

(before calcinations to 550 ◦C) was carried out. In the present study
a temperature range of 25–1000 ◦C was used and at the end of the
analysis around 75% weight loss was observed. The decomposi-
tion temperature of N-doped TiO2 showed two regions 60–230 and
230–525 ◦C. The thermal decomposition profile (TG) of N-doped
TiO2 is shown in Fig. 8. It was believed that the weight loss in the
first region was due to the adsorbed water and the second region
was due to the decomposition of excess triethylamine. Beyond
550 ◦C slight weight losses has been observed this could be ascribed
to the decomposition of residuals. Similar trend in thermal decom-
position profile was reported by Sathish et al. [29].

3.4.4. XRD analysis for different ratio of N-doped TiO2
X-ray diffraction (XRD) is a very important technique employed

for the characterization of doped TiO2. From the intensity of the
particular reflections, the X-ray diffraction patterns and average
crystalline size can be calculated [39]. X-ray diffraction patterns
Fig. 8. TGA profile of (1:1.6 ratio) N–TiO2.
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around 146, 199, 400, 519 and 636 cm−1. All peaks correspond to
anatase crystalline structure and no rutile peaks was observed.
Small peak shift was observed while comparing anatase TiO2
and N-doped TiO2. This is because of different crystalline sizes of
Fig. 9. XRD for different grades of N-doped TiO2 and anatase TiO2.

-doped TiO2. However, no significant changes were observed by
urther increasing the N ratio. The broadening of the XRD peaks is
nversely proportional to the crystalline size of the N-doped TiO2
ano-particles [25]. This indicates that N doping was introduced

nto the lattice of the TiO2 without altering the average unit cell
imension and the similar trend was reported by Khan et al. [40].
etermination of crystal size of anatase TiO2 and N-doped TiO2 was
one using Scherrer equation.

= K�

ˇ cos �
(2)

here D is the size of the crystal grain, K is a dimensionless constant
0.9), 2� is the diffraction angle, � is the wavelength of the X-ray
adiation and ˇ is the full width at half-maximum (FWHM) of the
iffraction peak. The values of ˇ and � are taken for crystal plane
1 0 1) of anatase phase. The crystal grain size of TiO2 bulk and N-
oped TiO2 calculated by Scherrer equation are given in Table 1.

he crystal grain size of bulk TiO2 was 70.3 nm and by increasing
he amount of N-doped in to the TiO2, the crystallite size gradually
ecreased and reached minimum value of around 25.4 nm. Similar
esults are reported by Cong et al. [25]. The crystalline size of N-

able 1
etermination of crystal grain size using Scherrer equation.

S. No Photocatalyst ˇ (fwhm) cos � Particle size (nm)

1 Anatase TiO2 0.011808 0.0163 70.3
2 TiO2/N (1:0.8) 0.014366 0.0167 56.2
3 TiO2/N (1:1.2) 0.015044 0.0161 55.7
4 TiO2/N (1:1.6) 0.031350 0.0169 25.4
5 TiO2/N (1:2.0) 0.027281 0.0168 29.4
Fig. 10. SEM analysis of N-doped TiO2 (1:1.6 ratio).

doped TiO2 was further confirmed by SEM and TEM analysis. The
crystalline size and morphology of TiO2 catalyst were studied using
Scanning Electron Microscope. It is clear from Fig. 10, that the size
of TiO2 particles is approximately 20–30 nm. The exact size of nano-
particles is very difficult to determine using SEM analysis. Therefore
TEM analysis was carried out to find the size of TiO2. From the TEM
analysis, it was found that the crystalline size of N-doped TiO2 is
∼22 nm. TEM analysis result of N-doped TiO2 is given in Fig. 11.

3.4.5. Raman spectrum of N-doped TiO2
The Raman spectrum of TiO2 peaks visible over the

400–700 cm−1 range are characteristic of anatase and rutile
crystalline structures [41,42]. TiO2 of anatase crystalline structure
shows six Raman active fundamental modes correspondingly at
144 cm−1 (Eg), 197 cm−1 (Eg), 397 cm−1 (B1g), 518 cm−1 (A1g + B1g)
and 640 cm−1 (Eg) for crystalline anatase TiO2. For rutile TiO2,
there are four Raman active modes at 144 cm−1 (B1g), 448 cm−1

(Eg), 613 cm−1 (A1g) and 827 cm−1 (B2g), respectively [41,43]. The
anatase TiO2 and N-doped TiO2 displayed Raman vibrations at
Fig. 11. TEM analysis of N-doped TiO2 (Ti:N 1:1.6 ratio).
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Fig. 12. Raman spectrums of anatase and N-doped TiO2.

he anatase and N-doped TiO2. The formation of O–Ti–N bond in
-doped TiO2 does not lead to any new Raman band [44,45]. This
ould be a small change in the Raman vibrational modes due to
he partial replacement of O with N and which is too small to be
etected. The Raman spectrum of anatase TiO2 and two different
atio of N-doped TiO2 are given in Fig. 12.

.4.6. X-ray photoelectron spectroscopy (XPS)
XPS analysis provides information about the chemical composi-

ion and electronic structures of element present on a surface and
n depth. The XPS technique monitors the electron binding energy
f elements within a few nanometers of the particle surfaces. The
nvestigation of XPS for anatase TiO2 and N-doped TiO2 samples

ere examined for three areas of the XPS spectrum, the Ti 2p region

ear 460 eV, the O 1s region near 530 eV and the N 1s region near
00 eV. Most of the N 1s binding energies are found in between
96 and 408 eV [46,47]. However, the binding energy of the N 1s

s highly dependent on the synthetic method used for the prepara-
ion of N TiO2 and N 1s binding energies found around 396–397 eV

Fig. 13. X-ray photoelectron spectra of pure an
neering Journal 161 (2010) 83–92 89

were attributed to substitutional N in Ti–N, while peaks at higher
binding energies (400 eV found in our case) were observed and usu-
ally ascribed to a generic interstitial site (O–Ti–N) [48]. This clearly
indicates that the N-doped TiO2 prepared by sol–gel process in the
present study did not have N–Ti–N form where as O–Ti–N form was
present in the catalyst.

XPS analysis of anatase TiO2 and N-doped TiO2 (1:0.8 and 1:1.6
ratio) are given in Fig. 13. Both ratio of N-doped TiO2 showed peak
at 400 eV after carbon correction. The peak at 400 eV indicates N
atoms incorporated in to the TiO2 lattice and it was observed that
a peak towards 400 eV could be assigned to Ti bound to O or to
the O–Ti–N formation [21]. From the above observations it can be
concluded that the chemical states of the nitrogen doped into TiO2
may be various and coexist in the form of N–Ti–O and Ti–O–N.

The Ti 2p region is between 459.1 eV (anatase TiO2) and 455.3 eV
(N-doped TiO2). This observation indicates that the central Ti ion is
very sensitive to electronic environment of neighboring elements.
By introducing more electron rich N into the matrix, the binding
energy of Ti can be significantly lowered [49]. The Ti 2p region of
anatase TiO2 and N-doped TiO2 showed 459.5 and 459.1 eV, respec-
tively.

The binding energy of Ti 2p after nitrogen doping decreases sug-
gests different electronic interactions of Ti with N ion, which causes
partial electron transformation from the N to the Ti and an increase
of the electron density on Ti because of the lower electro-negativity
of nitrogen compared to oxygen [25,29]. This confirms that nitro-
gen incorporates into the lattice and replaces oxygen. The Ti 2p
spectrum for anatase TiO2 and N-doped TiO2 are given in Fig. 14.
The O 1s XPS spectrum in Fig. 15 also showed significant changes
upon nitrogen incorporation. An additional peak for N-doped TiO2
appears at about 531.7 eV and previously was attributed to the
presence of Ti–O–N bonds [48]. The most significant being an addi-
tional signal at higher binding energy of 531.7 eV than 530.6 eV

was observed. These peak shifts are again possibly due to geomet-
rical constraints in the different nano structures and the additional
peak, which appears at 531.7 eV clearly noted in the spectrum of
the synthesized N-doped nano TiO2.

atase and N-doped TiO2 nano-particles.
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3.6. Comparison of lindane degradation under different light
sources

The photocatalytic degradation of lindane was carried out with
different light sources (UV 365 nm and visible >400 nm) using
ig. 14. XPS of Ti 2p spectrum for anatase TiO2 and N-doped TiO2 (1:1.6 ratio).

.5. Effect of lindane concentrations on photocatalytic
egradation and degradation pathway

Studies were conducted to evaluate the effect of initial concen-
rations of lindane on photocatalytic degradation using N-doped
iO2. Initial concentration of lindane was varied from 8.62 × 10−5

o 5.17 × 10−4 mmol/L. Complete degradation of lindane was
chieved for 8.62 × 10−5, 1.72 × 10−4, 2.58 × 10−4, 3.44 × 10−4 and
.17 × 10−4 mmol/L within 120, 180, 240, 330 and 450 min, respec-
ively. The rate of degradation of lindane gradually decreased with
ncrease in initial pesticide concentration as shown in Fig. 16.

lower photodegradation rate was observed with increasing
nitial concentration of lindane. This might be due to its high
esistance to oxidation via hydroxyl radical attack. Dionysiou
t al. [9] have reported that lindane is less prone to oxida-
ion due to its non-aromatic and saturated structure and the
bsence of a double bond. During the photocatalytic degradation
f lindane, only two intermediates namely 1-hydroxy-2,3,4,5,6-
entachlorocyclohexane (m/z 272) and pentachloro cyclohexane
m/z 256) were identified using GC–MS analysis as shown in Fig. 17.
he two intermediates appeared in the middle of the reaction

nd as time progressed, the intermediates gradually disappeared.
t the end of the experiment, none of the intermediates were
bserved in the system. The plausible degradation pathway of
indane is given in Fig. 18. As mentioned earlier, only two interme-

ig. 15. XPS of O 1s spectrum for anatase TiO2 and N-doped TiO2 (1:1.6 ratio).
Fig. 16. Kinetics of lindane degradation with varying initial concentrations of lin-
dane by N–TiO2.

diates were detected. Other intermediate compounds might have
formed and degraded instantaneously. Concentration of free chlo-
ride ion, which was formed during the degradation of lindane,
was analyzed using ion chromatography (IC). The concentration
of free chloride ion was monitored only for two concentration
of lindane, i.e. 3.44 × 10−4 (0.10 mg/L) and 5.17 × 10−4 mmol/L
(0.15 mg/L). Final free chloride ion concentrations corresponding to
these lindane concentrations as per stoichiometry are 0.073 mg/L
and 0.1097 mg/L, respectively. The observed concentrations were
0.0523 mg/L and 0.086 mg/L, respectively which accounts for 86% of
the total chloride. The slight mismatch may be due to the analytical
errors while handling very low concentrations.
Fig. 17. Identification of intermediates by GC–MS analysis during photodegradation
of lindane.
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Fig. 18. Proposed pathway of lindane degradation.

Table 2
Degradation of lindane under different light sources.

S. No Catalysts Con. (mmol/L) Kinetics of Lindane

UV light Visible light

R2 k (min−1) % removal R2 k (min−1) % removal

099
117
007

a
w
l
R
t
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1
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i
d
r
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b
s
d
d
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s
a
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i
a
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1 Degussa P-25 5.17 × 10−4 0.979 0.
2 Anatase TiO2 5.17 × 10−4 0.988 0.
3 N-doped TiO2 5.17 × 10−4 0.963 0.

natase, Degussa P-25 and N-doped TiO2. All the other parameters
ere kept constant. A fixed concentration of 5.17 × 10−4 mmol/L

indane was used for this study. Reaction rates, k (min−1) and
2 were determined by plots of ln(C/Co) versus time for all the
hree catalysts and the results are given in Table 2. Degradation
f lindane using Degussa P-25 TiO2 and anatase TiO2 showed
00% degradation of lindane under UV light, whereas only 13.24%
nd 20.68% of degradation was observed in the presence of vis-
ble light. However in case of N-doped TiO2, 37.5% and 100% of
egradation of lindane was observed under UV and visible light,
espectively.

. Conclusions

N-doped TiO2 demonstrate photocatalytic activity under visi-
le light irradiation. This was successfully prepared by a modified
ol–gel procedure using triethylamine as nitrogen source. Among
ifferent nitrogen containing organic compounds triethylamine
oped TiO2 showed better photocatalytic activity compared to
ther nitrogen containing organic compounds. XRD, SEM and TEM
howed that the crystalline size of N-doped TiO2 was around 22 nm

nd XPS study confirmed that the N replaces the O in the lattice of
iO2 in the form of O–Ti–N. The degradation of lindane under vis-
ble light using N-doped TiO2 was found to be satisfactory. GC–MS
nalysis reveals that the lindane was completely degraded and no
ntermediate was observed at the end of the analysis.

[

[

100 0.693 0.001 13.24
100 0.777 0.016 20.68

60 0.909 0.023 100
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