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a b s t r a c t

Nitrogen-doped TiO2 was developed to enable photocatalytic reactions using the visible range of the solar
spectrum. This work reports on the synthesis, characterisation and kinetic study of interstitial N-doped
TiO2 prepared by the sol–gel method using three different types of nitrogen dopants: diethanolamine, tri-
ethylamine and urea. X-ray diffraction, scanning electron microscopy, transmission electron microscopy,
X-ray photoelectron spectroscopy and UV–visible spectroscopy were used to analyse the titania. Dif-
ferent interstitial N-doped TiO2 properties, such as absorption ability in the UV–visible light region,
redshift in adsorption edge, good crystallisation and composition ratio of titania structures (anatase and
rutile) could be obtained from different nitrogen dopants. Amongst investigated nitrogen precursors,
diethanolamine provided the highest visible light absorption ability of interstitial N-doped TiO2 with
the smallest energy bandgap and the smallest anatase crystal size, resulting in the highest efficiency in
2-chlorophenol degradation. The photocatalytic activity of all N-doped TiO2 can be arranged in the fol-
lowing order: TiO /diethanolamine > TiO /triethylamine > TiO /urea > un-doped TiO . The initial rate of
Oxidation
2 2 2 2

2-chlorophenol degradation using the interstitial N-doped TiO2 with diethanolamine was 0.59 mg/L-min
and the kinetic constant was 2.34 × 10−2 min−1 with a half-life of 98 min. In all cases, hydroquinone was
detected as a major intermediate in the degradation of 2-chlorophenol.

1

s
a
a
b
p
R
t
s
t
s
p

v
T

(

0
d

. Introduction

Titanium dioxide (TiO2), an example of metal-oxide type
emiconductors, has been studied and widely used as a photocat-
lytic material for self-cleaning coatings, environmental purifiers,
ntifogging mirrors and many other applications [1]. TiO2 has a
andgap of 3.0 eV for the rutile phase and 3.2 eV for the anatase
hase. These values require ultraviolet (UV) radiation to activate.
ecently, many attempts have been made to make TiO2 highly reac-
ive under visible light excitation to allow utilisation of the solar

pectrum [2]. A new method using anion-doped systems to obtain
he visible light-activated TiO2 has been reported [3]. Some anionic
pecies such as nitrogen, carbon and sulphur were identified to
otentially form new impurity levels closest to the valence band
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whilst maintaining the largest bandgap for maximum efficiency.
Many previous works indicated that doping TiO2 with nitrogen is
one of the most effective approaches in improving properties and
photocatalytic activity of TiO2 in visible light regions [3,4]. Nitro-
gen can incorporate into the TiO2 structure as substitutionals and
as interstitials. X-ray photoelectron spectroscopy (XPS) is used to
determine binding energy of the sample surface states to iden-
tify whether doped nitrogen was incorporated as substitutionals
or interstitials. If XPS spectra show N 1s peaks at 396–398 eV, the
Ti–N–Ti linkages are substitutional N-doped TiO2. If, however, the N
1s peaks are at 400–406 eV, the characters of Ti–O–N and/or Ti–N–O
indicate interstitial N-doped TiO2. Recently, Peng et al. demon-
strated that the visible light activity of interstitial N-doped TiO2
is higher than that of substitutional N-doped TiO2 [5]. However,
to date, little research has gone into obtaining in-depth informa-
tion on the properties of the interstitial N-doped TiO2, as well as its

photocatalytic activity.

Different nitrogen dopants have been employed to obtain sev-
eral complexes of the N-doped TiO2. These dopants result in TiO2
with different properties, and consequently alter the photocatalytic
activity of the obtained materials. Currently, less work has focused

http://www.sciencedirect.com/science/journal/03043894
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erwise specified. For identification of intermediate products from
2-CP irradiated solutions after 50 min, the sample was analysed by
a Clarus 600 PerkinElmer gas chromatograph equipped with a mass
selective detector (Clarus 600T Mass Spectrometer). The GC column
54 J. Ananpattarachai et al. / Journal of

n the effects of nitrogen dopants added in sol–gel solutions than
n the properties of N-doped TiO2 [6]. Applications of N-doped
iO2 for the removal of various types of organic pollutants from
he environment such as acetaldehyde [7], methylcyclohexene [8],
enzoic acid [9] and methyl orange [10] have recently reported.
owever, to enhance the practicability in applying this TiO2 species

o the environmental application, more research in this area must
e performed.

The principal aims of this work were to synthesise visible-
ight-sensitive TiO2 powders with interstitial molecular structures
sing different types of nitrogen dopants and to investigate effects
f nitrogen dopants on the degradation of an organic pollutant.
he three investigated dopants were diethanolamine (DEA), tri-
thylamine (TEN) and urea. To test the photocatalytic activity of
he obtained interstitial N-doped TiO2, 2-chlorophenol (2-CP) was
elected as an organic probe due to its high toxicity and its wide
se in many industrial activities. In this work, authors investi-
ated the alterations of interstitial N-doped TiO2 properties, such as
trong absorption in the UV–visible (UV–vis) light region, redshift in
dsorption edge, degree of crystallisation and mixture of two phase
tructures (anatase and rutile) of the titania obtained from different
opants. Degradation and mineralisation of 2-chlorphenol using
ach type of interstitial N-doped TiO2 were determined. Relations
etween properties of the N-doped TiO2 and kinetic parameters in
he photocatalytic degradation of 2-chlorophenol were also exam-
ned in this work.

. Materials and methods

.1. Materials

All reagents used were of analytical grade and employed as
eceived. Titanium tetraisopropoxide (TTiP), 2-chlorophenol (2-
P), ammonium chloride (NH4Cl), ammonium hydroxide solution
NH4OH), 4-aminoantipyrine (C11H13N3O) and potassium ferri-
yanide (K3Fe(CN)6) were purchased from Aldrich Chemicals.
thanol (EtOH), nitric acid (HNO3), sulphuric acid (H2SO4) and
odium hydroxide (NaOH) were obtained from Merck Chemicals.
itrogen dopants including diethanolamine (DEA), triethylamine

TEN) and urea were from Acros Organics, and 18 M� deionised
ater (H2O) was used to prepare the solutions.

.2. TiO2 catalyst synthesis

A modified sol–gel method was used to synthesise N-doped TiO2
ith a mole ratio of 1:20:1:1:1 for TTiP:EtOH:HNO3:H2O:dopant

DEA, TEN or urea). First, TTiP was dissolved in EtOH, and the solu-
ion was stirred for 30 min. In a second solution, EtOH was mixed
ith H2O that contained HNO3. This solution was stirred to promote

ydrolysis until transparent. After mixing both portions, precipita-
ion readily occurred. The dopant was then added to the solution.
or comparison, TiO2 without a dopant was prepared using the
ame method (labelled as un-doped TiO2). The homogeneous trans-
arent solution was then kept under stirring conditions for 30 min
t 4 ◦C before undergoing the drying process. After drying at 100 ◦C
or 90 min, the powder was collected and calcined at 800 ◦C in an
lectric tube furnace in a N2 atmosphere. The samples were held at
he peak temperature for 30 min and then cooled to room temper-
ture. A commercial grade Degussa P-25 TiO2 powder was used as
reference.
.3. TiO2 catalyst characterisation

All N-doped TiO2 samples were analysed by a Philips X-ray
iffractometer using Cu K� radiation and a step size of 0.02◦ in
he range of 20–70◦. The step time was 1 s, adequate to obtain
dous Materials 168 (2009) 253–261

a good signal-to-noise ratio in the mean reflections of the two
main TiO2 crystalline phases, (1 0 1) anatase (2� − 25.281◦) and
(1 1 0) rutile (2� − 27.495◦). The average crystallite size of anatase
was determined according to the Scherrer equation using the full-
width at half-maximum (FWHM) of the (1 0 1) or (1 1 0) peak and
taking into account the instrument broadening. Scanning electron
microscopy (SEM) studies were performed with a field emission
Hitachi S-4500 SEM operated at 15 kV to examine the morphol-
ogy of the nanoparticles. Transmission electron microscope (TEM)
studies were performed using a Hitachi H-8100 TEM operated at
200 kV to study the size, shape and crystallinity of the nanoparti-
cles. The optical absorption spectra of the samples were obtained by
measuring their diffuse reflectance spectra in a Perkin Elmer UV/vis
Lambda 35 spectrophotometer and then converting to absorbance
units by using the Kubelka–Munk theory. The absorption spectra of
the powder were measured using an integrating sphere (Lambda
35 (P/N C6951014)) to capture the scattered light from a sample
in powder sample holder set (P/N B0505835). The measurement
was performed in absorbance mode, scanning from 200 to 800 nm
using a 2-nm slit. X-ray photoelectron spectroscopy (XPS) spectra
were attained with a KRATOS 165 ULTRA photoelectron spectrom-
eter with either an Al K� or Mg K� monochromatic source. The BET
surface areas were measured by nitrogen adsorption–desorption
isotherms at 77 K with a Quantachrome AUTOSORB-1.

2.4. Photochemical reaction

Photocatalysis experiments were performed in a batch reac-
tor. The reactor was cylindrical with a volume of 1.1 L made from
quartz glass (ACE Glass Co. 7841-06; Vineland, NJ). The visible light
source was a 150 W halogen lamp (Sylvania). A solution contain-
ing 1 M sodium nitrite was used as a UV-filter [11,12] to eliminate
light <420 nm. The initial concentration of 2-CP was 25 mg/L, and
the catalyst was 1 g/L. In this photocatalytic experiment, the 2-CP
solution was injected into the reactor and treated in batch oper-
ation mode with a steady temperature maintained at 25 ± 2 ◦C
throughout the experiment in an oxygen atmosphere. The liquid
was allowed to equilibrate in the dark for 30 min. After reaching
equilibrium, the reaction was started by switching on the light at
t = 0, and the initial concentration of 2-CP was designated as C0.
In the photocatalytic experiment, the pH value was adjusted to
7.0 by adding concentrated sulphuric acid to the photoreaction.
The solution was well aerated and fully stirred with a magnetic
stirrer to ensure sufficient mixing. At a chosen interval of irradi-
ation time, aliquots of the reaction mixture were withdrawn and
filtered with a membrane filter (0.1 �m). To determine 2-CP con-
centration, the sample solutions were subsequently reacted with
4-aminoantipyrine at pH 7.9 ± 0.1 in the presence of potassium fer-
ricyanide to form a coloured antipyrine dye. This dye was kept in
aqueous solution, and the absorbance was measured at 510 nm by a
Lambda 35 PerkinElmer UV–vis spectrometer [13]. The concentra-
tion of 2-CP at each sampling time was designated as C. The reaction
period for all experiments in this work was 50 min unless oth-
Fig. 1. Molecular structures of diethanolamine (DEA), triethylamine (TEN) and urea.
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mployed was a PE-1HT (0.25 mm i.d., 30 m) column (PerkinElmer)
ith 0.1 mm film thickness. The GCMS operating conditions and the

xtraction procedure have been described elsewhere [14].

. Results and discussion

.1. Characteristics of investigated N-doped TiO2

Molecular structures of three investigated dopants are shown in
ig. 1. Urea has a carbonyl group flanked by two primary amines.
EA is a secondary amine with a dialcohol. TEN has three alkyl
ranches and is considered a tertiary amine. These differences in
he basic character of the dopant caused significantly different char-
cteristics and properties of each N-doped TiO2 as described below.

.1.1. X-ray diffraction
X-ray diffraction was used to determine the phase composition

f the samples, weight fractions of each phase and crystallite size.
ig. 2 shows the effects of nitrogen dopants on the phase compo-
itions of the N-doped TiO2 powders calcined at 800 ◦C. As shown
n the X-ray diffraction patterns of TiO2 nanoparticles, the anatase
hase was the predominant structure in N-doped TiO2 under all
ynthesis conditions. A major peak corresponding to (1 0 1) reflec-
ions of the anatase phase of TiO2 was apparent at the angle of
5.28◦, whilst the minor peaks appeared at 37.80◦, 48.05◦, 53.89◦

nd 55.06◦. The rutile phase can be found from un-doped TiO2,
iO2/TEN and TiO2/urea with the major peak of the (1 1 0) diffrac-
ion at the angle of 27.50◦, whilst the minor peaks appeared at
6.15◦, 41.33◦, 54.44◦, 56.76◦, 62.89◦ and 69.17◦. X-ray diffraction
nalysis of all samples revealed that only TiO2 obtained from DEA
opant had typical peaks of TiO2 anatase without any detectable
eaks of rutile. We also found that the anatase structure from this
itrogen dopant was retained up to 1000 ◦C. Weight fractions of
ach phase were calculated by the following equation:

R = AR

0.884AA + AR
,

here AA represents the integrated intensity of the anatase (1 0 1)
eak and AR the integrated intensity of the rutile (1 1 0) peak [15].

The average particle size was estimated by applying the Scher-
er’s formula on the anatase (1 0 1) and rutile (1 1 0) diffraction
eaks (the highest intensity peak of each phase):

= K�

ˇ cos �
,

here L is the crystallite size, K a constant (usually 0.89), � the
avelength of the X-ray radiation (0.15418 nm for Cu K�), ˇ the

ine width at half-maximum height and � is the corresponding
iffraction angle in degrees.

Weight fractions of phase, estimated crystal size and surface

rea from BET analysis of all N-doped TiO2 samples are listed in
able 1. Weight fractions of each phase and the crystal size of tita-
ia powders changed greatly depending on nitrogen dopant. DEA
rovided the smallest crystal size of anatase, whilst urea apparently

ncreased the crystal size of this phase. DEA can reduce anatase crys-

able 1
rystal size and surface area of all N-doped TiO2 calcined at 800 ◦C.

-doped TiO2 Weight fractions of phase (%) Cry

Anatase Rutile An

n-doped TiO2 66 34 12
iO2/DEA 100 – 4
iO2/TEN 77 23 8
iO2/urea 86 14 20
Fig. 2. XRD spectra showing crystal structures of N-doped TiO2. A is anatase; R is
rutile.

tal size of titania from 12.02 nm (un-doped TiO2) down to 4.86 nm.
However, the corresponding surface area of each titania catalyst was
not significantly different. Weight fractions of anatase of TiO2/TEN
and TiO2/urea were also slightly elevated compared to un-doped
TiO2.

3.1.2. Scanning electron microscopy
Morphologies of N-doped TiO2 revealed by SEM micrographs are

shown in Fig. 3. All samples appeared as agglomerations of smaller
particles. Cluster sizes of the as-synthesised catalyst were strongly
dependent on the type of nitrogen dopant. The TiO2 powder in all
cases presented aggregates consisting of smaller particles (100 nm
for TiO2/TEN) to larger particles (about 500 nm for TiO2/DEA) with

a high tendency for crystallisation. Fine particles with a very homo-
geneous size distribution can be seen in TiO2/urea.

TEM images (Fig. 4) of N-doped TiO2 show significant differ-
ences amongst the studied samples. The anatase phase in TiO2/DEA
was in a uniform dimension with an average crystal size of about

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

atase Rutile Average

.02 20.77 14.99 11.78

.86 – 4.86 9.84

.22 15.29 9.84 10.23

.83 17.86 20.42 11.25
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ig. 3. SEM micrographs of different types of N-doped TiO2: (a) un-doped TiO2, (
agnification than the one on the left.

–5 nm, and no rutile phase was detected. The mixed anatase and
utile phase was clearly present in un-doped TiO2, TiO2/TEN and
iO2/urea. The crystallite sizes observed in the TEM micrographs

ere consistent with those obtained from the estimation of peak
roadening of XRD spectra. The smallest crystal size of the anatase
hase from TiO2/DEA was approximately 5 nm, and the larger par-
icles of the rutile phase from all types of N-doped TiO2 exceeded
n average of 10 nm.
2/DEA, (c) TiO2/TEN and (d) TiO2/urea. Images on the right were taken at higher

3.1.3. UV–vis spectroscopy
Fig. 5 shows the UV–vis spectra of four different types of N-

doped TiO2 powders and the reference TiO2 (Degussa, P-25). This

figure illustrates the response of the N-doped TiO2 to visible light
(400–800 nm wavelength). P-25 has higher absorption in UV region
(200–300 nm) than the other TiO2, but no significant absorption in
the visible light region. The un-doped TiO2 and TiO2/TEN have high
absorption in the UV region but relatively low absorption in visi-
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Fig. 4. TEM micrographs of different types of N-doped TiO2:

le light region compared to TiO2/urea and TiO2/DEA. Amongst all
ypes of investigated TiO2, TiO2/DEA provided the highest visible
ight absorption ability. This result indicates that the investigated
itrogen dopants effectively extended absorption of TiO2 into the
isible light range. As shown in Fig. 5, the absorption in the visi-
le light region of un-doped TiO2 is relatively low. In addition, TiO2
ynthesised with organic materials under air atmosphere at same
emperature also provided no significant absorption in the visible
ight region. This information suggests that organic materials intro-
uced the nitrogen to N-doped TiO2 under the nitrogen atmosphere
eaction and visible light absorption ability is mainly dependent on
he type of nitrogen dopant. The bandgap energy of un-doped and
-doped TiO2 can be estimated from plots of the square root of
ubelka–Munk functions F(R) versus photon energy [2]. The rela-
ion of (˛h�)2 and (h�) was plotted. The bandgap of TiO2 can be
etermined from the following equation:

h� = A(h� − Eg)r ,
here A is a constant, h� the photon energy, Eg the optical energy
ap of the material and r is the characteristic of the type of the opti-
al transition process, which is equal to 2.0 for an indirect allowed
ptical transition of an amorphous semiconductor. Bandgap ener-
ies of the investigated N-doped TiO2 are summarised in Table 2.

able 2
andgap energy of various types of N-doped TiO2.

-doped TiO2 Bandgap (eV)

-25 3.20
n-doped TiO2 3.16
iO2/DEA 2.85, 3.08
iO2/TEN 3.05, 3.20
iO2/urea 3.10, 3.20
-doped TiO2, (b) TiO2/DEA, (c) TiO2/TEN and (d) TiO2/urea.

Results show that bandgap energies of all N-doped TiO2 were lower
than those of un-doped TiO2 and P-25. The bandgap changed from
3.20 eV (P-25) to 2.85 and 3.08 for TiO2/DEA, 3.05 and 3.20 for
TiO2/TEN and 3.10 and 3.20 for TiO2/urea. The first bandgap reflects
the effect of N-doping on the main band edges of the oxide. The sec-
ond gap, which is narrower than the original value, suggests that
nitrogen doping contributed to the redshift of the bandgap. This
narrower bandgap will facilitate excitation of electrons from the
valence band to the conduction band in the doped oxide semicon-
ductor under visible light illumination, which can result in higher
photocatalytic activities.

3.1.4. X-ray photoelectron spectroscopy (XPS)
The XPS spectra of un-doped TiO2 and three N-doped TiO2 sam-

ples are shown in Fig. 6. The surfaces of all N-doped TiO2 samples are
composed of titania, oxygen, nitrogen and carbon contaminants. No
nitrogen signal was detected in the un-doped TiO2 sample whilst
weak nitrogen signals appeared in all N-doped TiO2 samples. The
insets in Fig. 6 show enlarged N 1s peaks of the corresponding XPS
spectra. The intensities of the N 1s peaks of TiO2/DEA and TiO2/urea
were more pronounced than the weak intensities of TiO2/TEN.
The 401.3 eV binding energy of N 1s was detected in TiO2/DEA
only; 402.5 eV was detected in TiO2/DEA, TiO2/TEN and TiO2/urea;
406.1 eV was detected in TiO2/DEA and TiO2/urea; and 409.7 eV was
detected in TiO2/urea only. From previous works [10,16–21], typical
binding energies of less than 397.5 eV are assigned to TiN species
mostly in substitutional N, whilst N 1s peaks at binding energies

above 400 eV are usually attributed to NO or NO2, characteristic of
interstitial N. Thus, all N-doped TiO2 obtained from this work are
classified as interstitial N-doped TiO2. The proposed structure of
this type of titania is described by the binding of a nitrogen atom
to an oxygen lattice in the environment of O–Ti–N and/or Ti–N–O,
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ig. 5. UV–vis absorption spectra of four types of N-doped TiO2 and the reference
iO2 (P-25).

nd the nitrogen has a positive oxidation state [19]. Peaks appear-
ng at binding energies of 402.5 eV and 406.1 eV have been assigned
o nitric oxide, or nitrogen monoxide (NO), and nitrite (NO2

−),
espectively [20,21]. This NO bond generates localised states with
� characteristic and has the highest localised state for intersti-

ial species [19]. Our work suggests that different nitrogen dopants
an provide different types of NO bonding in N-doped TiO2 syn-
hesised under the same processing conditions. The bonding of NO
an be found in all investigated nitrogen dopants. However, DEA
nd urea generate NO bonding in the form of nitrite (NO2

−) species.
his information indicated that nitrogen from both DEA and urea is
ffectively doped into the titania.
Percentage of nitrogen content in N-doped TiO2, as well as the
tomic ratios of Ti:N, Ti:O and O:N atomic ratios, are presented
n Table 3. Urea with a primary amine structure is anticipated to
ntroduce the highest amount of nitrogen to the catalyst as seen

able 3
i:N, Ti:O, O:N atomic ratios, and %N content of N-doped TiO2 samples obtained
rom XPS.

-doped TiO2 Atomic ratio %N content

Ti:N Ti:O O:N

n-doped TiO2 – 0.35 – 0.00
iO2/DEA 4.47 0.36 12.48 4.11
iO2/TEN 23.33 0.32 72.50 0.64
iO2/urea 0.34 0.06 5.93 5.01
dous Materials 168 (2009) 253–261

from the highest percentage of nitrogen content and lowest atomic
ratio of Ti:N. By the same consideration, TEN as a tertiary amine
provided less nitrogen atoms to the titania. This information sug-
gests that the chemical composition (N content) of N-doped TiO2
largely depends on the molecular structure of the nitrogen dopant
and the accessibility of nitrogen atoms to react with the titania pre-
cursor. Furthermore, primary and secondary amines are promising
chemicals to provide the N-rich catalyst material.

3.2. Kinetics study of 2-chlorophenol removal using N-doped TiO2

To investigate the ability of interstitial N-doped TiO2 to remove
a hazardous pollutant from the wastewater, synthesised TiO2 was
used in the photocatalysis process of 2-CP degradation in aqueous
solution. In general, the photocatalytic reaction involves differ-
ent processes including adsorption–desorption, electron–hole pair
production and recombination and chemical conversion [22]. Since
the recombination of photogenerated electron–hole pairs occurs
within a fraction of a nanosecond, charge separation is only kinet-
ically competitive if trapping species are already adsorbed prior to
electron–hole pair generation [23–25]. Consequently, in this work,
the photocatalytic activity of nanocrystal TiO2 was divided into two
parts, the adsorption and irradiation processes.

3.2.1. Adsorption of 2-chlorophenol
Preliminary adsorption experiments revealed that in the

absence of TiO2, no noticeable change in 2-CP concentration
occurred during a 30-min experimental period. Adsorption of 2-CP
using all synthesised N-doped TiO2 was evaluated, and the highest
concentrations of adsorbed 2-CP on different types of TiO2 sur-
faces were determined. Results of this experiment are shown in
Fig. 7. The contact time to reach equilibrium was approximately
5 min for un-doped TiO2, TiO2/TEN and TiO2/urea. Roughly, 20 min
was required for TiO2/DEA to reach equilibrium. Equilibrium con-
centrations of 2-CP in aqueous solution after treatment with all
four types of N-doped TiO2 were not significantly different. In all
cases, Degussa P-25 TiO2 powder provided the highest adsorption
of 2-CP onto the titania surface owing to its highest surface area,
55 m2/g compared to a range of 9–12 m2/g for other types of N-
doped TiO2. The adsorbed 2-CP under equilibrium conditions using
N-doped TiO2 ranged from 7 to 9 mg 2-CP/g TiO2 or approximately
28% removals.

3.2.2. Visible light irradiation of 2-chlorophenol
To explore the photocatalytic activity of N-doped TiO2 in the vis-

ible range, degradation of 2-CP by visible light was investigated. The
photocatalytic behaviour of un-doped TiO2 was also measured as a
control. Notably, 2-CP was confirmed to be reasonably photostable
in aqueous solution under irradiation by light in the 315–400 nm
wavelength range, whilst it underwent fast photolysis when irra-
diated at 254 nm [26,27]. Results from this study showed that 2-CP
degradation through direct photolysis in the visible light range was
negligible (<4%). Therefore, the degradation of 2-CP after treating
with the N-doped TiO2 was likely due to the photocatalysis of the
N-doped TiO2.

The photocatalytic reactivity of various types of N-doped TiO2
was represented by the ratio of residual concentration to initial
concentration of 2-CP, C/C0, as a function of irradiation time. As
illustrated in Fig. 8, different N-doped TiO2 catalysts behaved dif-
ferently in the degradation of 2-CP under the same experimental
conditions for a period of 50 min. Clearly, the degradation of 2-

CP increased with irradiation time duration. However, the trend
of 2-CP degradation is apparently different for different catalysts.
Amongst all types of investigated TiO2, TiO2/DEA provided the high-
est photoefficiency for 2-CP degradation. The highest photocatalytic
activity of the N-doped TiO2 with DEA might have been partially due



J. Ananpattarachai et al. / Journal of Hazardous Materials 168 (2009) 253–261 259

/TEN

t
s
o
p
m
i
s
r
i
m

Fig. 6. XPS spectra of (a) un-doped TiO2, (b) TiO2/DEA, (c) TiO2

o its smallest particle size (see Table 1). Consequently, a greater
urface area provided more active sites on the TiO2 surface for the
rganic pollutant to be adsorbed. In addition, the TiO2/DEA sam-
le was dominated by the anatase phase, which is known to be
ore reactive in photocatalytic processes [28,29]. Moreover, the
ntense absorption in the visible light range (Fig. 5) and a red-
hift in the bandgap transition of the doped TiO2 samples (Table 2)
esulted in more photogenerated electrons and holes participat-
ng in the photocatalytic reactions under visible light. Therefore,

ore OH radicals were produced in the photocatalytic oxidation

Fig. 7. Adsorption of 2-chlorophenol on the surface of N-doped TiO2.
and (d) TiO2/urea. Inset is the enlarged range of the N 1s peak.

reaction and more 2-CP was degraded. The least amount of degra-
dation was observed for un-doped TiO2, which could have been
due to highest bandgap (3.17 eV) of TiO2, causing less OH radical
production compared to the N-doped TiO2. This lowest photocat-
alytic activity corresponded to the lowest visible light absorption
ability of un-doped TiO2, as shown in Fig. 5. For efficiency com-
parisons between TiO2/TEN and TiO2/urea, the efficiency of 2-CP
degradation of TiO2/TEN was higher than that of TiO2/urea. The
main reason for this effect was the higher composition of anatase
to rutile of TiO2/TEN, which yielded a higher relative number of
radical formations from the surface hydroxyl species [30]. With
a small portion of anatase phase and limited active surface area
for photocatalytic reactions, TiO2/urea was unable to match the 2-
CP degradation observed with TiO2/TEN. The overall percentage of
degradation for 2-CP after 50 min of irradiation was 66%, 49%, 26%,
14% and 3% for TiO2/DEA, TiO2/TEN, TiO2/Urea, un-doped TiO2 and
P-25, respectively.

From kinetic studies on photocatalytic reactions of N-doped
TiO2, the reaction can be well explained by a pseudo-first-order pat-
tern, with the following equation demonstrating the relationship of
C and t:

ln
(

C

C0

)
= −kobst,
where kobs is the apparent reaction rate constant, t the reaction
time, C0 the initial concentration of 2-CP in aqueous solution and C
is the residual concentration of 2-CP at time t. The value of kobs was
determined from the slope of the graph plotted between −ln(C/C0)
and the reaction time (Fig. 8). The R2 value for linear regression



260 J. Ananpattarachai et al. / Journal of Hazardous Materials 168 (2009) 253–261

F
T
2

w
l
c
p

t
o
T
p
i
o
T
0
2
i
b
c

T
V

N

P
U
T
T
T

ig. 8. Photocatalytic oxidation of 2-chlorophenol using different types of N-doped
iO2: (a) the residual fraction plot and (b) the −ln(C/C0) versus reaction time for
-chlorophenol degradation using various types of N-doped TiO2.

as calculated to exhibit the tendency of the reaction, which fol-
owed the pseudo-first-order pattern. Values of initial rate, r, kinetic
onstant, kobs, and the half-life of 2-CP, t1/2, calculated from the
seudo-first-order equations are shown in Table 4.

Results show that within 50 min of visible light irradiation in
he presence of the N-doped TiO2 catalyst, the degradation rate
f 2-CP was 0.59, 0.38, 0.22 and 0.14 mg/L-min for TiO2/DEA,
iO2/TEN, TiO2/urea, un-doped TiO2 and P-25, respectively. This
attern suggests that the reaction rate can be enhanced by nitrogen

ncorporation into the TiO2 matrix. The reaction rate enhancement
f the TiO2/DEA was sixfold higher than that of the un-doped
iO2. The rate constant of the un-doped TiO2 reaction was only

−2 −1
.35 × 10 min , whereas the rate constant of the TiO2/DEA was
.34 × 10−2 min−1. This increase may have been attributable to the

ntense absorption in the visible light region and a redshift in the
andgap transition of the doped TiO2 with nitrogen dopant, as dis-
ussed previously.

able 4
alues of kinetic parameters including initial rate, r, kinetic constant, kobs and half-life of 2

-doped TiO2 Kinetic parameters

r (mg/L-min) kobs × 10−2 (min−1) R2

-25 0.12 0.11 0.9863
n-doped TiO2 0.14 0.35 0.9818
iO2/DEA 0.59 2.34 0.9943
iO2/TEN 0.38 1.44 0.9934
iO2/urea 0.22 0.69 0.9802
Fig. 9. (a) TOC removal percentage of 2-chlorophenol in the presence of N-doped
TiO2 and (b) reduction in residual TOC concentration with experimental time using
N-doped TiO2 with DEA.

3.2.3. Mineralisation of 2-chlorophenol using N-doped TiO2
under visible light

The degradation percentage of 2-CP in terms of mineralisation
of total organic carbon (TOC) in the presence of N-doped TiO2 was
also investigated. The initial concentration of 2-CP was 25 mg/L
with an initial TOC value of 20 mg/L. The degradation percent-
age and mineralisation to total organic carbon of 2-chlorophenol
in the presence of the four types of N-doped TiO2 are shown in
Fig. 9a. In all cases, a rapid degradation of phenol occurred and
the 2-chlorophenol concentration decreased after irradiation for
30 min. Mineralisation of 2-chlorophenol in the presence of un-
doped TiO2 showed the lowest yield. Results indicate that N-doped

TiO2 with DEA provided the lowest residual concentration of TOC
for 2-chlorophenol. Other types of N-doped TiO2 can reduce TOC
concentration as well. The mineralisation ability of all N-doped
TiO2 and 2-CP degradation performance can be ranked in the fol-
lowing order: TiO2/DEA > TiO2/TEN > TiO2/urea > un-doped TiO2. In

-chlorophenol, t1/2, based on the photocatalytic reactions of N-doped TiO2 samples.

%Removal efficiency after 50 min Rate increase

t1/2 (min)

2094 3 –
666 14 1

98 66 7
160 49 4
333 26 2
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ess. In addition, Cl− was also found in the residual solution after
hotocatalytic experiments.

Values of residual TOC concentration as a function of experimen-
al time using the best photocatalyst, TiO2/DEA, are shown in Fig. 9b.
he residual concentration of TOC decreased gradually during the
eginning of the adsorption process and remained constant dur-

ng the 30 min adsorption period at approximately 14.5 mg/L TOC.
uring irradiation with visible light, the TOC concentration contin-
ously declined to approximately 7 mg/L after 50 min irradiation.
ote that the mineralisation process of 2-CP involved several steps
efore total removal of all organic intermediates was achieved. Nev-
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. Conclusion

Different nitrogen dopants display differences in visible light
bsorption abilities, bandgap energies of the N-doped TiO2 and
onsequently, photocatalytic efficiencies of TiO2 during 2-CP degra-
ation. XPS results show that the characteristic binding energy of
he N 1s peak is above 400 eV, suggesting that nitrogen is incorpo-
ated interstitially in the TiO2 structure. Amongst three nitrogen
opants, DEA provided the interstitial N-doped TiO2 with high-
st visible light absorption ability and highest efficiency in 2-CP
egradation. Results of the kinetic study show that the photocat-
lytic process followed a pseudo-first-order pattern. The initial
ate in 2-CP degradation of the N-doped TiO2 with DEA was
.59 mg/L-min and the kinetic constant was 2.34 × 10−2 min−1 with
half-life of 98 min. The photocatalytic activity and 2-CP min-

ralisation ability of all N-doped TiO2 can be arranged in the
ollowing order: TiO2/DEA > TiO2/TEN > TiO2/urea > un-doped TiO2.
n all cases, hydroquinone was detected as the major intermediate
pecies from 2-CP degradation.
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