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ABSTRACT: Anatase N-doped TiO2 nanoparticles were synthesized using ultrasound at low 

frequency and at room temperature. The samples characterized by techniques including XRD, TEM, 

HRTEM, FT-IR, XPS, and UV–Vis spectroscopy. XPS indicated the existence of nitrogen as an anion 

dopant within the TiO2 lattice. The solar photocatalytic activity of N-doped TiO2 studied  

for the degradation and complete mineralization of Diclofenac (DCF). The results showed that the 

catalytic activity of the nanoparticles related to the operating conditions in the synthesis such as 

temperature and time of sonication. DCF degradation followed the pseudo-first-order kinetics model 

under different conditions. Results showed that photogenerated electrons on the catalyst surface 

played an important role in the mechanism of photocatalytic degradation of DCF. It also confirmed 

that in the presence of oxygen, the formation of oxidative species such as singlet oxygen and 

superoxide radical had major roles in the degradation of DCF. 
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INTRODUCTION 

Anatase titanium dioxide (TiO2) is a widely used and 

effective photocatalyst for environmental usages, such as 

the degradation of organic contaminants, air purification, 

and antibacterial applications [1, 2]. It is due to its high 

efficiency, low cost, nontoxicity, and its chemical 

photostability. However, TiO2 suffers from its wide band 

gap (3.2 eV) that can capture only approximately 5% of 

the total solar irradiation and activated by Ultraviolet Light 

(UV) [3]. It is necessary to develop photocatalytic activity 

with visible and solar light [4, 5].  

Many endeavors made to vanquish these problems  

by doping metal and non-metal into the TiO2 matrix in order 

to reduce the band gap and improve the visible light  

 

 

 

photocatalytic activities. But, doping with transition metal 

ions is thermally unstable and can act as electron–hole 

recombination sites, which leads to a reduction in the 

photocatalytic efficiency [6, 7]. It has reported that 

substitution or interstitial doping of non-metallic elements 

such as C [8], N [9], S [10], I [11], P [12] can successfully 

modify the electronic structure of TiO2 with extending  

its photoresponse to the visible light region. Among these 

attempts, doping with nonmetallic ions, especially with  

the N via anion precursors (amines, nitrates, ammonium salts, 

ammonia, and urea) [13] has been accepted as the best 

candidates for doping and extending the optical absorption 

of TiO2 into visible light [14, 15]. Some resistant organic  

 

 

 

* To whom correspondence should be addressed. 

+ E-mail: entezari@um.ac.ir       ;       moh_entezari@yahoo.com 

1021-9986/2020/3/159-173     15/$/6.05 

 



Iran. J. Chem. Chem. Eng. Ramandi S. et al. Vol. 39, No. 3, 2020 

 

160                                                                                                                                                                  Research Article 

contaminants degraded under sunlight in recent years [16, 17]. 

The best candidate of N for doping can be due to its  

non-poisonous [18], comparable atomic size with oxygen, 

low ionization energy, metastable center formation, localized 

energy states formation within titanium band gap, stability, 

and formation of oxygen vacancies created during  

the reaction with the anion precursor [19, 20]. The nitrogen 

doped TiO2 powder synthesized with the different 

procedure shown different powder character and different 

photocatalytic activity due to its crystal structure,  

the nature and the composition of the dopant that are specified 

by the preparation methods [18, 20]. Different methods 

have been used to prepare N-doped photocatalysts, 

including sputtering techniques [21], solvothermal process [22], 

sol–gel [23], oxidation of titanium nitride [24],  

ultrasound [19], and the sol-gel combustion method which 

has recently brought forth based on the calcination of 

titania in the presence of urea [25]. However, these 

methods usually need expensive apparatus [17, 26], 

require tight control of experimental conditions, and 

complicated procedures such as annealing at high 

temperatures under reducing atmospheres [27].  

   On the other hand, among of environmental 

pharmaceutical contaminants, great attention has paid on 

DCF efficient decomposition and mineralization. This is 

due to its high consumption rate (nearly about 940 tones) 

and its presence in wastewater that leads to increasing  

its toxic effect in combination with other drugs present  

in water [28]. The purpose of this study is to assess  

the feasibility of the photocatalytic degradation of DCF 

and mineralization in the presence of TiO2 and N-doped TiO2. 

Therefore, finding novel routes to prepare visible light-

responsive TiO2 is today an important scientific and 

technological challenge. 

In this study, a new sonochemical method planned for 

the preparation of N-doped TiO2 nanoparticles under 

ambient temperature to improve its optical efficiency and 

catalytic performance under solar light. The synthesis of 

nanoparticles with ultrasound is easier than other methods 

for generating novel materials with unusual properties [15, 29] 

under mild conditions due to the extreme local  

situation caused by acoustic cavitation (5000 K, 500 bar 

and cooling rates in excess of 109 K/s) [30]. On the other 

hand, the low-frequency ultrasound could induce 

morphological, optical and surface changes such as 

particle association, visible light absorption and oxygen 

vacancies formation on P-25 TiO2 nano-particles. This is 

due to high-speed inter-particle collisions and shock waves 

which impact on the semiconductor surface and produces 

surface damage that is responsible for the oxygen vacancy 

formation [31].  

   In this paper, we used ultrasonic irradiation in the 

preparation of N-doped TiO2 to form a stable anatase phase 

at ambient temperature. The key point of this work is  

a short time of sonication in the synthesis process.  

In addition, the degradation of DCF with complete 

mineralization in the presence of this photocatalyst has not 

investigated yet. The new catalyst showed high 

photocatalytic performance in mineralization of the DCF 

under sunlight irradiation inside the solution and on the 

catalyst surface. 

 

EXPERIMENTAL SECTION 

Materials 

Tetrabutylorthotitanate (purity 98%), n-propanol, urea, 

potassium persulfate, potassium iodide, 1,4-benzoquinone 

(BQ), HNO3, HCl, and NaOH from Merck, NaN3 from 

Riedel and diclofenac sodium (C14H10Cl2NNaO2) from 

Sigma-Aldrich. All reagents were in analytic grade and 

used straightly without further purification. Ultrapure 

Milli-Q water from Millipore used for the preparation of 

solutions. 

 

Synthesis of N-doped TiO2 

Nanocrystalline N-doped anatase TiO2 prepared  

by sonication of the solution of titanium (IV) butoxide  

and urea. In a typical synthesis, 7.5 mL of 

tetrabutylorthotitanate added dropwise into 50 mL of MQ 

water under stirring at room temperature and acidified with 

1.5 mL nitric acid. The solution was sonicated at 20 kHz 

(14.13 W/cm2) in a Rosset cell at 25oC. The temperature 

controlled at 25°C through the circulating water. After 

sonication for 30 min, 15 mL n-propanol added and the 

translucent colloidal solution became completely 

transparent. Then, urea (25% w/v) added and for 

homogenization, the solution sonicated continuously for 

another 30 min. Subsequently, the resulting transparent 

nano-sol dried by a first annealing step at 100°C in  

an oven and further calcined for 2 hours at 450°C  

for complete crystallization of TiO2 with a yellowish color. 

The name of nano-sol used due to the achievement of 

transparent sol using ultrasound in the sol-gel process [32]. 
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In addition, for comparison, undoped-TiO2 synthesized 

with the same procedure without adding urea. The effect 

of parameters such as temperature, and sonication time 

investigated in the synthesis process. 

 

Characterization methods 

Features synthesized nanoparticles characterized  

by several techniques. X-ray diffraction (XRD) patterns of all 

samples were collected in the range of 10o-80o using  

a Bruker-axs, D8 Advance in scanning step of 0.040/s,  

with monochromatic Cu Kα radiation (λ = 1.5406 Å). The 

superficial morphology and the shape of particles of the 

samples shown by Transmission electron microscopy 

(TEM, Philips CM30 300 kV from Netherlands).  

The X-ray Photoelectron Spectra (XPS) recorded to study 

the chemical states of the sample with ESCA PHI 5000 

instrument (Al Kα irradiation with 1486.6 eV energy and 

Mg Kα irradiation with 1253.6 eV energy). Fourier 

Transform InfraRed (FT-IR) spectra recorded with KBr disks 

comprising the powder sample with the FTIR spectrometer 

Thermo Nicolet (Avatar 370). UV–Vis spectra of all 

samples obtained using a UV-Vis spectroscopy (Unico 

2800). 

 

Photocatalytic activity measurement  

The activities of the as-synthesized samples were 

estimated by the photocatalytic degradation of DCF 

solution under sunlight irradiation in summer (GPS  

co-ordinates: N=36o18’41.6″, E= 59o31’ 54.2″). In a typical 

experiment, 25 mL aqueous suspensions of DCF (25 mg/L) 

and 1.0 g/L of catalyst added into a water-jacketed  

reactor. Prior to photocatalytic reaction, the reactor  

was completely sealed and stirred continuously to reduce 

the mass transfer limitation and obtaining 

adsorption/desorption equilibrium between DCF and  

N-doped TiO2 for 1 h. At given time intervals, samples 

withdrawn from the reactor, centrifuged with a speed of 

10000 rpm for 10 min and filtered through 0.22 μm 

Millipore filters to remove N-doped TiO2 particles  

for further analysis. Then the supernatant liquid  

in the photocatalytic reaction analyzed by measuring  

the maximum absorbance of DCF at 275 nm using the UV-Vis 

spectrophotometer. The photocatalysis experiments 

carried out under solar light for 300 min. The initial pH of 

the solution was unadjusted at pH 6.75, and for the pH 

studies, it adjusted with either HCl or NaOH. According to 

photocatalysis experiments, the reactivity of nanoparticles 

with respect to DCF was investigated as a function of time, 

pH (1.5~10), loading photocatalyst (0.4~2.8 g/L) and 

initial concentration of DCF (10~50 mg/L). 

The Chemical Oxygen Demand (COD) of samples 

assessed by dichromate method [33] and it compared  

with the initial COD of DCF solution [34]. Desorption tests 

of the DCF from the nano-photocatalyst was carried out by 

dispersing pre-adsorbed nanocatalyst in 25 mL methanol 

and stirring continuously with a speed of 300 rpm  

for 60 min in order to ensure complete desorption.  

The percent of real degradation calculated using  

the following formula [15]: 

t dC [C C ]
%degradation

C

 
 0

0

100                                     (1) 

 Where Co denotes the initial DCF concentration 

(mg/L), Ct is the concentration at time t (mg/L) in the 

solution and Cd is the concentration at time t on the surface 

of photocatalyst which was measured through the 

desorption process (mg/L). To determine the main 

photoinduced reactive species in photocatalytic 

degradation of DCF by N-doped TiO2 nanoparticles, the 

effects of KI (h+ quencher), K2S2O8 (e- quencher), NaN3 

(O2
1 quencher), 1, 4-benzoquinone (BQ) (•O2

- quencher) 

and Ar-purging and ethanol (•OH quencher) were 

investigated under sunlight. The same concentration of 

scavengers (5 mM) used for the solutions of 25 mg/L  

DCF under optimal conditions. 

 

RESULTS AND DISCUSSION  

Characteristics of N-doped TiO2 

XRD analysis 

XRD accomplished to investigate the crystal 

identification of TiO2 samples and the impact of nitrogen 

doping on the crystal structure of TiO2. Fig. 1 shows  

the XRD patterns of un-doped and N-doped TiO2 

nanoparticles. It shows prominent peaks at angles  

2θ = 25.3◦, 37.8◦, 48.0◦, 53.9◦, and 62.7◦, which  

can be attributed to the (101), (004), (200), (105), and (204) 

faces of anatase structure of N-doped TiO2 sample, without 

other crystal phases (rutile or brookite). It also observed 

the presence of three phases contained anatase (JCPDS file 

no. 04-0477), rutile (JCPDS file no. 21-1276) and brookite 

(JCPDS file no. 03-0380) for the un-doped TiO2  

that anatase phase is maximum according to their peak 
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Fig. 1: X-ray diffraction patterns of (a) N-doped TiO2 and (b) 

un-doped TiO2 samples synthesized by ultrasound. 

 

intensities. Commonly, brookite is a transitional phase 

from anatase to rutile in the heating process. This is due to 

some of the physical properties of brookite that are 

between those of anatase and rutile [35]. Thus,  

it concluded that the addition of N source (urea) favored  

the formation of anatase and inhibited the formation of rutile. 

According to the above analysis, we can find out that  

N-doped TiO2 nanoparticles should represent considerably 

high thermal stableness and highly resistant to the phase 

transformation from anatase to rutile. In addition,  

no diffraction lines due to TiN observed for the N-doped TiO2 

that this reveals that N anions do not react with TiO2  

to form new crystalline phases such as TiN. In other words, 

the dopant may have moved into either the interstitial 

positions or the substitutional sites of the TiO2 crystal 

structure [20].  

Weight fractions of each phase calculated from 

 the related to integrate characteristic XRD peak intensities 

according to the quality factor ratio, and the average 

crystal size was determined from the broadening of  

the corresponding X-ray spectral peak by the Debye-Scherrer 

equation [15]: 

K
D

cos



 

                                                                                        (2) 

Where K is a constant, commonly K=0.89; β is the full-

width at half of maximum intensity of the (101) peak; λ is 

the wavelength of the X-ray CuKα (λ=0.15406 nm) and θ 

is the Bragg’s angle in degree between the incident and 

diffracted beams. Weight fractions of phases and estimated 

crystal size of the un-doped and N-doped TiO2 samples 

listed in Table 1. The weight percent of anatase in the rutile 

phase obtained from the following equation [36]:  

R
A

A

I
X [ . ( )]

I
 1 1 26                                                                        (3) 

Where XA is the weight fraction of anatase in the 

mixture, IR and IA obtained from the peak areas of the 

characteristic anatase (101) and rutile (110) diffraction 

pattern, respectively. As we known, brookite exhibited  

no photocatalytic activity, and the band gap of anatase phase 

was higher than the rutile one. Thus, it induced that  

N-doped TiO2 should possess higher photocatalytic activity 

than that of un-doped TiO2. 

 

TEM analysis 

The morphology of the N-doped TiO2 sample 

characterized by TEM, HRTEM, and SAED, as shown  

in Fig. 2. The sample synthesized under ultrasound showed 

only anatase phase and no rutile phase detected.  

The crystallite sizes of the TEM images were consistent 

with those obtained from XRD spectra. Fig. 2a shows the image 

of N-doped TiO2 nanoparticles synthesized by sonication 

with irregular spherical morphologies with sizes in the 

range from 8 to 10 nm (average size was estimated  

with Digimizer software). From the image, the N atoms 

dispersed into the TiO2 lattice as dark spots that 

characterized by XPS technique. Fig. 2b also confirms  

the average size of the nanoparticles. The SAED pattern 

shown in Fig. 2c corresponds to the polycrystalline 

diffraction rings of anatase phase. Surprisingly, no signs of 

diffraction rings observed related to the other phases.  

 

X-ray Photoelectron Spectroscopy (XPS) 

XPS is widely used for the characterization  

of the surface elemental compound and electronic states  

of the samples. The XPS measurement of N-doped TiO2 

synthesized by ultrasound shows the existence of four 

elements: Ti, O, N and C (Fig. 3a). According to the XPS 

element analysis, the atomic composition of O1s, Ti2p, 

C1s and N1s are 46.92, 32.80, 17.92 and 2.36%, 

respectively. The measurements of N1s, C1s, Ti2p and 

O1s core levels were studied by using this technique. 

High-resolution Ti2p XPS spectra obtained and 

demonstrated in Fig 3b. The TiO2 XPS spectrum was fitted 

with four peaks (463.8, 464.8, 489 and 470.5 eV). These 

data are in agreement with previously reported XPS data 

2 
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Table 1: Phase composition and particle size of TiO2 samples. 

Sample 

Phase composition (%) Particle size (nm) 

Anatase Rutile Brookite  

Un-doped TiO2 76.39 17.60 6.01 8.0 

N-doped TiO2 100 0 0 7.4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Images of (a) TEM, (b) HRTEM and (c) SAED pattern of N-doped TiO2 nanoparticles. 

 
for N-doped TiO2 [37, 38]. In this study, it is clear that  

the two different Ti peaks were shifted toward higher binding 

energy which agrees well with the presence of Ti4+ ions in 

TiO2 [5]. The O1s XPS spectrum displayed in Fig. 3c 

deconvoluted as three peaks. The peak at 538.2eV is 

ascribable to Ti–OH, or C O, and O–C O species, and 

the peaks at 535.1 eV are attributable to oxygen anions  

in the lattice (Ti–O–Ti). While the peak at 535.6 eV may be 

appointed to the carbonyl oxygen of O C–O–Ti bonds or 

residual –COOH [39]. This is consistent with the result 

obtained from C1s spectrum. The chemical structure of 

carbon investigated by the XPS of C1s core levels as 

shown in the Fig. 3d. Three peaks observed for the C1s  

at 290.2, 290.8 and 294.3 eV. The first peak observed  

at 290.2 eV attributed to elemental carbon present  

on the surface, which is consistent with previous studies. 

The absence of C1s peak at 281 eV, characteristic of Ti-C 

bonds, indicates that carbon cannot doped into the TiO2 

lattice [40]. The second and third peaks at 290.8, 294.3 eV 

are ascribed to C-O and C=O bonds, respectively [41], 

which indicates the formation of carbonated species [42]. 

The N1s XPS spectra for N-doped TiO2 shown in Fig. 3e, 

the wide peak can fitted by two peaks at 411.6 and 404.7 eV. 

The peak with a binding energy of around 404.7 eV 

attributed to the substitution of N in the form of O–Ti–N. 

This confirms that partial of the O atom in the lattice of 

TiO2 was substituted by N- anions. The N1s peak at 411.6 eV 

ascribed to the interstitial N-doping or the formation  

of Ti–O–N species. In fact, when the N atom substituted 

by O atom in the lattice of TiO2 led to decreasing electron 

density around N due to the further electro-negativity of 

the O atom, resulted in the shift of binding energies [43]. 

 
FT-IR analysis 

Fig. 4 shows the FT-IR spectra of the N-doped and  

un-doped TiO2 prepared by ultrasound approach. The peak 

at 925 cm-1 is attributed to the stretching vibration of O-Ti-O 

that after adding urea it has shifted to lower frequencies 
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Fig. 3: (a) XPS survey spectrum and high-resolution XPS scan spectra of (b) Ti2p, (c) O1s, (d) C1s and (e) N1s of N-doped TiO2. 

 

as observed at around 750.46 cm-1 [44], which might cause 

due to the O-Ti-N structure. The broad bands at 2600-3600 

cm-1 are devoted to the O-H vibration for water molecules 

and Ti-OH and the peak at around 1620-1630 cm-1 can 

assigned to bending vibrations of O–H [45]. The peak 

around 2050 cm−1 of N-doped TiO2 sample can be 

attributed to the presence of C=N, C=C and C=O 

conjugated bonds of persistent organic species that 

coordinate with TiO2 via oxygen surface atoms. This  

can be responsible for the visible-light-active response of 

the doped materials [46]. The peak at around 1440.36 cm-1 

assigned to the vibrations of the Ti–N [38]. The 
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Fig. 4: FT-IR spectra of un-doped and N-doped TiO2 

nanoparticles. 

 

appearance of this peak proposes that the N species  

have incorporated into the TiO2 lattice. 

 

UV-Vis spectroscopy 

Fig. 5a shows the UV–Vis absorption spectra of  

the N-doped and un-doped TiO2. The un-doped sample displayed 

an absorption edge at 375 nm for TiO2, while doping 

sample represented a red shift in the absorption edge 

toward the visible light region, which is consistent with  

the changes in the color of the sample from white to yellowish. 

In fact, nitrogen can represent an impurity level between 

the valence and conduction band of TiO2 [47] or narrow 

the band gap by mixing the N (2p) and O (2p) states [17] 

that lead to the shift of absorption in the visible range. The 

band gap energies can evaluated from the absorption 

spectra. Semiconductors are categorized to be directly or 

indirect pursuant to the lowest permissible electronic 

transition. The band gap energies calculated according  

to the Tauc equation (Eq. (4)) [15]: 

n
g( h ) A(h E )    

1

                                                                     (4) 

Where h: Planck's constant, ν: frequency of 

vibration, α: absorption coefficient, Eg: band gap and A: 

proportional constant. The value of the exponent n 

indicates the nature of the sample transition: for direct 

allowed transition (n =1/2), for direct prohibited 

transition (n = 3/2), for indirect allowed transition (n = 2) 

and for indirect forbidden transition (n = 3) [48] that  

the value of N-doped TiO2 is equal to 2. A plot of 

(αhν)1/2 versus Eg affords the band gap energy with 

extrapolating the linear part of the corresponding curves 

as shown in Fig. 5b. The obtained band gap values were 

3.2 and 2.7 eV for un-doped TiO2 and N-doped TiO2, 

respectively. 

 

DCF degradation by N-doped TiO2 

Effect of temperature on the synthesis of N-doped TiO2 

Temperature is an important variable in the synthesis 

of nanoparticles. Samples were prepared at 25, 40 and 80°C 

under optimized conditions to study the influence of 

temperature on the degradation of DCF. Fig. 6 presents  

the effect of different temperatures for the preparation of 

N-doped TiO2 in the degradation of DCF under sunlight 

within 3 hours. The synthesized nanophotocatalyst  

by ultrasound (20 kHz) at 25oC exhibited the highest activity in 

the mineralization of DCF. On the other hand,  

the sample prepared at the highest temperature (80oC)  

in comparison with low temperatures showed the lowest 

efficiency and this is due to the decrease of the critical 

conditions produced during the cavitation at the highest 

temperature [15]. Hence, the synthesized nanophotocatalyst  

by ultrasound (20 kHz) at 25oC selected for other 

experiments. 

 

Effect of sonication time on the synthesis of N-doped TiO2 

Fig. 7 shows the photocatalytic activity of the various 

samples with different sonication time. When the 

sonication time increased from 30 min to 60 min,  

an increase in the degradation of DCF observed.  

This attributed to the fact that as the sonication time is 

increased, the overall cavitation effects in the system 

increase too. However, by increasing the time of 

sonication, beyond 60 min, the N-doped TiO2 showed  

a lower photocatalytic activity. This may be dependent  

on the effect of ultrasound on the crystal structure at  

the longer sonication time [15]. 

 

Effect of other important variables on the degradation of 

DCF 

Further experiments under different process conditions 

such as catalyst dosage, the initial concentration of DCF, 

solution pH, and reaction temperature performed and  

the results summarized in Table 2. The results disclose that 

the photocatalytic degradation of DCF under different 

operation conditions followed a pseudo-first-order kinetics 

model. 
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Fig. 5: (a) UV-Vis absorption spectra and (b) plots of (αhν)1/2 versus Eg of un-doped and N-doped TiO2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: N-doped TiO2 nanoparticles prepared at different 

temperatures for the degradation of DCF under solar light  

(C0 : 25 mg/L, 1.0 g/L catalyst, pH 6.7, 25°C, time, 3 hours). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Degradation of DCF under sunlight by N-doped TiO2 

synthesized at different times of sonication (25 mg/L DCF,  

1.0 g/L catalyst, pH 6.7, 25°C). 

 

The Langmuir–Hinshelwood (L-H) kinetic model 

considered for the photocatalytic degradation of DCF  

(Eq. 5) [15]: 

rk KCdC
r

dt KC
  



0
0

01
                                                                        (5) 

Where r0 is the initial reaction rate (mg / L.min), C0 is 

the initial concentration of DCF (mg/L), t is the reaction 

time (min), kr is the Langmuir-Hinshelwood reaction rate 

constant (mg/L.min), and K is the adsorption equilibrium 

constant (L/mg). When the amount of adsorption and/or 

substrate concentration is low (KC<< 1) Eq. (5) reduced  

to a first-order kinetic model according to the Eq. 6: 

a a

dC C
k C ln k t

dt C
    

0

                                                      (6) 

Where ka the apparent rate constant (min-1) and C0 is 

the initial concentration of DCF (mg/L). The rate constant 

calculated from the linearity of the plots of 
C

ln
C0

 versus 

contact time at different concentration (Eq. 6). According 

to the data, r0 can be calculated from ka and C0  

( ar k C0 0  , mg/L.min). 

 

Photocatalytic mineralization of DCF under sunlight 

irradiation 

Fig. 8a shows the UV-Vis spectra of DCF solution 

before and after sunlight irradiation at different interval 

times. Fig. 8b shows the adsorption, desorption, 

degradation and COD of the DCF solution versus time  

in the presence of N-doped TiO2 under solar light irradiation. 

The characteristic absorption peak of DCF solution 
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Table 2: Results of batch experiments for degradation of DCF by N-doped TiO2 photocatalyst. 

Photocatalyst N-TiO2(g/L) C0(mg/L) pH Temperature (0C) ka(min-1) r0 (mg / L min) t1/2 (min) R2 

1. Effect of photocatalyst type 

Photolysis - 25 6.7 25 0.0004 0.0100 1732.8 0.9882 

TiO2 (20kHz) 1.0 25 6.7 25 0.0005 0.0125 1380.0 0.9917 

N-TiO2 (20kHz) 1.0 25 6.7 25 0.0091 0.2275 75.8 0.9922 

N-TiO2 (classic) 1.0 25 6.7 25 0.0034 0.0850 202.9 0.9847 

2. Effect of photocatalyst loading 

N-TiO2 (20kHz) 0.4 25 6.7 25 0.0056 0.1400 123.2 0.9880 

 0.6 25 6.7 25 0.0082 0.2050 84.1 0.9909 

 1.0 25 6.7 25 0.0091 0.2275 75.8 0.9922 

 1.2 25 6.7 25 0.0085 0.2125 81.1 0.9908 

 2 25 6.7 25 0.0072 0.1800 95.8 0.9926 

 2.8 25 6.7 25 0.0067 0.1675 102.9 0.9644 

3. Effect of solution pH 

N-TiO2 (20kHz) 1.0 25 1.5 25 0.0079 0.1975 87.3 0.9940 

 1.0 25 2.5 25 0.0056 0.1400 123.2 0.9914 

 1.0 25 3.5 25 0.0035 0.0875 197.1 0.9904 

 1.0 25 6.7 25 0.0091 0.2275 75.8 0.9922 

 1.0 25 10.0 25 0.0016 0.0400 431.2 0.9937 

4. Effect of initial DCF concentration 

N-TiO2 (20kHz) 1.0 10 6.7 40 0.0188 0.4700 36.7 0.9996 

 1.0 25 6.7 40 0.0121 0.3025 57.0 0.9943 

 1.0 50 6.7 40 0.0063 0.1575 109.5 0.9882 

         

         

 

at 275 nm was remarkable decreased in intensity with 

increasing the irradiation time. The intensity of the peak 

approaches to zero and no new absorption peaks  

was appearing in this region, indicating the solution  

has been completely degraded. The results of the desorption 

show that the adsorbed DCF remaining on the surface was 

very low in comparison with the adsorption and confirmed 

that the adsorption and degradation of the DCF are carried 

out simultaneously on the catalyst surface.  

The photocatalytic mineralization of DCF followed  

by measuring the COD during the process (Fig. 8b). When 

the DCF on the photocatalyst surface converted  

to inorganic species under solar radiation, the DCF  

in solution displaced. The light oxidation continues  

until the total adsorbed DCF converted to the mineral 

species [49]. 

 

Reusability of N-doped TiO2 photocatalyst 

Fig. 9 shows the percent of DCF degradation  

by the recoverable N-TiO2 nanophotocatalyst in four 

consecutive cycles without changing and significant loss 

in activity. After each cycle, nanoparticles filtered, washed 

completely with water, dried and a fresh solution of DCF 

added for photocatalytic reaction. All experiments 

conducted with 1.0 g/L of nanocatalyst at 40oC for 5 h 

under solar light. 
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Fig. 8: a) UV-Vis absorption spectra of DCF at different interval times in the presence of N-doped TiO2 photocatalyst, (b) 

adsorption, desorption, degradation and COD of the DCF versus time in the presence N-doped TiO2 under solar light irradiation  

( C0 : 25 ppm, 1.0 g/L catalyst, pH: 6.7, 400C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: Reusable of N-doped TiO2 for photocatalytic 

degradation of DCF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10: Rate constants degradation of DCF in the presence of 

scavengers. 

 

Photocatalytic mechanism of N-doped TiO2 under 

sunlight irradiation 

The transference of electrons in the photocatalytic 

process is very important and leads to increase the activity 

through inhibiting the recombination of electrons and 

holes on the catalyst surface. Hence, to investigate  

the mechanism of degradation, scavengers for electrons and 

holes were employed to determine the photoinduced 

reactive species such as e-, h+, •OH, O2
•−, and 1O2 that have 

been suggested to play important roles in the photo-

degradation process [38, 50]. In this study, ethanol  

as a scavenger of HO•, potassium iodide (KI) as a scavenger 

of both hvb
+ and HO•, sodium azide (NaN3) as a 1O2 quencher, 

potassium persulfate (K2S2O8) as an electron acceptor,  

1,4-benzoquinone as an O2
-• quencher and Ar atmosphere 

were used. The inhibitory effect of the applied scavengers 

has been expressed as the percent reduction of kinetic 

constants (% ∆k, Table 3). The degradation kinetics of 

DCF in the presence of various scavengers demonstrated 

in Fig. 10, and the variation of pseudo-first-order rate 

constants summarized in Table 3. 

KI is a scavenger and reacts with hvb
+ [51], reducing  

the number of oxidizing species available at the surface of 

the catalyst for the reaction with DCF. When 5 mM KI  

was used as a quencher for stopping the hole process,  

the decomposition rate constant of DCF was slightly 

decreased to 0.0096 min-1. This result indicates that  

the holes were not the active oxidative species involved 

directly in the photodegradation process of DCF under 

sunlight. 

In order to investigate whether the photocatalytic 

degradation  of  DCF  takes  place  via  •OH,  5 mM  ethanol 
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Table 3: Kinetics parameters of photocatalytic degradation in the presence of scavengers. The inhibitory effect  

of the applied scavengers has been expressed as the percent reduction of kinetic constants (% ∆k). 

 Scavengers RSs quenched ka (min-1) t1/2 (min) % ∆k 

 Control (no scavenger)  0.0121 57.02  

 KI hvb
+ 0.0096 71.87 20.66 

 NaN3 
1O2 0.0026 265.38 78.51 

Diclofenac Ethanol •OH 0.0022 213.63 81.81 

 K2S2O8 eCB
- 0.0128 53.90  

 Ar-purging H2O2/ 
•O2

- 0.0058 118.96 52.06 

 p-Benzoquinone •O2
- 0.0008 862.50 93.38 

 

was added to the suspension. The results presented  

that ethanol significantly inhibited the photocatalytic 

degradation of DCF under sunlight irradiation for 5 h with 

rate constant 0.0022 min-1. From this experiment,  

it concluded that •OH radicals play a very important role  

in the degradation of DCF in the presence photocatalyst 

under the simulated sunlight irradiation. 

Sodium azide (NaN3) has applied as singlet oxygen 

(1O2) quencher. N3
- is very reactive towards 1O2 (rate 

constant of this reaction is 2109 M-1s-1) with the formation 

of azidyl radical (N3
•) and the superoxide radical anion [52]. 

Here, in the presence of sodium azide, the DCF degradation 

rate constant significantly decreased to 0.0026 min-1, 

suggesting the occurrence of singlet oxygen  

in the degradation. 

P-benzoquinone (p-BQ) is the scavenger of the 

superoxide radical [53] and its rate constant value with O2
•- 

is 0.9-1109 M-1 S-1 [52]. As observed, p-BQ seems to 

have a negative influence on the degradation of the DCF, 

which could suggest the participation of O2
•- on the process 

and confirmed that the superoxide radicals were the major 

reactive species in the photocatalytic reaction system  

for photocatalyst. 

Dissolved O2 as an efficient electron scavenger 

excluded by Ar-purging (saturated condition) in the 

degradation process. As shown in Table 3, the amount of 

DCF removal obviously reduced by Ar-purging with the 

rate constant of 0.0058 min-1 in analogy with the case of 

air equilibrium. The result illustrated that the dissolved 

oxygen acted as an acceptor of photogenerated e−  

in heterogeneous photocatalysis, which led to postponing  

the recombination of photogenerated e− and h+ through  

the formation of reactive species. 

  To investigate the role of the photogenerated electron, 

potassium persulfate (K2S2O8) used as a more efficient 

electron acceptor. This scavenger increased DCF 

decomposition rate and confirmed that reaction 

mechanism was via electrons. Reaction mechanism  

in the presence of potassium persulfate expressed by 

Equation (7) [54]: 

CBS O e SO SO     2 2
2 8 4 4                                            (7) 

The -•
4SO  can participate in the DCF decomposition by 

direct reaction with target molecules. These radicals may 

also react with generated photoelectrons and the water 

molecules to produce hydroxyl radicals according to 

Equations (8) and (9): 

CBSO e SO    2
4 4                                                                        (8) 

SO H O HO SO H      24 2 4                                             (9) 

On basis of the above experimental results, the transfer 

of electrons further confirmed to be responsible for  

the degradation and the active species generated by electrons 

such as singlet oxygen and superoxide radicals were  

the major responsibility in the degradation of DCF. 

The formation of defects into the TiO2 anatase lattice 

improves the electronic band structure of TiO2 that leads 

to the narrowing of the band gap of TiO2 and the creation 

of oxygen vacancy acts as the color center, which both of 

them enhances visible light absorbance. In addition,  

the excess photo-induced electrons departed from the oxygen 

vacancies can cause reduction of the Ti4+ and  

the generation of Ti3+ color center. This reduction is 

accompanied by the formation of the 3d orbital of the Ti3+ 
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Fig. 11: Schematic illustration of the charge separation and transfer process in N-doped TiO2  

for the degradation of DCF under sunlight irradiation. 

 

ions in the band gap and contributes to the visible light 

absorption in N-doped TiO2 [38]. On basis of the above 

experimental results and the electronic band structure  

of TiO2, a possible mechanism for the solar light degradation 

of DCF over the N-doped TiO2 proposed (Fig. 11).  

As shown in Fig. 11, under solar light irradiation, the electrons 

transfer directly into the conduction band of TiO2 and 

reduce the adsorbed O2 to form active species responsible 

for the degradation of DCF.  

On the other hand, as it was stated the photocatalytic 

performance of the N-doped TiO2 semiconductor  

related to many important parameters such as oxygen 

vacancies, Ti3+ color center, band gap, particle size, 

surface area, kind of phases, and crystallinity. These 

parameters strongly depend on the kind of method that  

the N-doped TiO2 is prepared and its preparation temperature 

[5, 20]. This study clearly demonstrates the importance  

of ultrasound in the photocatalytic performance of  

N-doped TiO2. 

 

CONCLUSIONS 

In summary, a new method has applied for  

the synthesis of N-doped TiO2 nanoparticles by low-frequency 

ultrasound (20 kHz) at 25oC in order to increase  

the photocatalytic efficiency and complete mineralization 

of the DCF under solar light. This study clearly demonstrates 

the importance of ultrasound in the improvement  

of the photocatalytic performance of N-doped TiO2.  

The crystalline phase of N-doped TiO2 in the presence  

of ultrasound was only the anatase phase while other phases 

observed in other samples. Furthermore, achieving  

a nanophotocatalyst with maximum optical absorption  

in the visible range and complete mineralization of DCF 

under solar light attributed to the harsh conditions 

produced during the cavitation process. The degradation of 

DCF conducted under different variables and the perfect 

mineralization obtained in 5 h. In addition, the degradation 

fitted to the first-order kinetics model. The excellent 

photocatalytic performance was due to the formation of 

oxidative species such as singlet oxygen and superoxide 

radical by electrons on the catalyst surface. The simplicity 

of the process, preparation at low temperature by low-

frequency ultrasound, and complete mineralization in 

ambient conditions considered as the advantages of  

this method. 
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