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Nitrogen was doped into the TiO2 matrix in the concentration range of 0.05–0.20 at.% and the photo-
catalytic activities were tested for the degradation of phenol (Ph) under UV/solar light using hydrogen
peroxide (HP) and ammonium persulfate (APS) as electron acceptors. The prepared photocatalysts char-
acterized by various analytical techniques confirm the incorporation of nitrogen in the TiO2 lattice. The
0.15 at.% dopant concentration shows higher photocatalytic activity compared with sol–gel TiO2 (SG)
and Degauss P25 TiO2 (P25) for the degradation process. Photoluminescence technique was used for
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studying the extent of hydroxyl radicals produced on TiO2 and TiO2−xNx (NT) surface in the presence of
oxidants under UV/solar light irradiation. The kinetic rate equation obtained for the best system TiO2−xNx

(x = 0.15 at.%)/APS/under solar irradiation is found to be: rap,solar = 0.0041[NT]0.54[APS]0.71[Ph]−0.70. A
kinetic/mathematical model was developed based on the nonlinear regression analysis for the various
processes and the validity of the model was tested by comparing the experimental values with the theo-
retically calculated data as a function of variable parameters like catalyst dosage, concentration of electron
acceptors and initial concentration of Ph.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

TiO2 mediated photocatalysis is promising technique and
xtensively used for the degradation of organic pollutants [1–6].
owever the large band gap of TiO2 (∼3.26 eV) requires UV light

o activate, also high degree of recombination between photogen-
rated charge carriers limits its overall photocatalytic efficiency.
o minimize these problems, preparation of visible light active
hotocatalysts is an important viable approach in the field of pho-
ocatalysis. Doping with various transition metal ions is one of
he effective approaches for synthesizing visible light active pho-
ocatalyst [7–12]. However better visible light response could be
chieved by using non metal ion as a dopant [13–15]. In this
egard various methods have been reported in literature for the
ncorporation of nitrogen in to the TiO2 lattice [16–18]. The mech-
nism of response observed in the visible region is still under

ebate. Asahi et al. [17] reported that, the narrowing of the band
ap by mixing of 2p states of nitrogen and oxygen mainly con-
ributes for the response in the visible light. Irie et al. [13] reported
hat nitrogen doping formed a unique band above the valence

∗ Corresponding author. Tel.: +91 080 22961336.
E-mail address: gomatidevi naik@yahoo.co.in (L.G. Devi).

381-1169/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2010.10.025
band and the UV light would cause excitation from both bands
while visible light could only excite the higher lying band. They
reported that this effect would not be seen if the N 2p band over
lapped with the valence band of the TiO2 forming a single higher
lying band. Irie et al. suggest the existence of localized states in
the band gap for both substitution and interstitial nitrogen. The
present research is focusing on the doping of nitrogen into the
TiO2 lattice. Its photocatalytic activity was investigated for the
degradation of phenol (Ph) under UV/solar light using two sym-
metrical peroxides like hydrogen peroxide (HP) and ammonium
per sulfate (APS) as electron acceptors. The results obtained were
compared with the other catalysts like TiO2 prepared by sol–gel
method (SG) and commercially available Degauss P25 TiO2 (P25).
APS is proved to be a better electron acceptor compared to HP.
The degradation process in the presence of catalyst and electron
acceptors APS/HP under UV/solar illumination were analyzed and a
kinetic/mathematical model was developed based on the nonlinear
regression analysis and suitable rate expressions were proposed.
Although these types of models were proposed for TiO2 medi-

ated photocatalytic process by few research groups [19–23] and
Fenton’s process by our research group [24], a detailed study is
not attempted especially for the photocatalytic activity of nitro-
gen doped TiO2 (TiO2−xNx) under UV/solar light irradiation in the
presence of electron acceptor HP/APS. The validity of the model was

https://core.ac.uk/display/72802027?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
dx.doi.org/10.1016/j.molcata.2010.10.025
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:gomatidevi_naik@yahoo.co.in
dx.doi.org/10.1016/j.molcata.2010.10.025
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Table 1
Powder X-ray diffraction, BET surface area and UV–visible diffusion reflectance spectral data of undoped TiO2 (SG) and N doped TiO2 catalysts at different concentrations of
nitrogen.

Photo catalysts D (nm) (Å) (Å)3 �max (nm) Eg (eV) SBET

Sarea (m2/g) Ssp (cm3/g)

SG 15.7932 a = b = 3.7828
c = 9.5023

135.97 380 3.27 18 0.36

NT1 40.3732 a = b = 3.7276
c = 9.3953

130.55 396 3.14 25 0.38

NT2 20.1266 a = b = 3.7184
c = 9.3626

129.45 416 2.99 32 0.59

NT3 15.7481 a = b = 3.7381
c = 9.3581

130.76 435 2.86 41 0.74

NT4 15.7456 a = b = 3.7368 130.55 424 2.93 36 0.68
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enthalpy of the reaction, more easily the reaction proceeds. The free
energy of the system is lowered by converting mechanical energy
of grinding into distortion energy and the defects in the powder
lead to nitriding reaction to generate TiO2−xNx [26].
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: crystallite size in nm, Å: lattice parameters, (Å)3: unit cell volume, �max: absorpti
dsorption, Sarea: surface area obtained by N2 adsorption in m2/g, Ssp: surface poros

ested by comparing the experimentally observed and theoretically
alculated data.

. Experimental method

.1. Materials

Titanium (IV) chloride (TiCl4 ≥ 99.9%) was obtained from Merck
hemicals Limited, urea ((NH2)2CO) from Sisco-chemical Indus-
ries, Bombay. Phenol (C6H6O), APS and HP (50%, w/v) were
upplied from SD Fine Chemicals, Bombay. Double distilled water
s used for all the experiments.

.2. Catalyst preparation

Anatase TiO2 was prepared by sol–gel method through the
ydrolysis of TiCl4 as reported earlier [25]. A stoichiometric amount
f urea solution was added to the calculated amount of TiO2 powder
o get the dopant concentration in the range of 0.05, 0.1, 0.15 and
.2 at.%, which are abbreviated as NT1, NT2, NT3 and NT4 respec-
ively. The mixture is ground in a mortar and oven dried at 120 ◦C for
h. The process of grinding was repeated for 4 times and the pow-
er is finally calcined at 550 ◦C for 5 h. Doped TiO2 powder shows
ale yellow color. The nitrification of TiO2 starts by the thermal
issociation of urea as represented by the following equation:

iO2 + x

2
H2N–CO–NH2

Grinding,�−→ TiO2−xNx + xH2O ↑ + x

2
CO ↑ (1)

In the processes of grinding, the crystal lattice of the TiO2 under-
oes deformation producing stress and strains, which creates a
attice distortion along with the creation of several defects inside
he TiO2 lattice. These defects produce high lattice distortion energy

nd they also increase the surface energy, thereby decreasing the
ctivation energy for the diffusion of elements. This allows atomic
r ionic diffusion at room temperature. When the activity of pow-
er system is high enough, during the grinding process collision of
rains in the powder may induce the chemical reaction. Higher the

able 2
itrogen percentage obtained according to XPS analysis of undoped TiO2 and nitro-
en doped TiO2.

Photocatalysts XPS composition (at.%)
Nitrogen (N)

SG 0.00
NT1 4.91
NT2 9.95
NT3 14.97
NT4 19.96
xima in nm, Eg: band gap energies in eV, SBET: BET characterization obtained by N2

cm3/g.
2624

2θ scale (degrees)

SG 2624

NT1
2624

NT2

In
te

ns

Fig. 1. (a) PXRD pattern of undoped TiO2 (SG) and TiO2−xNx photocatalysts for dif-
ferent concentrations of nitrogen and (b) PXRD pattern of anatase 1 0 1 plane of
undoped and doped samples.
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intensity was found to be 0.753 kW m−2 (using solar radiometer).
The intensity of solar light was concentrated by convex lens and the
reaction mixture was exposed to this concentrated solar light. The
extent of generation of hydroxyl radicals (•OH) on the surface of
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 x=0.15%
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Fig. 2. XPS of N 1s and the inset figure shows the high-resolution C 1s XPS sp

.3. Characterization of the catalyst

The PXRD patterns of samples were studied using Philips
W/1050/70/76. X-ray diffractometer was operated at 30 kV and
0 mA. Cu K� is used as a source with nickel filter at a scan rate
f 2◦/min. To get the X-ray diffraction line broadening, the reflec-
ion peaks were recorded with slow scanning speed (1/2◦/min)
ith chart speed of 1 mm/min and low counts per second (CPS)
ere employed. X-ray photoelectron spectra of these materials
ere recorded with ESCA-3 Mark II spectrometer (VG Scientific

td., U.K.) using Al K� radiation (1486.6 eV). FTIR spectra (NICOLLET
MPACT 400 D FTIR spectrometer) of the TiO2 and TiO2−xNx samples
n the range 400–4500 cm−1 were measured using potassium bro-

ide as the reference. The Diffuse Reflectance Spectra (DRS) of the
hotocatalyst samples were obtained using UV–visible spectropho-
ometer (Schimadzu-UV 3101 PC UV-VIS-NIR), with BaSO4 as the
eference. Surface morphology was analyzed by SEM analysis using
SM840 microscope operating at 25 kV on specimen upon which a
hin layer of gold had been evaporated. An electron microprobe
n the EDX mode was employed to obtain quantitative informa-
ion on the amount of the non metal ion incorporated into the
iO2 lattice. The specific surface area of the powders were mea-
ured by dynamic Brunner–Emmet–Teller (BET) method in which
2 gas was adsorbed at 77 K using Digisorb 2006 surface area, pore
olume analyzer Nova Quanta Chrome Corporation instrument
ultipoint BET adsorption system. Photoluminescence (PL) spec-

ra of the generated 2-hydroxyterephthalic acid were measured on
Hitachi F-7000 fluorescence spectrophotometer. GC–MS analysis

using GC-MS-QP-5000 Shimadzu) and Thermo Electron Trace GC
ltra coupled to a DSQ mass spectrometer equipped with an Alltech

CONO-CAP-EC-5 capillary column (30 m × 0.25 mm i.d. × 0.25 mm
lm thickness) was used. Pure helium was used as the carrier gas at
flow rate of 1.2 ml/min. The injector/transfer line/trap tempera-

ure was at 220/250/200 ◦C respectively. Electron impact ionization
as carried out at 70 eV.
or (A) TiO2, (B) 0.05, (C) 0.1, (D) 0.15 and (E) 0.2 at.% nitrogen doped samples.

2.4. Experimental

Artificial light source of 125 W medium pressure mercury vapor
lamp with the photon flux of 7.75 mW/cm2 whose wavelength of
emission is around ∼370 nm is used as UV source. All the exper-
iments were carried out in a circular borosilicate glass reactor
with expose area of 176 cm2. Photocatalysis under solar light was
performed between 11 am and 2 pm during the summer season
in the months of April–June at Bangalore, India. The latitude and
longitude are 12.58N and 77.38E respectively. The average solar
550500450400350300

0.0

Wavelentgh in nm

Fig. 3. UV–visible absorption spectra of TiO2 and TiO2−xNx samples.
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iO2/TiO2−xNx under UV/visible irradiation in the presence of elec-
ron acceptor is detected by a PL technique with terephthalic acid as
probe molecule as reported previously in the literature [27–30]. In
typical experiment 20 mg/L of Ph solution along with 400 mg/L of
hotocatalyst were used. The reaction mixture is stirred vigorously
sing magnetic stirrer for the entire time span of the experiment.
he samples collected at different time intervals were centrifuged
nd filtered through 0.45 �m Millipore filter to remove the cata-
yst particles. The residual concentration of the Ph was determined
y UV–vis spectroscopy in the range of 190–400 nm. The complete
egradation was confirmed by UV–vis and GC–MS techniques.

. Results and discussion

.1. PXRD studies

The PXRD patterns of photocatalysts were indexed to anatase
hase as shown in Fig. 1(a). However no N-derived peak was
etected for NT photocatalyst. The average crystallite size (D) was
alculated in accordance with Scherrer’s formula using full width
t half maximum (FWHM) data. D = k�/ˇ cos �, where k is the con-
tant (shape factor, ∼0.9), � is the X-ray wavelength (0.15418 nm),

is the full width at half maximum of the diffraction line and �
s the diffraction angle. The values of ˇ and � are taken for crystal
lane 1 0 1. The peaks corresponding to 1 0 1 plane of the doped
iO2 shifts slightly to higher values of 2� on doping (Fig. 1(b)).
he shift in the 2� values of 1 0 1 plane in the doped samples with
espect to SG was found to be 0.1204◦, 0.1876◦, 0.3557◦ and 0.3389◦

or NT1, NT2, NT3 and NT4 respectively. This shift is due to the
eplacement of high density oxygen atom (1.14 g/ml) by low den-
ity nitrogen atom (0.81 g/ml) in the TiO2 lattice [31,32]. According
o Ogale et al. [33] the marginal shift in the peak position to higher
ngle (lower d value) may have resulted due to the nitrogen incor-
oration into the TiO2 matrix. Lower d value implies compressive
train, which may emanate from the differences in the bonding
haracteristics between nitrogen and oxygen. They suggested a sig-
ificant modification in the electronic states, which takes place due
o the replacement of oxygen by nitrogen on doping, leading to
he substantial shift in the optical absorption towards the visible
egion. The results obtained show that the N3− doping into the
iO2 lattice effectively decrease the average crystal size as the con-
entration of nitrogen increases. The PXRD peaks corresponding
o the crystal plane 1 0 1, 2 0 0 and 0 0 4 of anatase were selected
o calculate the lattice parameters of TiO2 and TiO2−xNx by using
he Bragg’s equation d(h k l) = �/2d sin �, where dh k l is the distance
etween the crystal planes of h k l, � is the wavelength of the X-ray
sed, h k l is the crystal plane index. Nitrogen doped TiO2 samples
hows slight change in ‘a’ and ‘c’-axis. The shift in the peak posi-
ion and the change in the lattice parameters indicate the nitrogen
ncorporation. These changes can be attributed to the internal strain
eveloped due to the incorporation of nitrogen [31]. The calculated

attice parameters and the unit cell volume of all the samples are
hown in Table 1.

.2. XPS analysis

Fig. 2 shows the XPS spectra of N-doped TiO2 and undoped
iO2. A broad peak at 396–400 eV is observed for doped samples
nd no such signal was observed for undoped samples (Fig. 2). The
eaks are excepted at 397–400 eV, which could be assigned to the

ypical N-doped TiO2 as reported by several researchers [15,34].
his peak in the range of 396–397 eV can be attributed to nitrogen,
eplacing the oxygen in the crystal lattice of TiO2 since the binding
nergy of Ti–N is 397 eV [17]. The observed peak at 399 eV in the
resent case for doped samples can be attributed to anionic N– in
r Catalysis A: Chemical 334 (2011) 65–76

O–Ti–N linkages [17,34]. Nitrogen shows lower electronegativity
value compared to oxygen. This leads to the reduction of electron
density on the nitrogen. At the same time, there is an increase of the
electron density on Ti due to the lower electronegativity of nitro-
gen compared with oxygen. This further testifies that nitrogen is
incorporated into the lattice and substitutes for oxygen [17,35]. The
inset in Fig. 2 shows the high resolution C 1s XPS spectra, indicating
the absence of either elemental carbon (interstitial, C–O bond) or
substituted carbon (substitutional, Ti–C bond) with binding energy
around 285 and 281 eV for both doped and undoped samples. This
confirms the absence of carbon in the doped samples. At higher cal-
cination temperature carbon gets eliminated. The obtained results
are also in accordance with the literature [36–38]. The composi-
tion in at.% for the various catalysts calculated from XPS analysis is
summarized in Table 2.

3.3. UV–visible Diffused Reflectance Spectral (DRS) studies

DRS of SG and TiO2−xNx samples are as shown in Fig. 3. The opti-
cal band edge of the TiO2−xNx shows a remarkable red shift towards
the visible region with respect to SG, due to the substitution of
nitrogen at oxygen lattice site and mixing of 2p states of N and O
resulting in the band gap narrowing [13,39]. The band gap energy
(Eg) of these samples was estimated from the plot of square root
of Kubelka–Munk function versus photon energy. SG shows opti-
cal absorption threshold at 380 nm corresponding to band gap of
3.26 eV. The absorption maximum and the corresponding band gap
energies of all the samples are summarized in Table 1. The extent of
red shift reaches a maximum at a dopant concentration of 0.2 at.%
and the absorption peak is around 435 nm corresponding to the
band gap of 2.86 eV. This narrowing in the band gap facilitate excita-
tion of an electron from the valence band to the mid band gap state
created by the dopant or from the dopant level to the conduction
band in the doped metal oxide semiconductor, thereby increasing
the photocatalytic activity of the material. It might be concluded
that the observed new absorption edge can be related to the con-
centration of nitrogen in the doped samples. At the same time, the
replacement of O2− with N3− would result in the formation of anion
defects of the type oxygen vacancy (Vo) for the charge compensa-
tion. The anion defects may lead to visible light absorption ability
of the sample. The optimum concentration of nitrogen in the TiO2
lattice is found to be 0.15 at.% which shows higher rate of degrada-
tion. This is because the oxygen vacancies, which are created by the
nitrogen incorporation facilitates the process of trapping the charge
carriers. But these defects act adversely when they increase in the
number by acting as recombination centers for the photogenerated
charge carriers, with increase in the dopant concentration.

3.4. FTIR studies

FTIR spectra in the range of 400–4500 cm−1of the SG and
TiO2−xNx were analyzed and are shown in Fig. 4(a). All the samples
show relatively strong band at ∼1630 cm−1 which can be attributed
to the OH bending vibration [32] due to the surface hydroxyl groups.
Peaks at 3400, 2930 and 2850 cm−1 were attributed to the Ti–OH
bond [40]. The adsorbed water and hydroxyl ion content are cru-
cial to the photocatalytic activity. The photogenerated holes on the
catalyst surface reacts with hydroxyl ions producing hydroxyl rad-
icals, which are powerful oxidants. The TiO2−xNx samples show
additional peaks at 1400, 1200, 1036 and 1160 cm−1 (as shown in
Fig. 4(b)) which could be attributed to the bonds involving nitro-

gen atom embedded in to the TiO2 matrix [41]. The peak observed
at 600 cm−1 was ascribed to absorption bands of Ti–O and O–Ti–O.
The peak at 1400–1450 cm−1 for nitrogen doped samples can be
assigned to the bending vibration mode of the N–H band which
might be formed by the dopant nitrogen reacting with the adsorbed
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Rate equations                                     Equation numbers 

0.32[SG]0039.0r Phsolar,Hp,ap, =                    (14)

0.36[P25]0039.0r Phsolar,HP,ap, =                   (15)

0.42[NT]0039.0r Phsolar,Hp,ap, =                     (16)

0.46[SG]0039.0r Ph UV,APS,ap, =                     (17)

0.51[P25]0039.0r PhUV,APS,ap, =                    (18)

0.46[NT]0039.0r Ph UV,APS,ap, =                    (19)

0.45[SG]0039.0r PhUV,HP,ap, =                     (20)

0.40[P25]0039.0r PhUV,HP,ap, =                     (21)

0.40[NT]0039.0r Ph UV,HP,ap, =                      (22)

Scheme 1. The rate expressions obtained for the effect of catalyst SG, P25 and NT3
photocatalysts loading along with HP as an electron acceptor under solar irradiation
are Eqs. (14)–(16) and UV irradiation are Eqs. (20)–(22). Similarly the rate expres-
ig. 4. (a) FTIR spectra of TiO2 and TiO2−xNx samples in the region 400–4500 cm
here (A) TiO2, (B) NT1, (C) NT2, (D) NT3, and (E) NT4. (b) FTIR spectra of TiO2 and

iO2−xNx samples in the region 400–1500 cm−1 where (A) TiO2, (B) NT1, (C) NT2, (D)
T3, and (E) NT4.

ater [42]. The intensity of the N–H absorption peak increases
ith increasing the concentration of nitrogen. The peaks at 3696

nd 1450 cm−1 may correspond to –NH2 stretching and bending

ibrations which was observed in all the doped photocatalysts. The
ypical characteristic band of urea is expected at 3210 cm−1 and this
and is absent in all the samples [43], suggesting the absence of urea
ontent which is efficiently removed in the calcinations process.
he stretching vibration peaks at 3458 (Fig. 4(A)) and 516 cm−1
sions obtained for the effect of catalyst SG, P25 and NT3 photocatalysts loading along
with APS as an electron acceptor under solar irradiation are Eqs. (17)–(19) for the
degradation of Ph.

(Fig. 4(B)) shift to lower wave numbers indicating the possible cre-
ation of oxygen vacancies due to the nitrogen doping at the grain
boundaries [44]. The shifts observed in these two peaks could be
attributed to the formation of N–Ti–O bond and as well as oxygen
vacancies.

3.5. SEM and BET studies

SEM images in Fig. 5 show significant difference in surface mor-
phology between the pure titania and doped titania samples. The
obtained morphology demonstrates the multispheres structure.
This morphology may also contribute to the high surface area in
the doped samples. Surface area and porosity of the samples were
determined from N2 adsorption and desorption isotherm measured
at liquid N2 temperature are summarized in Table 1. The NT4 cata-
lyst poses higher surface area (41 m2/g) compared to other doped
samples and undoped SG samples (18 m2/g). The BET surface area of
the doped samples increases with increase in dopant concentration.
These results can be accounted in the following way: (i) higher sur-
face area of doped samples compared to undoped TiO2 is due to the
controlled nucleation and controlled growth of crystallites, leading
to the formation of well ordered structure. Nitrogen atom dopant
prevents the aggregation of smaller crystallites, forming larger
pores and increases the surface area [36,45]. (ii) The lattice strain
because of the dopant incorporation in TiO2 network decrease the
grain growth rate. During nitrogen incorporation many particles

get ruptured along the grain boundary. Parida and Naik [45] have
also reported similar results for their nitrogen doped samples, they
have reported decrease in the crystallite size with increase in the
urea concentration. Similar results were also reported by Li et al.
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ig. 5. SEM images of a reference undoped titania (a) and of the nitrogen doped tit
he corresponding EDX spectra.

46] where nitrogen doped TiO2 had smaller crystallite size and
arger specific surface area with surface oxygen defects produced
y nitrogen doping. EDX analysis confirmed the presence of dopant

n the TiO2 matrix and the spectra of all the samples are shown in
he inset of Fig. 5.

.6. Photocatalysis
It is generally accepted that, when semiconductor particles are
rradiated by light with energy higher or equal to the band gap,
n electron (e−) in the valence band (VB) can be excited to the
onduction band (CB) with the simultaneous generation of a hole
mples NT1 (b), NT2 (c), NT3 (d) and NT4 (e) respectively, inset of the figure shows

(h+) in the VB according to Eq. (2):

TiO2/TiO2−xNx + h� → TiO2/TiO2−xNx(h+ + e−) (2)

The photoinduced holes can be easily trapped by electronic
donors, such as OH− or organic radicals to further oxidize organic
pollutants. Limitation in using TiO2/TiO2−xNx photocatalyst is
the undesired electron/hole recombination process which, in
the absence of proper electron acceptor or donor is extremely

efficient and represents the major energy wasting step thus lim-
iting the achievable degradation rate. One strategy to inhibit the
electron–hole pair recombination is to add additional electron
acceptors to the reaction. They could influence the reaction in
the following ways: (1) they trap the photogenerated electrons



L.G. Devi, K.E. Rajashekhar / Journal of Molecular Catalysis A: Chemical 334 (2011) 65–76 71

403020100
0.0

0.2

0.4

0.6

0.8

1.0
A

C
/C

0

Time in min

 NT1

 NT2

 NT3

 NT4

403020100
0.0

0.2

0.4

0.6

0.8

1.0
B

C
/C

0

Time in min

 NT1

 NT2

 NT3

 NT4

50403020100
0.0

0.2

0.4

0.6

0.8

1.0
C

C
/C

0

 NT1

 NT2

 NT3

 NT4

50403020100
0.0

0.2

0.4

0.6

0.8

1.0
D

C
/C

0

Time in min

 NT1

 NT2

 NT3

 NT4

F cesses. (a) NT/APS/Solar; (b) NT/HP/Solar; (c) NT/APS/UV; (d) NT/HP/UV ([NT] = 400 mg/L,
[

a
h
i
o
w
o
e
t

F
b
T
a

0.04

0.05 (i)

in
 m

in
-1
Time in min

ig. 6. Plots of C/C0 versus time for the optimization NT3 photocatalyst at various pro
Ph] = 20 mg/L, [APS] = 100 mg/L and [HP] = 60 mg/L).

nd consequently, avoid recombination. (2) They generate more
ydroxyl radicals which posses high oxidizing capacity. (3) They

ncrease the degradation rate of intermediate compounds. The use
f HP as an electron acceptor in the photocatalytic process is quite

ell known. The effect of APS as an electron acceptor in presence

f TiO2/TiO2−xNx on the photocatalytic process is attempted. This
lectron acceptor is known to generate hydroxyl radicals in addi-
ion to sulfate radicals which are crucial for the degradation of

20

17.5

15

12.5

10

7.5

5

2.5

460450440430420410400

In
te

ns
ity

 in
 a

. u
.

Wavelength in nm

 A
 B
 C
 D

 E
 F

ig. 7. PL spectral changes with visible-light irradiation on sample in a 1 × 10−4 M
asic solution of terephthalic acid and PL spectra of samples for the system TiO2 (A),
iO2−xNx (B), TiO2 + HP (C), TiO2 + APS (D), TiO2−xNx + HP (E) and TiO2−xNx + APS (F)
t a fixed time 15 min.

600500400300200100
0.01

0.02

0.03

R2 = 0.9580

k=0.0039[SG-TiO
2
]
APS

0.38

R
at

e 
co

ns
ta

nt
 (

k)
 

600500400300200100
0.005

0.010

0.015

0.020

0.025

0.030

0.035
(ii)

R2 = 0.9453

K=0.0039[SG-TiO
2
]

HP
0.32

R
at

e 
co

ns
ta

nt
 (

k)
 in

 m
in

-1

SG-TiO2 dosage in mg/L

SG-TiO2 dosage in mg/L

Fig. 8. (i) Plot of rate constant versus SG-TiO2 dosage using APS as the oxidant.
Under experimental conditions [Ph] = 20 mg/L and APS = 100 mg/L under. (ii) Plot of
rate constant versus SG-TiO2 dosage using HP as the oxidants under experimental
conditions [Ph] = 20 mg/L and HP = 60 mg/L.



72 L.G. Devi, K.E. Rajashekhar / Journal of Molecular Catalysis A: Chemical 334 (2011) 65–76

100    120   140     160  180   200   220 80604020

0.01

0.02

0.03

0.04

0.05

0.06 (i)

R2 = 0.9056

k=0.0039[APS]0.50

R
at

e 
co

ns
ta

nt
 (

k)
 in

 m
in

-1

Concentration of APS in mg/L

100806040200

0.00

0.01

0.02

0.03

0.04

0.05

R2 =0.9571

k=0.0039[HP]0.48

(ii)

R
at

e 
C

on
st

an
t (

k)
 in

 m
in

 -1

Concentration of HP in mg/L

F
T
o

p

S

S

S

S

S

m
o
T
a
[
a
p
c
[
t
f
c
T
g
c
e
o
c
t
b

454035302520151050
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16
(i)

R2 = 0.9245

k=0.0039[Ph]
APS

-0.77

R
at

e 
co

ns
ta

nt
 (

k)
 in

 m
in

 -1

Concentration of Ph in mg/L

454035302520151050

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16 (ii)

R
2

= 0.9533

k=0.0039[Ph]
HP

-0.65

R
at

e 
co

ns
ta

nt
 (

k)
 in

 m
in

-1

Concentration of Ph in mg/L
ig. 9. (i) Plot of rate constant versus concentration of APS under the conditions [SG-
iO2] = 400 mg/L and [Ph] = 20 mg/L. (ii) Plot of rate constant versus concentration
f HP under the condition [SG-TiO2] = 400 mg/L and [Ph] = 20 mg/L.

ollutant (Eqs. (3)–(7)) [47]:

2O8
2− + e− → SO4

2− + SO4
•− (3)

O4
2− + e− → SO4

2•− (4)

O4
•− + OH− → SO4

2− + OH• (5)

O4
•− + H2O → SO4

2− + OH• + H+ (6)

O4
•− + RH → . . . → SO4

2− + CO2 (7)

APS is added to the reaction mixture in order to enhance the for-
ation of hydroxyl radicals, which are thought to be the primary

xidizing species causing faster oxidation of organic molecules.
he rates and the efficiency of photoassisted degradation of Ph
re significantly improved by the addition of oxidizing agents
47–50]. Among the doped catalysts, NT3 shows better photocat-
lytic activity (Fig. 6(a)–(d)). The complete degradation of Ph takes
lace for the process NT3/APS/Solar in 20 min under the optimized
onditions: [NT3] = 400 mg/L, [Ph] = 20 mg/L, [APS] = 100 mg/L and
HP] = 60 mg/L. This process is depicted in Fig. 6(a). The bet-
er photocatalytic performance of NT3 can be accounted in the
ollowing way: TiO2 when doped with nitrogen, two N3− ions
an replace three O2− ions to maintain the charge neutrality.
his process can create an oxygen vacancy. When these oxy-
en vacancies are in appropriate number (at optimum dopant
oncentration), it facilitates the process of trapping the photogen-

rated charge carriers. But at higher dopant concentrations, these
xygen vacancies will probably act as recombination centers by
apturing both the charge carriers. According to Irie et al. [13]
hese oxygen vacancies below the lower end of the conduction
and acts as recombination centers thereby effectively decrease
Fig. 10. (i) Plot of rate constant versus concentration of Ph using APS as the oxi-
dant under experimental conditions [SG-TiO2] = 400 mg/L and [APS] = 100 mg/L. (ii)
Plot of rate constant versus concentration of Ph using HP as the oxidants ([SG-
TiO2] = 400 mg/L and [HP] = 60 mg/L).

the degradation rate which is in agreement with the observed
results.

3.7. Analysis of hydroxyl radicals (•OH) by photoluminescence
(PL) technique

The generation of hydroxyl radicals is enhanced in the pres-
ence of oxidizing agents (APS/HP). This higher concentration of
hydroxyl radical, enhances the degradation rate which could be
observed in Fig. 6. Further the enhancement of hydroxyl radicals
in the presence of oxidants is studied by the photolumines-
cence experiment [27–30]. The results have been incorporated
in Fig. 7. It can be seen that a gradual increase in PL intensity
at excitation wavelength at 425 nm shows the following order
TiO2 < TiO2−xNx < TiO2 + HP < TiO2 + APS < TiO2−xNx + HP < TiO2−xNx

+ APS.

3.8. Kinetic approach

3.8.1. Effect of catalyst loading
In order to the study the effect concentration of the catalyst on

the photodegradation rate of the selected pollutant, experiments
were conducted employing different concentrations of photocata-
lyst varying from 100 to 600 mg/L as shown in Fig. 8(i) and (ii) using

APS and HP as the electron acceptor. Increase in the concentration of
the catalyst causes increase in the initial reaction rate up to a value
where it reaches a plateau. This concentration corresponds to the
optimum amount of photocatalyst for better light absorption above
which, light scattering may take place [51,52]. Further, high con-
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Rate equations                                    Equation numbers 

0.50[APS]0.0039r Phsolar,SG,ap, =                            (23)

0.55[APS]0.0039r Phsolar,P25,ap, =                          (24)

.710]0.0039[APSr
Phsolar,NT,ap,

=                           (25)

0.60[APS]0.0039r Ph UV,SG,ap, =                             (26)

0.66[APS]0.0039r Ph UV,P25,ap, =                          (27)

0.60[APS]0.0039r Ph UV,NT,ap, =                           (28)

0.48[HP]0.0039r Phsolar,SG,ap, =                             (29)

0.52[HP]0.0039r Phsolar,P25,ap, =                          (30)

.610[HP]0.0039r Phsolar,NT,ap, =                          (31)

0.65[HP]0.0039r Ph UV,SG,ap, =                            (32)

0.59[HP]0.0039r Ph UV,P25,ap, =                        (33)

0.57[HP]0.0039r Ph UV,NT,ap, =                        (34)

Scheme 2. The rate expressions obtained for the effect of concentration of APS as
a electron acceptor along with photocatalyst SG, P25 and NT an under solar irradi-
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Rate equations                                      Equation numbers 

0.77-[Ph]0039.0r APSsolar,SG,ap, =                               (35) 

0.74-[Ph]0039.0r APSsolar,P25,ap, =                               (36) 

0.70-[Ph]0039.0r APSsolar,NT,ap, =                               (37) 

0.65-[Ph]0039.0r APS UV,SG,ap, =                               (38) 

0.72-[Ph]0039.0r APS UV,P25,ap, =                               (39) 

0.84-[Ph]0039.0r APS UV,NT,ap, =                               (40) 

0.92-[Ph]0039.0r HPsolar,SG,ap, =                               (41) 

0.97-[Ph]0039.0r HPsolar,P25,ap, =                              (42) 

0.93-[Ph]0039.0r HPsolar,NT,ap, =                              (43) 

0.89-[Ph]0039.0r HP UV,SG,ap, =                              (44) 

0.81-[Ph]0039.0r HP UV,P25,ap, =                              (45) 

0.78-[Ph]0039.0r HP UV,NT,ap, =                              (46) 

Scheme 3. The rate expressions obtained for the effect of initial concentration of
substrate Ph for APS as electron acceptor along with photocatalyst SG, P25 and NT
tion are Eqs. (23)–(25) and UV irradiation are Eqs. (26)–(28). The rate expressions
btained for the effect of concentration of HP as a electron acceptor along with pho-
ocatalyst SG, P25 and NT an under solar irradiation are Eqs. (29)–(31) and under
V irradiation Eqs. (32)–(34) for the degradation of Ph.

entration of the catalyst leads to agglomeration (particle–particle
nteractions) which can result in the loss of surface area available
or light absorption. Fig. 8 shows the optimum concentration of
itania to be 400 mg/L. The degradation rate shows exponential
ehavior with respect to catalyst dosage when all the other reaction
arameters are maintained constant. The degradation rate follows a
on-linear empirical power-law relationship with catalyst dosage.
he apparent reaction rate constants for the photocatalytic degra-
ation of Ph in the presence of different dosages (100–600 mg/L) at
n optimum concentration of oxidant were evaluated from experi-
ental data. In all the cases R2 (correlation coefficient) values were

igher than 0.9, which confirms the suitability of the proposed
inetic model for degradation of Ph:

ap,APS,solar,Ph ∝ [SG]n (8)

here ‘n’ is an integer and ‘rap, APS, solar, Ph’ represents the apparent
ate constant where the subscript APS, solar, Ph implies the degra-

ation of Ph using APS as an electron acceptor under solar light

llumination. Fitting the experimental data we get the n value as
.38:

rap,APS,solar,Ph ∝ [SG]0.38 or rap,APS,solar,Ph = x[SG]0.38where x is a
roportionality constant, which is arbitrarily chosen as 0.0039 to
under solar irradiation are Eqs. (35)–(37) and UV irradiation are Eqs. (38)–(40) light
irradiation. Similarly the rate expressions obtained for the effect of initial concentra-
tion of substrate Ph for HP as electron acceptor along with photocatalyst SG, P25 and
NT under solar irradiation are Eqs. (41)–(43) and UV irradiation are Eqs. (44)–(46).

fit the experimental data.

rap,APS,solar,Ph = 0.0039[SG]0.38 (9)

For the other P25 and NT photocatalysts the empirical rate equa-
tions obtained for the degradation of Ph using APS as an electron
acceptor under solar light illumination are found to be:

rap,APS,solar,Ph = 0.0039[P25]0.38 (10)

rap,APS,solar,Ph = 0.0039[NT]0.54 (11)

The rate expressions for the process in which APS is used as
an electron acceptor under UV light irradiation are summarized
in Scheme 1. Similarly the rate expressions for the SG, P25 and
NT3 photocatalysts along with HP as an electron acceptor under
solar/UV light irradiation and the corresponding rate constant val-
ues for the process are depicted in Scheme 1 and Table 3.

3.8.2. Effect of initial concentration of electron acceptors
In this study the effect of initial concentration of electron accep-
tors such as APS and HP are investigated. These electron scavengers
have been tested and shown to increase the reaction rate [53,54].
The ability of peroxydisulfate is attributed to the sulfate radicals
which are very strong oxidizing agent (Eqs. (3)–(7)) [50,55]. Per-
sulfate can generate free radicals like sulfate and hydroxyl radicals
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Table 3
Rate constant for the degradation of Ph under UV light and solar light for three
different photocatalysts using two electron acceptor HP and APS, where ‘k’ is
the rate constant calculated from the plot of −log C/C0 versus time ([photocata-
lysts] = 400 mg/L and [Ph] = 20 mg/L, [HP]/APS = 60/100 mg/L).

Process Under UV light, k (min−1) Under solar light, k (min−1)

APS HP APS HP

SG-TiO2 0.0626 0.0576 0.0401 0.0281
Degauss P-25 0.0839 0.0454 0.0601 0.0339
NT1 0.0321 0.0282 0.0791 0.0325
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NT2 0.0389 0.0294 0.0846 0.0412
NT3 0.0646 0.0404 0.1031 0.0490
NT4 0.0543 0.0371 0.0892 0.0379

hich provide free radical mechanism similar to hydroxyl radicals
n the case of HP. Sulfate radical is one of the strongest oxidizing
pecies in aqueous media with a redox potential of 2.6 V which
s next only to the hydroxyl free radical whose redox potential is
.8 V. The sulfate radical anions produced in the case of APS shows
arious possible reaction mechanisms in the process of mineral-
zation: (i) sulfate radical can abstract a hydrogen atom from the
aturated carbon; (ii) it can possibly add to the unsaturated com-
ounds; (iii) it can remove an electron from the anions and neutral
olecules [41,56]. These attributes make persulfate an important

iable option as an electron acceptor for a broad range of contam-

nants. The influence of electron acceptor on the degradation was
nvestigated by maintaining the other reaction parameters con-
tant (catalyst dosage = 400 mg/L, Ph concentration = 20 mg/L). The
oncentration of APS was varied from 20 to 200 mg/L. The degra-

Rate equations                                            Equation numbers 

0.77[Ph]0.50[APS]0.68[SG]0.0041r Solarap,
−=                           (47) 

0.74[Ph]0.55[APS]0.40[P25]0.0039r solarap,
−=                          (48) 

0.70[Ph]0.71[APS]0.54[NT]0.0041r solarap,
−=                            (49) 

0.65[Ph]0.42[HP]0.320.0040[SG]r solarap,
−=                              (50) 

0.72[Ph]0.52[HP]0.36[P25]0.0040r solarap,
−=                            (51) 

0.84[Ph]0.61[HP]0.42[NT]0.0041r solarap,
−=                              (52) 

0.92[Ph]0.60[APS]0.46[SG]0.0039r  UVap,
−=                             (53) 

0.97[Ph]0.66[APS]0.51[P25]0.0034r  UVap,
−=                             (54) 

0.93[Ph]0.60[APS]0.48[NT]0.0039r  UVap,
−=                             (55) 

0.89[Ph]0.65[HP]0.45[SG]0.0039r  UVap,
−=                                (56) 

0.81[Ph]0.59[HP]0.40[P25]0.0045r  UVap,
−=                               (57) 

0.78[Ph]0.57[HP]0.39[P25]0.0045r  UVap,
−=                              (58) 

cheme 4. The individual rate equations formulated for the photocatalysts along
ith APS as an electron acceptor under solar irradiation are Eqs. (47)–(49) and UV

rradiation Eqs. (50)–(52). Similarly rate equations formulated for the photocatalysts
long with APS as an electron acceptor under solar irradiation are Eqs. (53)–(55) and
V irradiation Eqs. (56)–(58) are formulated for the photocatalysts SG, P25 and NT.
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Scheme 5. Probable degradation mechanism for Ph under experimental condition
for the best system ([NT3] = 400 mg/L, [APS] = 100 mg/L and [Ph] = 20 mg/L).

dation rate increases with increase in APS concentration from 20
to 100 mg/L. Further addition of APS does not show any noticeable
change in the degradation rate as shown in Fig. 9(i) and it is opti-
mized to 100 mg/L. Similarly the concentration of HP was varied
from 10 to 100 mg/L. The degradation rate increases with increase
in HP concentration from 10 to 60 mg/L. Further addition of HP does
not show any noticeable change in the degradation rate as shown
in Fig. 9(ii) and it is optimized to 60 mg/L. The non-linear relation
between the rate of degradation of Ph with the change in the con-
centration of the electron acceptor APS/HP under solar/UV light
irradiation using empirical power-law type relationship is given
in Scheme 2. Beyond the optimum concentration of the electron
acceptor, the rate of degradation decreases for both the oxidants. As
the number of free radicals increases with increase in the concen-
tration of oxidant, the close proximity and their frequent collision
may lead to the recombination thereby decreasing the rate of degra-
dation.
3.8.3. Effect of initial concentration of substrate Ph
It is important both from mechanistic and from application point

of view to study the dependence of substrate concentration on
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ig. 11. Plots of calculated rate constant versus experimental rate constant. Where
V light irradiation, (c) using APS as the oxidant under solar light irradiation and (d

he photocatalytic degradation rate. Change in the initial Ph con-
entration affects the degradation process significantly. Therefore
xperiments were performed at different initial Ph concentra-
ions (10–200 mg/L) by maintaining the other reaction parameters
onstant in the presence of APS/HP as an electron acceptor are
hown in Fig. 10(i) and (ii). Beyond this optimum concentration
f Ph (20 mg/L) the degradation rate decreases. This may be due
o the fact that, as the Ph concentration is increased, the con-
entration of the free radicals does not increase proportionally
since the concentration of electron acceptor and the amount
f photocatalyst are held constant). High Ph concentration pre-
ents the UV/solar light penetration into the depth by screening
ffect, thereby decreasing the rate of generation of hydroxyl rad-
cals which are crucial for the degradation process. Additionally
s the concentration of model pollutant increases, more and more
olecules get adsorbed on the surface of the catalyst, prevent-

ng the process of photon absorption for the photogeneration of
harge carriers. Further relative amounts of OH• and O2

•− on the
urface of the catalyst do not increase as the intensity of the
ight and amount of catalyst are held constant, consequently the
egradation efficiency of the model pollutant decreases. The non-

inear relations involving the change in the concentration of the
h, for the photocatalysts SG, P25 and NT3 along with APS/HP as
n electron acceptor under solar/UV light irradiation are proposed
n Scheme 3.
.9. Development of overall rate equations

The photocatalytic degradation of Ph follows first order reac-
ion with respect to Ph concentration which can be formulated as
ing APS as the oxidant under UV light irradiation, (b) using HP as the oxidant under
g HP as the oxidant under solar light irradiation.

follows:

−d[Ph]
dt

= k [Ph] (12)

where k is rate constant for degradation of Ph.
But the rate critically depends on several factors like dosage of

catalyst, type and concentration of electron acceptor and also on
the initial concentration of the Ph which can be represented in the
following way:

r = k[catalyst]a[oxidants]b[Ph]c (13)

With non linear regression analysis the values of a, b and c are
obtained as discussed in the previous sections. The individual rate
equation is formulated for the photocatalyst SG, P25 and NT along
with APS/HP as an electron acceptor under solar/UV light irradia-
tion (Scheme 4). The plots of experimentally observed rate constant
values versus theoretically calculated values are shown in Fig. 11.
The results from the plot reveal that the proposed kinetic model is
in good agreement with the observed experimental values which
are summarized in Table 4. This model attempts to provide the
information about the effect of exact operational parameters.

3.10. GC–MS analysis for the degradation of Ph

The generated hydroxyl radicals attack the Ph molecule lead-
ing to the formation of dihydroxy benzene (2) which is confirmed

by the presence of m/z peaks at 110 (relative abundance [RA]:
42, retention time [Rt]: 10.4 min). Further degradation proceeds
through the cleavage of dihydroxy benzene (2). After 15 min of UV
irradiation m/z peaks at 130 (RA: 54; Rt: 16.6 min) and 30 (RA: 42;
Rt: 28.6 min) corresponding to the formation of Pent 2-enedioic
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Table 4
Comparison of theoretical and experimental rate constants for the degradation of
Ph under UV/solar light for different processes under the condition ([photocata-
lysts] = 400 mg/L and [Ph] = 20 mg/L, [HP]/APS = 60/100 mg/L).

Process Under UV light k (min−1) Under solar light k (min−1)

Theoretical Experimental Theoretical Experimental

Ph/SG/APS 0.0626 0.0618 0.0402 0.0397
Ph/P25/APS 0.0839 0.0824 0.0601 0.0592
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Ph/NT3/APS 0.0635 0.0627 0.1031 0.1021
Ph/SG/HP 0.0576 0.0570 0.0281 0.0276
Ph/P25/HP 0.0454 0.0475 0.0339 0.0334
Ph/NT3/HP 0.0467 0.0458 0.0491 0.0487

cid (3) and formaldehyde (4) are observed. Few low intense peaks
t 108 and 116 (RA: 49; Rt: 6.8 min) were accounted as benzo-
uinone (5) and maleic acid (6). The decarboxylation of maleic acid
6) and ring opening of hydroquinone (5) results in the formation
f oxalic acid (7) corresponding to the m/z peak at 90 (RA: 64; Rt:
8.2 min). During photodegradation process formation of the two
ain intermediates of dihydroxy benzene (2), benzoquinone (5) is
ell agreement with the previously reported results [57]. Decar-

oxylation of oxalic acid further leads to the formation of carbon
ioxide and water molecule. Based on the intermediates obtained,
robable degradation mechanism has been proposed (Scheme 5).

. Conclusion

The PXRD peaks corresponding to 1 0 1 plane of the doped TiO2
hift slightly to higher values of 2� on doping. The nitrogen doped
iO2 samples shows red shift in the visible region. The surface area
nd morphology of the doped samples show prominent changes.
mong doped catalysts, NT3 (with 0.15 at.% of nitrogen) shows bet-

er photocatalytic activity for the degradation of Ph under solar
ight. The activity of NT3 is compared with the SG and P25 in the
resence of two symmetrical peroxides HP and APS as electron
cceptors. A kinetic model was developed based on the non-linear
egression analysis for the degradation of Ph. The influence of
arious reaction parameters like catalyst dosage, concentration of
lectron acceptor and initial concentration of Ph are investigated in
etail. APS was proved to be a better electron acceptor compared
o HP. Photoluminescence technique revealed the higher extent of
ydroxyl radicals produced on TiO2 and TiO2−xNx (NT) surface in
he presence of oxidants under UV/solar light irradiation. The the-
retically calculated rate constant values were well in agreement
ith the experimentally obtained values justifying the significance

f mathematical model. This model crucially provides the informa-
ion about the exact operational parameters.
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