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A B S T R A C T   

Nitrogen-doped titanium dioxide (N-TiO2) nanoparticles were prepared using a modified sol-gel method. The as- 
prepared nanoparticles were characterized by state-of-the-art techniques for their optical, structural and 
morphological properties. The crystallite size, surface area and bandgap energy of reference TiO2 and N-TiO2 
nanoparticles were found to be 16.1 and 10.9 nm, 83.6 and 131.8 m2 g− 1 and 3.23 and 2.89 eV, respectively. The 
photocatalytic activities, in terms of 2,4-dichlorophenol (2,4-DCP) degradation, of reference TiO2 and N-TiO2 
were found to be 46.9% and 65.4% at 120 min of treatments under UV light irradiation and 21.5% and 77.6% at 
240 min of treatment under visible light irradiation, employing 153.4 µM 2,4-DCP, 1 g/L photocatalyst dosage, 
and pH 5.6. Interestingly, considerable H2 production rate (i.e., 386 μmol h− 1 g− 1) was observed for visible/N- 
TiO2 system in presence of 0.2 wt% Pt. The study revealed that visible/N-TiO2 photocatalytic system can be used 
as an economically viable technology for environmental sustainability.   

1. Introduction 

Titanium dioxide (TiO2) has been extensively studied as a nontoxic, 
inexpensive and highly effective photocatalyst for wastewater treatments 
[1,2]. However, TiO2 can utilize only 4–5% of the total sun light (i.e., only 
ultra violet (UV) fraction) because of its wide bandgap energy (3.2 eV for 
anatase form) [3,4]. Moreover, the rate of recombination of photo-
generated electron-hole (e− /h+) pair is very large for pure TiO2 [5]. 

Therefore, it is highly desirable, but highly challenging too, to 
develop visible light active photocatalysts. In the last few decades, re-
searchers have explored new methods of extending the photo-response 
of TiO2 from UV to visible light region (≈ 45% of the total solar 

spectrum) [4,6]. The most frequent method used for this purpose is 
doping TiO2 with metals (Co, Cr, Cu, Mo, Fe, Mn, Zn, W, V etc.) [7–12] 
and nonmetals (C, N, F, P, S etc.) [4,5,13–16]. Doping with foreign el-
ements can tune the optoelectronic properties of TiO2 which in turn 
boosts its photocatalytic efficacy under visible light illumination [1,4]. 
Since costly ion-implantation resources are needed for the synthesis of 
transition metal-doped TiO2, more efforts had been paid to non-metal 
doping TiO2 [1,4]. Doping TiO2 with non-metals has been deemed as 
an effective strategy for the synthesis of visible light active TiO2 nano-
particles [17,18]. Among non-metals, N, B, C, S, F, I and Cl, due to their 
large electronegativity, have been proved to be promising doping can-
didates for increasing the photocatalytic activity of TiO2 under visible 
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light illumination [19]. This enhancement has been ascribed to: (i) 
decrease in the rate of e− /h+ pair recombination; (ii) shifting the 
bandgap energy towards visible light region by bringing the valence 
band (VB) of TiO2 upwards; (iii) introducing new mid-gap states which 
serve as electron donors or electron acceptors in the TiO2 bandgap; and 
(iv) widening the absorption capacity of TiO2 towards the visible light 
portion [19,20]. In short, non-metal doping is generally used to improve 
the optoelectronic properties of TiO2 to increase its photocatalytic ac-
tivity under visible light irradiation. 

Being equivalent in atomic size with oxygen atom and having low 
ionization energy, nitrogen atom is considered to be a promising doping 
candidate to alter the optical properties of TiO2 and diminish the 
electron-hole pairs recombination rate [21–23]. It has been found that N 
doping can induce localized energy states in the bandgap (i.e., between 
the valence and conduction bands) of TiO2 [24]. These localized energy 
sates enhance the photocatalytic efficiency of nitrogen doped TiO2 
(N-TiO2) under visible light via reducing the energy needed for the 
excitation of electrons. Nitrogen atoms can be present as neutral para-
magnetic (N•) or negatively charged diamagnetic (N− ) centers in N-TiO2 
lattice. Both of these centers contribute to the improvement of photo-
catalytic activity of N-TiO2 under visible light illumination by inducing 
the localized energy states in the bandgap of N-TiO2 thereby shifting the 
bandgap energy from UV region to visible light region. Moreover, both 
substitutional and interstitial positions can possibly be occupied by ni-
trogen atoms in the TiO2 crystal lattice [24; 25]. It has been found that 
interstitial sites are generally preferred over substitutional ones under 
the condition of excess nitrogen and oxygen [24,26]. However, substi-
tutional sites are possibly preferred over interstitial sites under extreme 
reducing conditions, e.g., annealing at high temperature [26]. 

In accordance of the density functional theory (DFT) calculations, 
carried out by Di Valentin et al. [24], the substitutional N-atom is 
attached to three titanium (Ti) atoms in the lattice (also expressed as 
Ti− N − Ti or or N − Ti− O linkages) [27] and therefore, replaces an 
O-atom of TiO2. The bond lengths of Ti− N were calculated to be a bit 
lengthier than that of Ti− O (i.e., 1.964 and 2.081 Å for Ti− N compared 
to 1.942 and 2.002 Å for Ti− O). The substitutional nitrogen atom has 
been considered to be in negative oxidation state (N3− ) [25,28]. On the 
other hand, N atom is attached to one O and two Ti atoms in the 
interstitial model (expressed as O− Ti− O− N or Ti− O− N or N − O 
linkages) [27,29–32]. The N-O bond was found to be 1.36 Å. The 
interstitial nitrogen atom existed in positive oxidation state. Further-
more, the energies of localized energy states created by the doped 
N-atoms depends on the nature of N-atoms. The localized energy states 
of the substitutional N-atoms are at 0.14 eV above the top of the VB of 
TiO2, whereas those of the interstitial N-atoms are at 0.73 eV above the 
top of the VB of TiO2. It has been found that electronic excitations are 
possible from the localized energy states of nitrogen to the conduction 
band (CB) of TiO2. Similarly, there can be electronic excitations from the 
VB of TiO2 to the localized impurity states of nitrogen [25,26]. This is 
because, the localized impurity states of nitrogen are partially vacant. 
The electronic excitations from localized nitrogen-impurity states to the 
TiO2 CBs lead to the formation of e− /h+ pairs, thereby contribute to the 
photocatalytic efficiency of N-TiO2. Whereas, the electronic excitations 
from VB of TiO2 to the localized nitrogen-impurity states do not lead to 
the photocatalytic reactions but rather reduces the utilization efficiency 
of light because the excited electrons fall back quickly to the VB of TiO2 
[25]. However, it has been assumed that electronic excitation from VB of 
TiO2 to the nitrogen-impurity states could possibly contribute to the 
photocatalytic process via tandem effect if high energy photons are 
supplemented with low energy radiations [25]. In this tandem process, 
the low energy radiations would excite electrons from the VBs of TiO2 to 
the nitrogen-impurity states whereas high energy radiations would 
further excite these electrons from the impurity states of nitrogen to the 
CB of TiO2. 

Huang et al. [23] synthesized N-TiO2 nanoparticles by hydrothermal 
method and then applied them for the removal of rhodamine B and 

tetracycline. N-TiO2 was more active than reference TiO2 and P-TiO2 in 
degrading rhodamine B and tetracycline under UV and visible light 
irradiation. For rhodamine B, the calculated rate constants were 11.36 
× 10− 2 and 6.35 × 10− 2 min− 1 under UV radiation for N-TiO2 and 
reference TiO2, respectively. Similarly, the degradation rate constants of 
rhodamine B were found to be 1.99 × 10− 2, 0.63 × 10− 2 and 0.58 ×
10− 2 min− 1 for N-TiO2, reference TiO2 and P25 (commercial TiO2), 
respectively, under visible light irradiation. For tetracycline, the 
degradation rate constants were calculated as 8.96 × 10− 2, 1.18 × 10− 2 

and 2.75 × 10− 2 min− 1 for N-TiO2, reference TiO2 and P25 under visible 
light illumination, respectively. Bakre et al. [21] observed that N-TiO2 
was more active than P25 in removal of methylene blue with calculated 
rate constants as 0.0342 and 0.0206 min− 1 for N-TiO2 and P25, 
respectively. Other researchers have also found higher reactivity for 
N-TiO2 than reference TiO2 and/or P25 [1,33–37]. 

The aim of this study was to prepare visible light responsive N-doped 
TiO2 (N-TiO2) nanoparticles by a modified sol-gel method. The as- 
prepared N-TiO2 samples were characterized by state-of-the-art in-
struments for structural, morphological, and optoelectronic properties. 
The N-TiO2 photocatalyst was then applied for the degradation/removal 
of 2,4-dichlorphenol (2,4-DCP). Since chlorophenols are considered to 
be toxic organic compounds and have been listed as priority water 
contaminants by the United States Environmental Protection Agency 
(USEPA), 2,4-DCP was selected as a model contaminant for the present 
study [38]. The photocatalytic efficiency of N-TiO2 was compared with 
reference TiO2 (synthesized under similar experimental conditions 
except using the source of nitrogen). The study investigates the kinetics 
and mechanism of 2,4-DCP degradation in detail. The relative contri-
bution of each reactive species towards 2,4-DCP degradation was 
calculated. The plausible degradation mechanism was proposed on the 
basis of degradation products of 2,4-DCP detected here. The toxicity of 
2,4-DCP treated solutions was ascertained by studying the biolumines-
cence inhibition of Vibrio fischeri (a marine photobacterium). In addi-
tion, Ecological Structure Activity Relationship (ECOSAR) program was 
used to assess the toxicological behavior of 2,4-DCP and its detected 
products (DPs) towards aquatic organisms. N-TiO2 photocatalyst was 
also assessed for solar hydrogen production. 

2. Experimental 

2.1. Reagents 

Commercial TiO2 (Degussa-P25) powder, titanium tetraisopropoxide 
(TTIP) (97%) and polyoxyethylene (80) sorbitan monooleate (a 
nonionic surfactant, commonly known as Tween 80) were received from 
Sigma Aldrich, USA. Triethylamine (TEA) and acetic acid (AA) were 
purchased from Fisher Scientific, iso-propanol (i-PrOH, 99.8%) from 
Pharmco, 2,4–dichlorophenol, benzoquinone, triethanolamine and 
methanol from Merck, and 2–chlorophenol, 4–chlorophenol, phenol, 
catechol and hydroquinone from Fluka. In this work, analytical grade 
reagents and chemicals were used. Standard and working solutions were 
prepared in Milli-Q water (resistivity = 18.2 MΩ cm, Millipore system, 
USA). 

2.2. Preparation of nitrogen-doped TiO2 nanoparticles 

A modified sol-gel method was used for the synthesis of reference- 
and nitrogen-doped TiO2 (N-TiO2) nanoparticles. Titanium tetraiso-
propoxide (TTIP) and triethylamine (TEA) were used as Ti and N sour-
ces, respectively. Initially, Tween 80- a pore directing agent- was taken 
in a beaker followed by the dropwise addition of iso-propanol (i-PrOH) 
while mixing the solution vigorously using a magnetic stirrer. The so-
lution was stirred vigorously until the complete dissolution of Tween 80. 
Following the dropwise addition of i-PrOH, acetic acid (AA) was poured 
into solution instantly to sustain a low pH (~ 6.4). The addition of AA to 
i-PrOH solution also results in “in situ” production of water molecules 

J.A. Khan et al.                                                                                                                                                                                                                                 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Journal of Environmental Chemical Engineering 11 (2023) 111308

3

via esterification reaction between i-PrOH and AA. Then, TEA was 
introduced dropwise into the reaction solution. The subsequent solution 
was mixed vigorously for 1 h. Finally, TTIP was added into the above 
solution while stirring it vigorously. The resulting solution was stirred 
for 24 h at ambient temperature to obtain a stable, transparent and 
homogenous solution. Subsequently, the final stable solution was dried 
at 22 ± 1 ◦C for 24 h. The dried sol was then calcined in a furnace, 
having multi-segment programmable option (Paragon HT-22-D, 
Thermcraft). Initially, the temperature was raised at a ramp rate of 
50 ◦C/h from room temperature to 100 ◦C and upheld at 100 ◦C for 1 h. 
Then, the temperature was elevated from 100 to 400 ◦C at a ramp rate of 
60 ◦C/h, hold for 2 h at 400 ◦C and finally cooled down in a natural 
manner to get a yellowish N-TiO2 samples. The chemicals were taken in 
molar ratio of TTIP:Tween 80:i-PrOH:AcOH:TEA = 10:3.6:135:25:20. 
The same method and same molar ratio of the chemicals was applied 
while preparing the reference TiO2 without adding TEA. It has been 
reported that catalysts could maintain their anatase phase at the highest 
temperature used in this method for the preparation of N-TiO2 [39]. All 
organic compounds were expected to be removed from the reference 
TiO2 and N-TiO2 during calcination. The calcined reference TiO2 and 
N-TiO2 nanomaterials were scraped from the glass dishes and grinded 
into fine powders. 

2.3. Characterization of the as-synthesized nanoparticles 

X-ray diffraction (XRD, X′Pert PRO; Philips) with Cu K (λ = 1.54 Å) 
radiation was used for finding out the structural properties of the 
reference TiO2 and N-TiO2 nanoparticles. BET (Brunauer-Emmett- 
Teller) surface area, BJH (Barrett-Joyner-Halenda) pore size, porosity, 
pore volume, and pore size distribution were determined by a poros-
imeter analyzer (Tristar 3000, Micromeritics). Prior to the analysis of 
the samples (synthesized nanoparticles) by porosimeter analyzer, the 
sample powders were purged with N2 gas via Flow prep 060 (Micro-
meritics) at 150 ◦C for 2 h. 

The optical properties and bandgap energies of reference TiO2 and N- 
TiO2 samples were determined by UV–vis spectrophotometer (2501 PC, 
Shimadzu). Barium sulfate (BaSO4) was used as a reference material in 
the UV–visible spectra analysis. 

The information about crystal structure and crystal size of the 
nanomaterials was acquired from the HR-TEM (A JEM-2010 F (Jeol)) 
results. The field emission gun of HR-TEM was operated at 200 kV. For 
samples preparation, the nanomaterials were dispersed in HPLC grade 
methanol by ultrasonication (2510R-DH; Bransonic) for 30 min. An 
infrared lamp was then used to dry the sample solution, fixed on carbon- 
coated copper grid (LC325-Cu, EMS). The chemical composition and 
valence state of the dopant in the TiO2 powder were revealed by 
analyzing the samples by XPS (SSX-100 XPS). In XPS analysis, mono-
chromatic radiations of Al Kα having 1486.6 eV energy and X-rays 
having beam diameter = 600 µm were used. The C 1 s level peak at 
284.6 eV was used for calibration of absolute binding energies. FTIR 
spectrometer (FTIR-8400S, Schimadzue) was used for investigating the 
occurrence of nitrogen in the N-TiO2 samples. 

2.4. Determination of photocatalytic activity 

To assess the photocatalytic efficiency of the synthesized N-TiO2 
samples, photocatalytic degradation of 2,4-DCP was studied under UV 
and visible light irradiations. Two low-pressure mercury UV lamps 
(Spectronics), 15 W each one, were used as UV irradiation sources, 
emitted light at 365 nm. The radiation intensity of the UV lamps was 
determined with the help of a radiant power meter (Newport Corpora-
tion) and was calculated as 2.6 × 10− 4 W cm− 2. As visible light sources, 
two fluorescent lamps (Cole-Parmer), 15 W each one, were used to 
irradiate the reaction solution. A UV block filter (UV420, Opticology) 
was used to eliminate the entrance of UV radiation into the reaction 
solution. The visible light intensity was found to be 7.5 × 10− 4 W cm− 2, 

calculated with radiant power meter (Newport Corporation). The 
reactor was a Pyrex® glass beaker containing 50 mL of the reaction 
solution. The 2,4-DCP concentration was 153.4 µM (25 mg/L), the 
photocatalyst loading was 1 g/L, the pH was 5.6 (unadjusted) and H2O2 
concentration (when used) was 2 mM. During the course of reaction, the 
working solution was properly mixed using a magnetic stirrer. 1 mL of 
irradiated samples were collected at pre-determined time intervals. 0.3 
mL of methanol was added to the collected irradiated samples to avoid 
further reaction. 0.2 µm pore size syringeless filters (Whatman) were 
then used to filter out the catalyst particles from the collected irradiated 
samples. HPLC (Agilent Series 1100), equipped with diode array de-
tector and a C18 column (150 mm × 3.9 mm), was used for quantifi-
cation of 2,4-DCP in the irradiated samples. A mixture of methanol and 
5% aqueous solution of acetic acid (v/v) (60:40, v/v) was used as mobile 
phase. The flow rate of the mobile phase was 1 mL/min. The wavelength 
of the detector was set at 280 nm. 

Gas chromatography-mass spectrometry (Agilent Technologies 
7890B-5977B) (GC-MS) was used for identification of the by-products of 
2,4-DCP. The capillary column in GC-MS was HP-5MS (5% phenyl- 
methyl-siloxane). The dimensions of the column were: 30 m × 0.25 
mm, 0.25 µm. Helium, used as a carrier gas, was set at a flow rate of 1.0 
mL/min. The oven temperature was programmed as: 80 ◦C for 2 min, 
then increase to 180 ◦C @ 10 ◦C min− 1 (3 min) and then rise to 280 ◦C @ 
10 ◦C min− 1 (5 min). Time for each run was 30 min. The temperature of 
the injector and ion source was fixed at 250 and 280 ◦C, respectively. 
Electron impact ionization was set at 70 eV and MS scan ranges from 50 
to 550 m/z. 

Ion chromatography (IC, Metrohm, Switzerland) was used for the 
determination of chloride ions (Cl− ) concentration in the treated sam-
ples. In IC, Cl− were separated by Assup-5 column and detected by 
electrical conductivity detector. The details of the method can be seen in 
our previous publication [40]. 

Photocatalytic H2 production experiments were performed at 
ambient pressure and temperature in a 500-mL Pyrex glass reactor. The 
Pyrex glass reactor was linked to gas chromatography (GC, Agilent 7890 
A). 1 g L–1 N-TiO2 was added to 100 mL aqueous solution of methanol. 
H2PtCl6 was directly dissolved in the above 100 mL reaction solution to 
achieve 0.2 wt% Pt solution, being used as a co-catalyst [41]. The vol-
ume ratio of methanol to total reaction solution was 1:5 (i.e., 20 mL 
methanol per 100 mL reaction solution). A visible light source (300 W Xe 
arc lamp) was used to initiate the photocatalytic H2 production reaction. 
A UV cut-off filter (UV420, Opticology) was used to filter out photons of 
wavelength < 400 nm. The lamp was fitted at a distance of 20 cm from 
the Pyrex glass reactor. The intensity of the lamp was found to be 85 
mW/cm2. The solution was purged with N2 gas for about 30 min before 
irradiation to attain anaerobic condition. The H2 gas was detected by GC 
equipped with a thermal conductivity detector (TCD) and 5 Å molecular 
sieve column. The nitrogen was used as a carrier gas. The apparent 
quantum efficiency (AQE) of H2 formation was determined under 
similar experimental conditions. However, instead of Xe arc lamp, three 
low-power UV-LED lamps (3 W each one, emitted light at 360 nm) 
(Shenzhen Warner JPLED Co. Ltd. China) were used as sources of UV-A 
light for AQE determination. Eqs. (1), (2a) and (2b) were used for 
calculation of AQE [42,43]: 

nphotons =
Pλ
hc

× t (1)  

AQE(%) =
number of reacted electrons
number of incident photons

× 100 (2a)  

AQE(%) =
2(number of evolved hydrogen molecules)

number of incident photons
× 100 (2b)  

where P, λ, c, h and t are the input power of light source, wavelength of 
light, speed of light, Planck’s constant and irradiation time, respectively. 
5.9 mW/cm2 was found as intensity of each UV-LED lamp. 
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TOC analysis was performed with a Shimadzu TOC analyzer. To 
ensure the reproducibility of the results, each experiment was conducted 
three times. 

2.5. Toxicity investigation 

To evaluate the toxicity of the 2,4-DCP solutions treated by visible/ 
N-TiO2 process, a Microtox Toxicity Analyzer (Model 500, Azur Envi-
ronmental) based on bioluminescence inhibition of Vibrio fischeri (a 
marine photobacterium) was used. The treated solution’s pH was 
adjusted to 7 with NaOH solution. The treated samples were made saline 
with NaCl (2%, w/v). Prior to analysis, the samples (0.5 mL) were mixed 
with the bacterial suspension (0.5 mL), 50% (v/v) dilution of the irra-
diated samples. The samples were then incubated for 15 min at 15 ◦C. 
Finally, the reduction in the emission of light by the bacteria was 
measured. The results of the irradiated samples were compared with a 

non-toxic control solution (2% w/v NaCl). Finally, the percent relative 
inhibition (INH%) was calculated in accordance of the Karci et al. [44]. 

To get a deep insight into the toxicity of each individual detected 
byproduct of 2,4-DCP, the Ecological Structure Activity Relationship 
(ECOSAR) program was used [45]. This program successfully predicts 
the toxicities (both acute and chronic) towards three aquatic organisms 
namely fish, daphnia, and green algae. The acute toxicity is assessed in 
terms of contaminant concentration (in units of mg L–1) responsible for 
the death of 50% daphnia and fish after 48 and 96 h exposure, respec-
tively, represented by LC50. Similarly, the acute toxicity towards green 
algae is estimated in terms of compound concentration (mg L–1) 
responsible for the 50% growth inhibition of this microorganism after 
96 h contact time, expressed as EC50 [46]. 

Fig. 1. (a) UV–vis absorption spectra of the N-TiO2 and reference TiO2 samples and (b) calculation of bandgap energy for indirect allowed transitions.  
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3. Results and Discussion 

3.1. Morphological and structural properties of N-TiO2 nanoparticles 

The UV–vis absorption spectra of reference and nitrogen doped TiO2 
nanoparticles is presented in Fig. 1. It can be observed that nitrogen 
doping can increase the absorption of TiO2 nano-powders in UV as well 
as visible light region, spectroscopically termed as blue shift and red 
shift, respectively. As a result, N-TiO2 nanoparticles could be anticipated 
to possess higher visible light activity than reference TiO2 nanoparticles. 
Furthermore, higher visible light absorption by N-TiO2 could possibly 
indicate that nitrogen doping had lowered the bandgap of TiO2. To 
verify this claim, the bandgap energies of both reference TiO2 and N- 
TiO2 were calculated by plotting (αhv)1/2 versus hv (photon energy), 
considering indirect allowed transitions [47–49]. The high slopes of the 
plot curves were linearly extrapolated to determine the indirect bandgap 
energies. The bandgap energies were found to be 3.23 and 2.89 eV for 

reference TiO2 and N-TiO2, respectively. The lower bandgap energy of 
N-TiO2 in comparison to reference TiO2 is in agreement with the find-
ings of the previous research studies [22,33,48–51]. Previously, the 
bandgap energy of N-TiO2 nanoparticles was found to be 2.71 [22], 2.28 
[48,50], 2.80 [49], 2.9 [51], and 2.83 eV [52]. From the calculated 
bandgap energies, we can conclude that the excitation wavelength of the 
TiO2 nanoparticles changes from 384 nm (UV region, 3.23 eV photon 
energy) to 429 nm (visible region, 2.89 eV photon energy) via N-doping 
[18,50]. Thus, visible light photons could activate N-TiO2 nanoparticles 
to generate electron-hole (e− /h+) pairs, capable of water contaminants 
degradation via a series of redox reactions. The lower bandgap energy of 
N-TiO2 than reference TiO2 is due to the additional localized energy 
states produced by the doped nitrogen atoms on the top of the VB of 
TiO2, as mentioned earlier. If doped N-atoms occupy substitutional po-
sition, the N-impurity states will be located at 0.14 eV and at 0.73 eV if 
these doped nitrogen atoms occupy interstitial position in the crystal 
lattice of TiO2. Thanks to these localized energy states produced by the 

Fig. 2. (a) Nitrogen adsorption-desorption isotherms and (b) pore size distribution of as-prepared reference TiO2 and N-TiO2 nanoparticles.  
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doped nitrogen atoms which impart visible light activity to TiO2 nano-
particles. Since solar spectrum comprises about 45% visible light, 
N-TiO2 can use solar energy for photocatalytic degradation of environ-
mental pollutants and for solar H2 production. Thus, producing visible 
light active photocatalysts can bring down the cost of water treatments 
as well as of green water production. 

The N2 adsorption-desorption (AD) isotherms of the reference TiO2 
and N-TiO2 nanoparticles is plotted in Fig. 2a. In accordance of IUPAC 
classification- on the basis of hysteresis loops- these N2 AD isotherms are 
categorized as type IV [53]. Since type IV isotherm represents a meso-
porous substance, the reference TiO2 and N-TiO2 samples are meso-
porous in nature [53]. Applying the BJH method, the N2 desorption 
isotherm was further used for calculation of pore size distributions using 
the Halsey equation. Fig. 2b shows that doping of the TiO2 lattices with 
nitrogen atoms significantly changed the pore size distributions. Pore 
diameter of 4.3 and 3.2 nm were calculated for the reference TiO2 and 
N-TiO2 nanoparticles, respectively. The graph of pore size distribution, 
particularly for the N-TiO2 nanoparticles, shows a narrow width which is 
an indication of good homogeneity of their pores. 

Furthermore, the BET surface area analysis shows that N-doping 
significantly enhanced the BET surface area of TiO2 nanoparticles from 
83.6 m2/g (reference TiO2) to 131.8 m2/g (N-TiO2). Similarly, N-TiO2 
nanoparticles possess higher pore volume as compared to reference TiO2 
nanoparticles, i.e., 0.140 and 0.088 cm3/g for N-TiO2 and reference 
TiO2, respectively. 

Eq. (3) was used to calculate the average particle size of the syn-
thesized reference TiO2 and N-TiO2 nanoparticles [49]: 

D =
6000

ρ × BET surface area
(3)  

where D is the average particle size and ρ is the density of the nano-
material. For anatase form of TiO2, the density has been reported to be 
3.79 g cm− 3 [54]. Using Eq. (3), the average particle sizes for N-TiO2 
and reference TiO2 were found to be 12.0 and 18.9 nm, respectively. 

Fig. 3 reveals the X-ray diffraction patterns of both N-TiO2 and 
reference TiO2 nanoparticles. Based on the diffraction peak at 
2θ = 25.5◦, a characteristic peak of (101) anatase crystal plane, it could 
be concluded that both reference TiO2 and N-TiO2 exhibited well- 
crystallized anatase structures. The XRD patterns did not show any 
peaks that could represent the rutile form of TiO2. The XRD results 
suggested that the main TiO2 phase was not affected by nitrogen doping. 
Moreover, the spaces of (101) plane (i.e., D (101)) for reference TiO2 and 
N-TiO2 were determined to be 3.53 and 3.52 Å, respectively (Table 1). 
Thus, the incorporation of nitrogen atoms into TiO2 lattice did not 
significantly affect the dimensions of the unit cells of the TiO2 lattices. 
This could possibly be owing to the low doping levels of nitrogen atoms 
in the TiO2 lattice. The average crystallite size of N-TiO2 and reference 
TiO2 samples were calculated from the (101) plane of these samples 
using Scherrer formula, shown in Eq. (4)) [55]: 

D =
Kλ

βcos θ
(4)  

where D, K, λ, β and θ are the average crystallite size, a constant- equal to 
0.89, wavelength of the X-ray radiation (1.54 Å), full width at half- 
maximum (FWHM) of 101 peak and diffraction angle, respectively 

Fig. 3. XRD pattern of N-TiO2 and reference TiO2 nanoparticles.  

Table 1 
Structural characteristics of N-TiO2 and reference TiO2 nanoparticles.  

Catalyst type Crystal phase SBET 

(m2 g− 1) 
Crystal size (nm)a Particle size (nm)b Total pore volume 

(cm3 g− 1) 
Porosity 
(%)c 

D (101) (Å)d 

N-TiO2 Anatase  131.8  10.9  12.0  0.140  34.7  3.52 
Reference TiO2 Anatase  83.6  16.1  18.9  0.088  25.0  3.53  

a Calculated from XRD, using Scherrer equation: D = 0.89 λ/(β × cos θ). 
b Calculated from BET, using D = 6000/(ρ × BET surface area), where ρ = 3.79 g cm− 3 of anatase density. 
c Porosity (%) = pore volume (cm3 g− 1)/(pore volume (cm3 g− 1) + solid catalyst volume without pore (cm3 g− 1)) × 100; the solid catalyst volume (cm3 g− 1) without 

pore was calculated from the density of anatase form (3.79 g cm− 3) and is equal to 1/density of the solid catalyst volume without pore. 
d Based on Bragg’s Law: d = λ/(2 × sin Ѳ), where λ = 1.54 Å. 
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Fig. 4. High-resolution transmission electron microscopy images of (a) N-TiO2 and (b) reference TiO2 nanoparticles.  

Fig. 5. (a) X-ray photoelectron spectroscopy (XPS) survey scan spectrum for N-TiO2, (b) high resolution XPS spectrum of N 1 s core levels, (c) high resolution XPS 
spectrum of Ti 2p core levels, and (d) high resolution XPS spectrum of O 1 s levels. 
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[4]. Herein, the average crystallite sizes of N-TiO2 and reference TiO2 
nanoparticles are calculated as 10.9 and 16.1 nm, respectively (Table 1). 

HR-TEM was carried out for further investigation of the morphol-
ogies and crystal sizes of the N-TiO2 and reference TiO2 samples (Fig. 4). 
Analyzing the HR-TEM images, the average crystal sizes of the reference 
TiO2 and N-TiO2 samples were calculated as 15.8 ± 1.3 and 9.5 
± 0.9 nm, respectively. The results of HR-TEM are consistent with the 
XRD results. Moreover, lattice fringes having 3.51 and 3.53 Å as inter-
layer distances for the (101) planes of N-TiO2 and reference TiO2, 
respectively, were resolved in HR-TEM images. These results of inter-
layer distance of (101) planes are consistent with the results obtained 
from Bragg’s equation (see Table 1). In addition, the morphologies of the 
prepared nanoparticles were also studied by fast Fourier transform 
(FFT). FFT patterns reveal clear rings for N-TiO2 and reference TiO2 
nanoparticles indicating that these nanoparticles have one dominant 
crystal phase, i.e., anatase phase as revealed from XRD. 

To identify the composition of N-TiO2 and the nature of incorporated 
N-atoms in it, the N-TiO2 sample was analyzed by XPS. In addition, the 
oxidation states of Ti and nature of O-atoms were also recognized by XPS 
analysis. Fig. 5a represents the spectrum of XPS survey scan of N-TiO2. 
The spectrum of XPS survey scan of N-TiO2 showed the occurrence of Ti, 
O, N and C, representing successful doping of N in N-TiO2 samples. The 
peak at 284.5 eV has been previously assigned to C 1 s core level there-
fore, the detected C peak in the spectrum of XPS survey scan of N-TiO2 
possibly be due to the adventitious carbon atoms adsorbed on TiO2 [49, 
56]. The deconvoluted peaks for N 1 s core level in the high-resolution 
spectrum of N-TiO2 were found at 396.3, 399.2 and 400.6 eV, charac-
teristic peaks of the doped N (Fig. 5b) [41]. It is noteworthy to be 
mentioned here that the assignment of different XPS peaks detected for 
N1 s core level in N-TiO2 samples is still under debate. This is because, 
the nature of Ti and N precursors as well as the method of N-TiO2 syn-
thesis affect the position/energy of the XPS peaks of N 1 s core level. 
Various researchers have observed different XPS peaks, ranging from 
396 to 404 eV, for N 1 s core level in N-TiO2 samples and have assigned 
these peaks to either substitutional or interstitial state of nitrogen in 
N-TiO2 lattice [24,49]. It has been reported that XPS peaks that appear 
at 396–397 eV are due to substitutional N-atoms and those which appear 

at about 400 eV are generally ascribed to interstitial nitrogen [24]. 
Analyzing the available XPS results of N-TiO2 nanoparticles and 
comparing our results with the published data, we can conclude that the 
peaks detected at 396.3 and 399.2 eV in our work could be, respectively, 
attributed to substitutional and interstitial states of nitrogen in N-TiO2 
samples [24,25]. The peak at 400.6 eV could possibly be attributed to 
the surface adsorbed nitrogen species (essentially adsorbed NOx) [41]. 
This peak (i.e., at 400.6 eV) could also be assigned to the interstitially 
doped nitrogen as reported by Zeng et al. [57]. Since both of the sub-
stitutional and interstitial states can induce localized energy states in the 
bandgap of TiO2, we expect higher photocatalytic efficiency of the 
synthesized N-TiO2 nanomaterials under visible light irradiation. The 
high-resolution spectrum of Ti 2p indicated two major peaks at binding 
energies of 458.5 and 464.2 eV (Fig. 5c). The former is assigned to Ti 
2p3/2 and the later to Ti 2p1/2 [41,58]. Each of these two peaks were 
deconvoluted into two peaks, i.e., the peak at 458.5 eV into 458.1 and 
458.7 eV; and the peak at 464.2 eV into 463.8 and 464.4 eV (Fig. 5c). 
The peaks at 458.1 and 463.8 eV are attributed to Ti3+ 2p3/2 and Ti3+

2p1/2 states while the peaks at 458.7 and 464.4 eV are attributed to Ti4+

2p3/2 and Ti3+ 2p1/2 states, respectively [58–60]. The existence of Ti3+

states show the presence of oxygen vacancies (OV) in N-TiO2. This is 
because, the reduction of Ti4+ to Ti3+ is accompanied by the formation 
of OV for maintenance of electrostatic balance in accordance of reaction 
(5) [61].  

4 Ti4+ + O2–→2 Ti4+ + 2 Ti3+ +□+ 0⋅5 O2                                     (5) 

Where □ indicates an empty position (vacancy) arising from the elim-
ination of O2– in the N-TiO2 crystal lattice. Reaction (5) indicates, if not 
produced by other means, the ratio of Ti3+ to OV will be 2:1in the lattice, 
as for each oxygen vacancy two Ti3+ are produced. The presence of Ti3+

in N-TiO2 lattice is highly beneficial for the better activity of the pho-
tocatalyst since Ti3+ can suppress electron-hole recombination rate [58, 
62]. Fig. 5d represents the full survey spectrum of O 1 s. This peak was 
fitted into three peaks at 529.7, 530.8 and 531.4 eV assigned to lattice 
oxygen (OL), OV, and hydroxyl groups adsorbed at the surface (OH), 
respectively. The presence of OV supports the claim that the existence of 
Ti3+ indirectly confirms the formation of OV in the crystal lattice via 

Fig. 6. Fourier transform infrared (FTIR) spectra of N-TiO2 and reference TiO2 nanoparticles.  
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reaction (5). Similarly, to Ti3+, OV could also suppress the recombina-
tion rate of e− /h+ pairs by trapping the photogenerated electrons, 
thereby enhancing the photocatalytic activity of N-TiO2 [58,62,63]. 
Moreover, OV can boost the efficiency of photocatalysts via generation 
of superoxide radical anions (O2

•–) [23]. In addition, the efficiency of the 
N-TiO2 nanoparticles can further be enhanced by OH through production 
of hydroxyl radicals (•OH) by trapping holes (h+) [58]. 

The FTIR spectra of reference TiO2 and N-TiO2 is given in Fig. 6. The 
broad band at 3439 cm− 1 in both N-TiO2 and reference TiO2 is due to the 
stretching vibration of hydroxyl groups adsorbed at the surface of these 
materials [4,64]. The 1632 cm− 1 band in both reference TiO2 and 
N-TiO2 samples is attributed to the bending vibration of water molecules 
adsorbed at the surface of photocatalysts [34]. The degree of TiO2 hy-
droxylation greatly depends on the reaction conditions and methods of 
its synthesis. The hydroxyl groups adsorbed at the surface of photo-
catalysts has been reported to play a vital role in enhancing their 

photocatalytic activities. This is because, these hydroxyl groups transfer 
the photogenerated species during photocatalytic reaction thereby 
generating reactive species and lowers the recombination rate of 
electron-hole pairs. Another band at 1427 cm− 1 was detected only in 
N-TiO2 samples (Fig. 6). This band is due to the N-H bending vibration, 
revealing successful doping of N in TiO2 crystal lattice [56,64]. 

3.2. Degradation of 2,4-dichlorophenol 

To evaluate the photocatalytic efficiencies of reference TiO2 and N- 
TiO2 nanoparticles, 2,4-dichlorophenol (2,4-DCP) degradation was 
carried out under UV and visible light radiations. The results are pre-
sented in Fig. 7a-b. Only about 6% and 8% adsorption of 2,4-DCP on 
reference TiO2 and N-TiO2 have been observed after 120 min- which 
slightly increased to 7% and 10% at 240 min, respectively (data not 
shown). Thus, a very slight difference of 2,4-DCP adsorption on 

Fig. 7. Photocatalytic degradation of 2,4-DCP (a) under UV light irradiation and (b) under visible light irradiation. Reaction conditions: [2,4-DCP]0 = 153.4 μM 
(25 mg/L), [catalyst]0 = 1 g/L, [H2O2]0 = 2 mM, pH = 5.6. 
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reference TiO2 and N-TiO2 was found. Sole H2O2 and UV-365 nm light 
was capable of degrading only 1.90% and 16.8% 2,4-DCP, respectively, 
at 120 min of irradiation (Fig. 7a). However, in presence of H2O2 
(2 mM) (i.e., UV-365/H2O2), the % degradation increased to 35.8%. The 
degradation of 2,4-DCP was promoted to 46.9% and 65.4%, respec-
tively, while applying the UV-365/reference TiO2 and UV-365/N-TiO2 
systems. Furthermore, combining the UV-365/N-TiO2 with H2O2 
(2 mM) (i.e., UV-365/H2O2/N-TiO2), the degradation enhanced to 
90.1% (Fig. 7a). The observed pseudo-first-order rate constant (kobs) for 
sole H2O2, sole UV-365 nm light, UV-365/H2O2, UV-365/reference 
TiO2, UV-365/N-TiO2 and UV-365/H2O2/N-TiO2 processes was calcu-
lated to be 0.0001, 0.0017, 0.0039, 0.0057, 0.0091 and 0.0203 min–1, 
respectively (Fig. S1 (a) and (b), supporting information (SI)). Similarly, 
the degradation of 2,4-DCP, at 240 min of treatments, was calculated to 
be 2.76%, 6.2%, 15.3%, 21.5%, 77.6% and 93.1% by sole H2O2, sole 
visible light, visible/H2O2, visible/reference TiO2, visible/N-TiO2 and 
visible/H2O2/N-TiO2, respectively (Fig. 7b). Whereas, the kobs was 
found to be 0.0001, 0.0003, 0.0008, 0.0011, 0.0052 and 0.0078 min–1 

for sole H2O2, sole visible light, visible/H2O2, visible/reference TiO2, 
visible/N-TiO2 and visible/H2O2/N-TiO2, respectively (Fig. S1 (c) and 
(d), SI). These results suggest that UV-365 nm light is more effective in 
degrading 2,4-DCP than visible light. Moreover, higher photocatalytic 
performance of N-TiO2 than reference TiO2 was observed, possibly 
owing to the low bandgap of N-TiO2. The photocatalytic activity dif-
ference, in terms of % degradation of 2,4-DCP, between N-TiO2 and 
reference TiO2 under UV-365 nm irradiation was calculated to be 18.5% 
(65.4%− 46.9% = 18.5%). However, this activity difference increased to 
56.1% (77.6%− 21.5% = 56.1%) under visible light illumination. This 
activity difference could be due to the difference in the bandgap energies 
of reference TiO2 and N-TiO2. Since the bandgap energies of reference 
TiO2 and N-TiO2 were calculated to be 3.23 and 2.89 eV, respectively, 
visible light can activate N-TiO2 but not reference TiO2 whereas UV- 
365 nm radiation can activate both N-TiO2 and reference TiO2. It means 
that the visible light has activated the N-TiO2 photocatalyst in visible/N- 
TiO2 system and resulted in the production of reactive oxygen species 
(ROSs) such as •OH and O2

•− (reactions (5− 8)) [4,65,66]. These ROSs 
then reacted with 2,4-DCP and resulted in its fast degradation (sec-
ond-order rate constant between 2,4-DCP and •OH is 7.4 ( ± 0.5) × 109 

M− 1 s− 1) (reaction (10)) [67]. Conversely, visible light was not capable 
of activating the reference TiO2 and hence, very low degradation of 2, 
4-DCP (merely 21.5%) was obtained in visible/reference TiO2 system. 
It is noteworthy to be mentioned here that this 21.5% degradation of 2, 
4-DCP by visible/reference TiO2 system includes 7% 2,4-DCP adsorption 
on reference TiO2 and 6.2% 2,4-DCP degradation by sole visible light (as 
explained above). Hence, the visible light based photocatalysis of 
reference TiO2 (visible/reference TiO2 photocatalysis) contributed to 
8.3% (21.5%− (7%+6.2%) = 8.3%) degradation of 2,4-DCP. However, 
in reality the visible light is not capable of degrading 2,4-DCP directly as 
well as not capable of TiO2 activation to generate reactive radicals which 
could lead to 2,4-DCP degradation. Thus, the observed photolysis (6.2%) 
and photocatalysis by visible/reference TiO2 (8.3%) of 2,4-DCP could be 
due to some UV radiations- albeit with low intensity- which possibly 

enter the reaction solution along with visible light. The possible pres-
ence of UV radiations suggested that UV block filter may not completely 
eliminate/block the UV portion of the lamp and some UV radiations still 
enter the solution. 

2N − TiO2̅̅̅̅̅̅̅→
UV/visible

h+
b + e−cb (6)  

H2Oads + h+
vb→•OH+H+ (7)  

OH− + h+
vb→•OH (8)  

O2 + e−cb→O•−
2 (9)  

2, 4 − DCP+
•OH

O
• −
2 →CO•−

2 +H2O+Cl− (10) 

Similarly, the difference in % degradation of 2,4-DCP between UV- 
365/H2O2/N-TiO2 and UV-365/N-TiO2 systems was 24.7% (90.1% −
65.4% = 24.7%) whereas this difference was found to be 15.5% (93.1% 
− 77.6% = 15.5%) between visible/H2O2/N-TiO2 and visible/N-TiO2 
systems. It means that H2O2 played more positive role in photocatalytic 
process based on UV-365 nm light than the one based on visible light. 
The higher synergetic role of H2O2 in UV-365/H2O2/N-TiO2 system is 
because of the dual activation of H2O2 in this system, i.e., (i) activation 
by UV-365 nm radiation and (ii) activation by photocatalytically pro-
duced e−cb/O2

•− (reactions (10− 12)) [4,68–72]. On the other hand, only 
single activation of H2O2 available in visible/H2O2/N-TiO2 system, i.e., 
activation by photo-catalytically produced e−cb/O2

•− only and not by light 
(because visible light is not capable by activating H2O2). 

H2O2̅→
UV 2•OH (11)   

H2O2+O2
•− →OH− + •OH + O2                                                       (12)  

H2O2 + e−cb→OH− + •OH                                                              (13) 

By increasing the treatment time of the visible/N-TiO2 system, a 
continuous reduction in the 2,4-DCP concentration was observed, 
leading to 100% degradation at 420 min 

3.3. Identification of reactive species and degradation products 

Since visible/N-TiO2 system is economically more feasible process, 
this system was further evaluated. It had been found that the degrada-
tion/removal of organic substances in photocatalysis is carried out by 
photo-catalytically produced ROSs such as •OH, e−cb, h+, H2O2 and O2

•−

[66,73–76]. However, the relative contribution of each ROS generally 
depends on the type of organic pollutant/compound and on the photo-
catalytic system. To explore the relative contribution of different 
possible ROSs towards 2,4-DCP degradation, quenching experiments 
were conducted by applying specific scavengers of these ROSs. The 
specific scavengers used in this study were: (i) iso-propanol (i-PrOH) for 
quenching •OH; (ii) methanol (MeOH) for scavenging •OH and h+; (iii) 
Fe(II)-EDTA for H2O2; and (iv) potassium dichromate (K2Cr2O7) for e−cb. 

Table 2 
kobs and % reduction in kobs of photocatalytic degradation of 2,4-DCP in the presence of different scavengers. Experimental conditions: [2,4-DCP]0 = 153.4 μM (25 mg/ 
L), [N-TiO2]0 = 1 g/L, [MeOH]0 = [i-PrOH]0 = 100 mM, [Fe(II)-EDTA]0 = 10 μM, [K2Cr2O7]0 = 50 μM.  

Experimental condition Purpose kobs (min− 1) % Reduction in kobs 

No scavenger —————————  0.0052 ———————— 
MeOH To scavenge•OH and h+ 0.0022 57.7 
i-PrOH To scavenge•OH  0.0024 53.8 
Fe(II)-EDTA To scavenge H2O2  0.0048 7.7 
K2Cr2O7 To scavenge e− 0.0034 34.6 
1,4-Benzoquinone (p-BQ) To scavenge O2

•− 0.0037 28.8 
MeOH + N2 saturation To scavenge h+ and•OH and eliminates the formation of O2

•− 0.0008 84.6 
MeOH + O2 saturation To scavenge h+ and•OH and promotes the formation of O2

•− 0.0025 51.9  
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The results are presented in Table 2. The observed rate constant (kobs), 
based on pseudo-first-order kinetics, was calculated as 0.0052 min− 1 in 
absence of scavenger. By applying MeOH and i-PrOH as specific scav-
engers, the kobs decreased to 0.0022 (reduction in kobs =

(0.0052 − 0.0022)/0.0052 × 100 = 57.7%) and 0.0024 (reduction in 
kobs = (0.0052 − 0.0024)/0.0052 × 100 = 53.8%) min− 1, respectively. 
These results demonstrated that the relative contribution of •OH 

towards degradation of 2,4-DCP was 53.8% (reduction obtained in 
presence of i-PrOH (•OH scavenger) and that of h+ was 3.9% (57.7%−

53.8% = 3.8%, difference between MeOH and i-PrOH). It is noteworthy 
to be mentioned here that 3.9% contribution of h+ represents the direct 
contribution of h+ towards 2,4-DCP degradation, possibly through 
electron transfer reaction, else the credit of •OH contribution towards 2, 
4-DCP degradation also goes to h+ since these are the h+ which are 

Scheme 1. Degradation products and pathways of 2,4-DCP by visible/N-TiO2 system.  

Table 3 
% Degradation of 2,4-DCP, percent relative inhibition (INH%) of bioluminescence of Vibrio fischeri by 2,4-DCP treated solutions, % removal of TOC and concentration 
of chloride ion formation during photocatalytic degradation of 2,4-DCP by visible/N-TiO2 system. Experimental conditions: [2,4-DCP]0 = 153.4 μM, [N-TiO2]0 = 1 g/ 
L, pH = 5.6.  

Treatment time (min) % Degradation of 2,4-DCP INH% % Removal of TOC Chloride formation (µM)  

0  0.0  68  0  0  
60  24.1  70  6.3  33.5  
120  44.4  76  13.4  62.8  
180  61.2  82  21.6  98.8  
240  77.6  87  32.2  133.4  
300  89.8  89  43.3  166.9  
360  97.8  81  55.5  195.6  
420  100.0  52  65.8  215.8  
480  100.0  26  73.8  234.5  
540  100.0  12  80.5  248.2  

Table 4 
Aquatic toxicity of 2,4-DCP and its detected DPs (all values are in units of mg L− 1).  

Compound Acute Toxicity Chronic Toxicity 

Fish (LC50) Daphina (LC50) Green Algae (EC50) Fish (ChV) Daphina (ChV) Green Algae (ChV) 

2,4-DCP 25.5 15.6  15.8  2.72  1.87  4.87 
2-CHQ 232.0 128.0  84.0  21.9  11.5  20.6 
4-CP 67.3 43.9  34.8  7.59  4.46  9.40 
HQ 669 347  179  58.8  26.4  38.4 
p-BQ 3.33 × 103 1.61 × 103  614  269  100  112  
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responsible for •OH formation via reactions (7) and (8). When Fe 
(II)-EDTA was used as a scavenger, a 7.7% reduction in kobs was noted 
(kobs reduced from 0.0052 to 0.0048 min− 1, Table 2) indicating that 
either H2O2 played a minor role in 2,4-DCP degradation or a negligible 
amount of H2O2 was produced in the visible/N-TiO2 system. When H+

ions are present in the reaction solution, O2
•− could lead to the formation 

of H2O2 through reaction (13) [4].  

O2
•− + 2 H+ + e−cb→H2O2                                                               (14) 

Since we had performed the photocatalytic experiments at pH 5.6 
(unadjusted), we expect that a negligible amount of H2O2 was produced 
in the visible/N-TiO2 system. Table 2 also shows a 34.6% reduction in 
kobs, as it reduced from 0.0052 to 0.0034 min− 1, when K2Cr2O7 was 
added to visible/N-TiO2 system as e−cb scavenger. To further evaluate the 
direct and indirect contribution of e−cb (i.e., via formation of O2

•− (reac-
tion (9))) towards 2,4-DCP degradation, experiments in the occurrence 
of 1,4-benzoquinone (p-BQ), MeOH + N2 saturation, and MeOH + O2 
saturation were performed. p-BQ scavenges O2

•− , MeOH + N2 can scav-
enge h+ and •OH as well as eliminates the formation of O2

•− thereby 
allows only e−cb in the photocatalytic system to attack 2,4-DCP, and 
MeOH + O2 can scavenge h+ and •OH as well as promotes the formation 
of O2

•− (via reaction (9)) thereby allows O2
•− and e−cb (non-reacted with 

O2) in the photocatalytic system to attack 2,4-DCP. The results exhibited 
that p-BQ has reduced the kobs by 28.8% (i.e., from 0.0052 to 
0.0037 min− 1) (Table 2), indicating 28.8% contribution from O2

•− . 

Similarly, the reduction in kobs was calculated to 84.6% (i.e., from 
0.0052 to 0.0008 min− 1) in MeOH containing system saturated with N2, 
showing 15.4% contribution of e−cb towards degradation of 2,4-DCP 
(Table 2). These results indicated that the reduction caused by 
K2Cr2O7 (e−cb scavenger) was due to the suppression of O2

•− formation 
due to the scavenging of e−cb. The reduction caused by MeOH + N2 (i.e., 
84.6%) was close to the total reduction caused by MeOH and p-BQ, i.e., 
86.5% (57.7% by MeOH and 28.8% by p-BQ). This is because, both 
systems develop similar situations, i.e., eliminate •OH, h+ and O2

•− from 
the reaction solutions. To further confirm the involvement of O2

•− in the 

degradation of 2,4-DCP by visible/N-TiO2 system, experiments were 
conducted in the presence of MeOH saturated with O2. In presence of 
MeOH + O2 system, the kobs decreased from 0.0052 to 0.0025 min− 1, i. 
e., 51.9% reduction. This reduction is less than that observed in MeOH 
containing solution (i.e., 57.7%). Thus, it suggests that a relatively high 
level of O2

•− was produced when the solution was saturated with O2 gas 
than in non-saturated (ordinary) solution. As a result, higher degrada-
tion of 2,4-DCP was found in MeOH + O2 system which further confirms 
the participation of O2

•− in the degradation of 2,4-DCP. 
To elucidate the possible pathways of 2,4-DCP photocatalytic 

degradation by visible/N-TiO2, the degradation products (DPs) were 
identified by GC-MS. A total of four DPs were identified in the present 
study, namely 4-chlorophenol (4-CP), 2-chlorohydroquinone (2-CHQ), 
hydroquinone (HQ) and 1,4-benzoquinone (p-BQ), shown in Scheme 1. 
The GC-MS spectra of these detected by-products are given in Fig. S2, 
supporting information (SI). All of the DPs, identified in this study, were 
previously detected by other researchers in 2,4-DCP degradation studies 
by different AOPs [44,77–79]. Although many researchers have identi-
fied 4-CP as one of the DPs of 2,4-DCP, yet its precise mechanism of 
formation is still not clear. On the basis of different reactive species (i.e., 
e−cb, h+

vb, H+ and O2
•− ) present in the photocatalytic system (produced via 

reactions (6), (7) and (9)), we are proposing the following pathway of 
4-CP formation from 2,4-DCP (reaction (15)) [80,81]. Thus, 2,4-DCP 
could produce 4-CP via de-chlorination followed by hydrogenation re-
actions, shown in reaction (15).    

Dechlorination-hydroxylation of 2,4-DCP could lead to the formation 
of 2-CHQ as its DP, possibly through three different routes (reaction 
(15)) [78]. Similarly, this type of dechlorination-hydroxylation reaction 
of 4-CP could lead to the formation of HQ, also shown in reaction (16), in 
brackets.   

(15)  
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Hydrogen abstraction from HQ by •OH led to the production of p-BQ 
(reaction (17)), as also suggested by Shi et al. [77] and Wang et al. [78].  

(17) 

A total of four DPs were identified in the present study, namely 4- 
chlorophenol (4-CP), 2-chlorohydroquinone (2-CHQ), hydroquinone 
(HQ) and 1,4-benzoquinone (p-BQ), shown in Scheme 1. 

The detected DPs were quantified to confirm whether the visible/N- 
TiO2 system is capable of degrading the DPs of 2,4-DCP or not. The 
quantification of the detected DPs during the course of treatment pro-
vides useful information about the toxicity of the photo-catalytically 
treated solution. This is because, the DPs are sometimes more 
noxious/harmful than the parent compound. Thus, in such a scenario, 
the elimination of DPs is highly necessary for reducing the toxicity of 
treated waters. In case, of 2,4-DCP degradation, the DPs such as HQ and 
p-BQ have been reported to be more toxic than 2,4-DCP itself. Therefore, 
the quantification of these two products is essential to test the practical 
applicability of the visible/N-TiO2 system for real water treatments. To 
achieve the complete degradation of 2,4-DCP and its toxic DPs from 
treated waters, the treatment time was increased to 540 min. The 
quantification results show that 4-CP and 4-CHQ initially accumulated 
in the treated solution up to 17.8 and 11.4 μM, respectively, at 240 min 
of treatment time. The remaining concentration of 2,4-DCP at 240 min 
of treatment was 34.4 μM (77.6% was degraded). However, the con-
centration of 4-CP and 4-CHQ was observed to decrease on further 
irradiation and reached to 12.1, 4.3 and 0.0 μM for 4-CP and 8.6, 2.4 and 
0.0 μM for 4-CHQ at reaction time of 300, 360 and 420 min, respec-
tively. Analogous trends were found for HQ and p-BQ. The concentration 

of HQ reached to a maximum value of 14.3 μM at 300 min of treatment 
time whereas that of p-BQ reached to 15.2 μM at treatment time of 
360 min. Luckily, a decline in the concentration of both HQ and p-BQ 
were observed at 420 min of treatment, i.e., 4.5 μM for HQ and 8.1 for 
μM p-BQ. 

According to molar balance data calculations, 56.5%, 52.6%, and 
50.8% of the 2,4-DCP was transformed to 4-CP, 4-CHQ, HQ and p-BQ at 
60, 120 and 180 min of the treatment time, respectively (Fig. S3 and 
Table S1). On prolong treatment, the share of these four DPs (i.e., 4-CP, 
4-CHQ, HQ and p-BQ) to total DPs of 2,4-DCP reduces to 42.3%, 35.0%, 
21.8%, 8.2%, 1.8% and 0.0% at reaction time of 240, 300, 360, 420, 480 
and 540 min, respectively (Fig. S3 and Table S1). The continuous 
reduction in the concentration of the detected DPs with treatment time 
indicated that these DPs further converted to small organic acid mole-
cules and finally to H2O and CO2 as evidenced from the mineralization 
study which exhibited ceaseless abatement with the reaction time (See 
Section 3.4). 

3.4. Toxicity evaluation and degree of mineralization and de-chlorination 

It is highly important to achieve a higher degree of toxicity reduction 
while dealing with the degradation/removal of toxic organic compounds/ 
pollutants. Therefore, to evaluate the possibility of practical applications 
of visible/N-TiO2 system, the toxicity changes during the photocatalytic 
treatment of 2,4-DCP were measured. Generally, organic compounds are 
more toxic than the inorganic products/ions produced by these organic 
compounds upon decomposition. Therefore, the removal of TOC during 
the 2,4-DCP photocatalytic degradation was also assessed. Moreover, the 
chloride removal efficiency was also measured in this study since the rate 
of de-chlorination of 2,4-DCP has been reported to be an important in-
dicator of toxicity reduction [44]. To achieve higher level of toxicity 
reduction and TOC removal, the treatment time was increased to 
540 min, as in case of DPs quantification. The overall results of toxicity 
changes, removal of TOC and Cl− formation are represented in Table 3. 

(16)  
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Complete (100%) degradation of 2,4-DCP was achieved at 420 min of 
treatment time (Table 3). The acute toxicity changes did not follow the 
trend of 2,4-DCP degradation with treatment time, i.e., with the reduction 
in 2,4-DCP concentration, no parallel reduction in toxicity was observed. 
Rather, an increase in acute toxicity was observed from 68% INH at 0 min 
of treatment to 89% INH at 300 min of treatment. This increase in toxicity 
could be due to the harmful products of 2,4-DCP such as 4-CP, 4-CHQ, HQ 
and p-BQ. Previously, the EC50 values for 2,4-DCP, 4-CP, HQ and p-BQ 
were reported to be 2.4, 1.2, 0.088 and 0.035 mg/L, respectively, indi-
cating toxicity order of these compounds as: p-BQ > HQ > 4-CP > 2, 
4-DCP. Thus, the increase in toxicity at the early stages of the experiment 
could possibly be ascribed to the toxic DPs produced in the system. 
Luckily, on prolong treatment, the toxicity has been found to reduce 
continuously, reaching 12% INH at 540 min of treatment. The overall 
toxicity reduction was 82.4% ((68− 12)/68 × 100)- calculated from 68% 
INH at 0 min and 12% INH at 540 min of treatment. The reduction in 
toxicity on prolong treatment suggest that the DPs were later degraded by 
the photocatalytic system. 

The degradation of 2,4-DCP and its DPs on prolong treatment could 
be confirmed from the removal of TOC. The removal of TOC was found 
to be 80.5% at 540 min of treatment, suggesting the destruction of 
organic compounds, i.e., 2,4-DCP and its DPs. Consequently, toxicity 
reduced with the degradation of organic compounds, indicating the 
higher hazardous nature of these organic compounds as compared to 
their inorganic counterparts. Furthermore, the Cl− 1 concentration 
increased from 0 µM at 0 min to 248.2 µM at 540 min, indicating the de- 
chlorination of 2,4-DCP and its DPs. Since the de-chlorination of 
phenolic compounds has been associated with toxicity reduction (e.g., 
phenol has lower toxicity than 2,4-DCP), reduced toxicity has been 
observed at higher treatment time. The theoretical calculations shows 
that 153.4 µM 2,4-DCP could produce 306.8 µM Cl− 1 (because one 
molecule of 2,4-DCP contains 2 Cl atoms). Thus, the mass balance data 
indicated that 80.9% (248.2 µM/306.8 µM ×100 = 80.9%) of chlorine 
could be removed as Cl− 1 from 2,4-DCP and its DPs at 540 min of 
treatment time. 

To further assess the toxicity of the parent 2,4-DCP and its detected 
DPs- ECOSAR- toxicity assessing software- was used [45]. The results 
obtained are presented in Table 4. It can be seen that 2,4-DCP is more 
toxic than all the detected DPs (2-CHQ, 4-CP, p-BQ and HQ) towards the 

three aquatic organisms namely fish, daphnia and green algae in terms 
of both acute and chronic toxicities. It means that conversion of 2,4-DCP 
to its DPs resulted in the decrease of the toxicity of the 2,4-DCP treated 
solution towards these aquatic organisms. Since 2,4-DCP continuously 
decreased in the solution, a similar trend could be expected in toxicity 
reduction (linear) with treatment time. Thus, the visible/N-TiO2 system 
is supposed to be an environmentally friendly technology that not only 
eliminated the 2,4-DCP but also led to the toxicity reduction of the 
treated solution. Of note, these results are contrary to the experimental 
results of the INH% of bioluminescence of Vibrio fischeri by 2,4-DCP 
treated solution where initially an increase and then a decrease in 
toxicity was observed. The possible explanation for this contrary 
observation is that: either the identified DPs of 2,4-DCP are more toxic 
towards Vibrio fischeri and less toxic towards fish, daphnia and green 
algae than 2,4-DCP itself or there might be some toxic products of 2, 
4-DCP which are produced in the treated solution but in so much less 
quantity that is beyond the limit of GC-MS detection. 

3.5. Evaluation of photocatalytic activity for hydrogen production 

To achieve the higher energy demands, especially of the energy- 
deficient countries such as Pakistan, new renewable energy resources 
should be discovered. In this regard, hydrogen (H2) formation from 
water splitting or photo-reforming of methanol/ethanol by means of a 
visible light active photocatalyst and natural sun light energy is one of 
the best alternatives to the energy obtained from contaminative and 
diminishing fossil fuels. To realize this desirable objective of green en-
ergy synthesis, the prepared N-TiO2 nanoparticles were tested for H2 
formation via water splitting/photo-reforming of methanol. Neither N- 
TiO2 nanoparticles nor the light emitted by 300 W Xe lamp was capable 
of H2 production, i.e., no H2 was produced in the control experiments. 
Thus, the H2 production from water, as found in this study, could be 
considered to be a purely photo-catalyzed reaction. In this type of photo- 
catalyzed reaction, the holes of the valence band of the photocatalyst 
undergo oxidation by water or sacrificial agent (methanol in this study) 
molecules leading to the formation of H+ (reaction (18)) [82]. The 
electron of the conduction band reduces the H+ thereby generating H2 
gas (reaction (19)) and hence, complete the cycle of H2 formation via 
water splitting/photo-reforming [82]. 

Fig. 8. Decay of 2,4-DCP and formation and decay of 4-CP, 4-CHQ, HQ and p-BQ by visible/N-TiO2 system. Reaction conditions: [2,4-DCP]0 = 153.4 μM, [catalyst]0 
= 1 g/L. pH = 5.6. 
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h+ + H2O/CH3OH→•OH, CO2, H+ (18)  

2 H+ + 2 e− →H2                                                                          (19) 

The reference TiO2 nanoparticles were found to have very low ac-
tivity for H2 production. For reference TiO2, the rate of H2 production 
was calculated to be 48 μmol h− 1 g− 1 (Fig. 8). The lower activity of 
reference TiO2 nanoparticles could possibly be due to the large bandgap 
energy, little or no activation by visible light and possibly fast electron- 
hole pair recombination. However, the observed limited photocatalytic 
H2 production activity (i.e., 48 μmol h− 1 g− 1) of reference TiO2 could be 
due to the activation of reference TiO2 by the UV radiations which could 
possibly enter the reaction solution along with visible light (due to the 
possible ineffectiveness of the UV block filter to 100% filter out the UV 
radiations, as discussed in Section 3.2 in detail). Fortunately, H2 for-
mation rate was significantly enhanced to 386 μmol h− 1 g− 1 when N- 
TiO2 nanoparticles were used (Fig. 8). The higher activity of N-TiO2 
nanoparticles for H2 production could possibly be attributed to its lower 
bandgap energy and higher activation by visible light (as explained in 
detail in Section 3.1). Previously, H2 production rate of 38, 120, 211, 
670, 570, 865 and 19848 μmol h− 1 g− 1 have reported for nitrogen doped 
TiO2 nanoparticles by different researchers [34,41,83–86]. The varia-
tion in H2 production rate in different studies could mainly be attributed 
to the different type of methods of N-TiO2 synthesis as well as other 
experimental conditions such as the uses of different light (irradiation) 
sources and sacrificial agents, the presence/absence of a cocatalyst in 
the reaction mixture, and so on. 

The AQE of H2 production of N-TiO2 samples (in presence of 0.2 wt% 
Pt as co-catalyst) was calculated to be 3.9% at 360 nm. This AQE was 
found to be greater than the AQE of Pt-loaded TiO2 which was calculated 
to be < 1% at 360 nm [87]. However, the calculated AQE was about 
61.9% and 40.2% of the AQEs calculated for MoS2/TiO2 (AQE = 6.4% at 
360 nm) [42] and MoS2-graphene/TiO2 (AQE = 9.7% at 365 nm) [88], 
respectively. However, for Pt or Pd loaded N-TiO2, different values of 
AQE had been reported such as 3.7% at 420 nm for 0.5 wt% Pt loaded on 
N-TiO2 [84], 5.3% at 365 nm and 10.6% at 312 nm for 1 wt% Pt loaded 
on N-TiO2 [89], and 5.6% at 540 nm for 0.5 wt% Pd loaded on N-TiO2 
[90]. It can be concluded from these results that the synthesis of visible 
light responsive noble-metal-free photocatalysts such as N-TiO2 is a 
feasible choice for water splitting to generate green energy in the form of 

H2. This study showed that economically affordable materials- capable 
of activation by natural sun light- should be investigated as 
cost-effective water treatment and renewable energy production tech-
nologies. . 

3.6. Environmental implications 

The visible/N-TiO2 photocatalytic system is supposed to be a cost- 
efficient process for achieving environmental sustainability in terms of 
water purification and green energy production. This system utilizes 
visible light- which is freely and ceaselessly available in the form of 
natural solar light- and TiO2- a cheap and non-toxic semiconductor. 
Thus, if realize the goals of effective degradation of organic contami-
nants and hydrogen production at large scale via visible/N-TiO2 system, 
a control over the waterborne diseases and the fulfillment of higher 
energy demands could be achieved. Daily, aquatic environment receives 
huge amount of chlorinated organic compounds (COCs) from industries, 
agricultural lands, hospitals, households, and animal husbandries. These 
COCs are considered to be toxic and their toxicity is primarily owing to 
the occurrence of chlorine [91,92]. Thus, the removal chlorine atom 
from these compounds could possibly reduce the toxicity of treated 
water. Since we have observed the de-chlorination of 2,4-DCP in the 
visible/N-TiO2 system, the present work suggest that this system could 
be used for water detoxification containing COCs. 

4. Conclusion 

Visible light responsive N-TiO2 photocatalyst was successfully syn-
thesized by a modified sol-gel method. Nitrogen doping improved the 
properties of TiO2, e.g., the BET surface area of TiO2 was increased from 
83.6 m2/g (reference TiO2) to 131.8 m2/g (N-TiO2). The bandgap en-
ergies of 2.89 and 3.23 eV were found for N-TiO2 and reference TiO2 
samples, respectively. N-TiO2 nanoparticles showed higher efficiency 
than reference TiO2 under UV as well as visible light irradiation. 
Although, the degradation rate of 2,4-DCP by N-TiO2 nanoparticles was 
higher under UV light irradiation than visible light, prolonged treatment 
of 2,4-DCP by visible/N-TiO2 system led to 100% degradation of 2,4- 
DCP with more than 80% reduction in TOC. Addition of H2O2 (2 mM) 
accelerated the degradation efficiency of 2,4-DCP from 77.6% to 93.1% 
at 240 min by visible/N-TiO2 system. The mechanistic studies revealed 
the participation of h+

vb, e−cb, •OH and O2
•− in the degradation of 2,4-DCP 

Fig. 9. Rate of H2 production by reference TiO2 and N-TiO2 nanoparticles under visible light irradiation from a 300 W Xe arc lamp in 100 mL of 20 vol% aqueous 
methanol solution. Reaction conditions: [catalyst]0 = 1 g/L, [co-catalyst]0 = 0.2 wt% Pt, pH = 5.6. 
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by visible/N-TiO2 system, although by different extent. Four degrada-
tion products of 2,4-DCP were observed, namely 4-chlorophenol, 2- 
chlorohydroquinone, hydroquinone and 1,4-benzoquinone. More 
interestingly, visible/N-TiO2 system, with 0.2 wt% Pt co-catalyst, was 
found to be capable of H2 production from aqueous methanol solution at 
the rate of 386 μmol h− 1 g− 1 and AQE of 3.9% at 360 nm light. The study 
revealed that affordable water treatment and green energy production 
technologies should be explored for obtaining environmental 
sustainability. 
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[47] A.E.J. González, S.G. Santiago, Structural and optoelectronic characterization of 
TiO2 films prepared using the sol-gel technique, Semicond. Sci. Technol. 22 (2007) 
709–716. 

[48] A.I. Kontos, A.G. Kontos, Y.S. Raptis, P. Falaras, Nitrogen modified nanostructured 
titania: electronic, structural and visible-light photocatalytic properties, Phys. Stat. 
Sol. (RRL) 2 (2008) 83–85. 

[49] M. Pelaez, A.A. de la Cruz, E. Stathatos, P. Falaras, D.D. Dionysiou, Visible light- 
activated N-F-codoped TiO2 nanoparticles for the photocatalytic degradation of 
microcystin-LR in water, Catal. Today 144 (2009) 19–25. 

[50] X. Cheng, X. Yu, Z. Xing, Characterization and mechanism analysis of N doped TiO2 
with visible light response and its enhanced visible activity, Appl. Surf. Sci. 258 
(2012) 3244–3248. 

[51] G. Sauthier, E. György, A. Figueras, R.S. Sánchez, J. Hernando, Laser synthesis and 
characterization of nitrogen-doped TiO2 vertically aligned columnar array 
photocatalysts, J. Phys. Chem. C. 116 (2012) 14534–14540. 

[52] V.J. Babu, M.K. Kumar, A.S. Nair, T.L. Kheng, S.I. Allakhverdiev, S. Ramakrishna, 
Visible light photocatalytic water splitting for hydrogen production from N-TiO2 
rice grain shaped electrospun nanostructures, Int. J. Hydrog. Energy 37 (2012) 
8897–8904. 

[53] K.S.W. Sing, Reporting physisorption data for gas/solid systems with special 
reference to the determination of surface area and porosity (Recommendations 
1984), Pure Appl. Chem. 57 (1985) 603–619. 

[54] B. Prasai, B. Cai, M.K. Underwood, J.P. Lewis, D.A. Drabold, Properties of 
amorphous and crystalline titanium dioxide from first principles, J. Mater. Sci. 47 
(2012) 7515–7521. 

[55] Y. Zhang, J. Wan, Y. Ke, A novel approach of preparing TiO2 films at low 
temperature and its application in photocatalytic degradation of methyl orange, 
J. Hazard. Mater. 177 (2010) 750–754. 

[56] A. Sanchez-Martinez, O. Ceballos-Sanchez, C. Koop-Santa, E.R. López-Mena, 
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