
Introduction

Removal of environmental pollutants by advanced oxi-

dation processes has attracted considerable interest, espe-

cially for the TiO2 system because TiO2 is nontoxic, has

powerful oxidizing activity, and exhibits long-term chemi-

cal stability. The effects of TiO2, TiO2 loading, ultraviolet

(UV) intensity, solution pH, substrate concentration, and

the presence of different electron acceptors on UV/TiO2-

related systems has been studied extensively. However, the

wide band gap of TiO2 limits its absorption wavelength to

less than 387 nm, capturing only 3-5% of the energy of sun-

light and limiting its practical application [1]. Therefore,

developing an efficient sunlight-sensitive TiO2 by narrow-

ing its band gap is an important challenge.

N-doped TiO2 (N-TiO2) [1-5], which extends the spec-

tral response of TiO2 into the visible-light region, thereby

enhancing the photocatalytic activity of TiO2, has been syn-

thesized in several investigations. Wang and Lim [6], who

used visible light to photoexcite N-TiO2 and Degussa P25

for bisphenol A (BPA) degradation, demonstrated that the

removal of BPA after the reaction with N-TiO2 and Degussa

P25 for 2 h were 29% and 5%, respectively. Other than one

by Wu et al. [7], no study has examined the photodegrada-

tion of BPA using a sunlight/immobilized N-TiO2 system.

Wu et al. [7] immobilized N-TiO2 in glass balls to form N-

TiO2 glass beads and used them to degrade BPA under irra-

diation by visible light and sunlight. The ongoing use of

BPA in household and commercial products has caused the

release of large amounts of BPA into aquatic environments.

Owing to its potential disruption of the endocrine function,

the presence of BPA in aquatic environments and its poten-
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Abstract

Few studies have examined the photodegradation of bisphenol A (BPA) by sunlight/immobilized TiO2

systems. In this investigation, N-doped TiO2 (N-TiO2) was prepared by the calcination of Degussa P25 and

urea. The surface characteristics of N-TiO2 were analyzed by X-ray diffraction, specific surface area analysis,

ultraviolent (UV)-vis spectroscopy, Fourier transform infrared spectroscopy (FTIR), scanning electron

microscopy (SEM), and X-ray photoelectron spectroscopy (XPS). The photocatalytic activity of the prepared

photocatalysts was determined by using them in the photodegradation of BPA under sunlight irradiation. The

N-doping of TiO2 reduced the particle size and band gap of the compound, while increasing the specific sur-

face area and percentage of anatase therein. XPS characterization confirms the substitution of O in the crystal

lattice for N species in N-TiO2, forming O-Ti-N. The BPA degradation rate can be approximated by pseudo-

first-order kinetics. At a N/Ti mole ratio of one for N-TiO2, the rates of BPA photodegradation and mineral-

ization were 0.042 and 0.006 min-1, respectively. 
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tial adverse effects on ecological and public health have

attracted much attention. Accordingly, BPA was utilized

herein as the parent compound to evaluate the photocat-

alytic activity of immobilized N-TiO2 under irradiation by

sunlight. The objectives of this study are to: 

(i) characterize prepared TiO2 and N-TiO2 particles

(ii) compare the photocatalytic activity of TiO2 and N-

TiO2 in BPA degradation under irradiation by sun-

light

(iii) determine the effects of the amount of N-doping

(iv) to assess the repeatability of the use of the immobi-

lized N-TiO2 system for BPA degradation.

Materials and Methods

Materials

Commercial Degussa P25 powder was used as

obtained. The N source was urea (Merck). The modulator

used in the formation of immobilized photocatalysts was

SiO2 (PPG Industries). The parent compound, BPA, was

obtained from Sigma-Aldrich. The pH of the solution was

adjusted using HNO3 and NaOH. All chemicals were ana-

lytical reagent grade and used as received.

Experimental Methods

In preparing N-TiO2, 100 g Degussa P25 was ground

with urea (3.79, 18.95, and 37.9 g) and mixed with deion-

ized water. To the mixture was added 1% (wt.) SiO2; the

mixture was then thoroughly mixed, and then shaped under

pressure to form N-TiO2 balls. The N-TiO2 balls were first

dehydrated at 105ºC and finally calcined at 450ºC for 8 h.

The N/Ti mole ratios were 0.1, 0.5, and 1.0 and the corre-

sponding prepared immobilized N-TiO2 was denoted as 0.1

NTS, 0.5 NTS, and 1.0 NTS, respectively. Using the same

procedures as above, but without adding urea, Degussa

P25, denoted as T herein, was used as a standard material to

compare its photocatalytic activity with that of the prepared

N-TiO2 for BPA photodegradation.

The crystalline structure of the prepared photocatalysts

was analyzed by X-ray diffraction (XRD) (Rigaku

TTRAX-III, Japan). The accelerating voltage and applied

current were 40 kV and 30 mA, respectively. The XRD pat-

terns were recorded with 2θ values in the range of 20-80º.

The specific surface area of samples was determined using

nitrogen as the adsorbate at 77 K in a static volumetric

apparatus (Micromeritics ASAP 2020, USA). UV-vis spec-

troscopy (Jasco V-670, Japan) was utilized to obtain the

absorbance spectra of the photocatalysts at wavelengths of

200-800 nm. The UV-vis diffuse reflectance spectra were

used to calculate the band gap energy of the photocatalysts.

The morphology of the prepared photocatalysts was eluci-

dated by scanning electron microscopy (SEM) (JEOL 6330

TF, Japan). The functional groups of photocatalysts were

identified by Fourier transform infrared spectroscopy

(FTIR) using a Spectrum One and Autoimagic system

(Perkin Elmer) via the KBr pressed-disc method. The X-ray

photoelectron spectroscopic (XPS) measurements were

made using a Vacuum Generator ECSALAB photoelectron

spectrometer (East Grinsted) with a monochromatic Al Kα
(1486.6 eV) X-ray source. The carbon 1s peak at 284.5 eV

was used to calibrate the spectra. The BPA concentration

was measured using a high-performance liquid chromato-

graph (HPLC) with a UV detector (Agilent Technologies

1200 Series, USA). The UV detector was set to detect the

wavelength 197 nm. Separations were performed in a

Supelcosil C18 column (Supelco). The mobile phase was

Milli-Q water that was combined with CH3CN (40:60 v/v)

at a flow rate of 0.5 mL/min. Injection volume was 20 μL.

The decrease in total organic carbon (TOC), measured

using a TOC analyzer (O.I. 1010; USA), revealed BPA

mineralization.

The photocatalytic reactor comprised four 30 cm-long

quartz tubes. Each tube had an external diameter of 1.2 cm

and an internal diameter of 1 cm. The column photo-reac-

tor was used as in Wu et al. [7]. Each quartz tube was filled

with 8.1-9.3 g N-TiO2 balls before 10 mg/L BPA solution

was added to the system using a peristaltic pump (SJ-

1211H, Bioinstrument ATTA). A total of 26.4-30.9 g TiO2

(excluding SiO2 and urea) was present in the photocatalyt-

ic reactor. The optimal experimental pH for BPA degrada-

tion in the sunlight/TiO2 system was 6 [8]; therefore, the

initial solution pH was set to 6. The flow rate of the BPA

solution was maintained at 1.5 mL/min. The residence time

of the BPA solution in the reactor was 61 min. The column

photo-reactor was irradiated with sunlight (am 11:30-pm

12:31) at room temperature. The intensity of the sunlight

was 67.8-70.7 mW/cm2. The photocatalytic efficiency of

BPA was evaluated in cyclic tests (run 1 to run 5) using 1.0

NTS under the same conditions. Some experiments were

conducted in triplicate and average values are reported.

Results and Discussion

Surface Characteristics of Photocatalysts

Fig. 1 shows the XRD patterns of the prepared photo-

catalysts. The anatase content was determined from the
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Fig. 1. XRD pattern of prepared photocatalysts. 
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intensity of (1 0 1) anatase diffraction, IA, and that of (1 1

0) rutile diffraction, IR, using Eq. (1) [9]. From the XRD

patterns, the crystalline size of the prepared powders was

calculated using the Scherrer formula, Eq. (2):    

(1)

(2)

...where D is crystalline size in nm; λ denotes the wave-

length of the X-rays (0.15418 nm); β is the line width of the

anatase (1 0 1) and rutile (1 1 0) peaks at the half maxima,

and θ is the diffraction angle [10]. The diffraction peaks of

various crystal planes of anatase, were 25.4º (1 0 1), 37.9º

(0 0 4), 48.1º (2 0 0), 55º (2 1 1), and 62.5º (2 0 4) (JCPDS

No. 21-1272). Other diffraction peaks at 27.4º, 36.1°, 41.2°,

and 54.3° corresponded to the (1 1 0), (1 0 1), (1 1 1), and

(2 1 1) planes of the crystalline phase of rutile, respectively

(JCPDS No. 21-1276). Table 1 lists the surface characteris-

tics of the prepared photocatalysts. The anatase percentage

increased from 76% to 79% as the N-doping amount

increased. The XRD diagrams reveal that N-doping retards

transformation of the TiO2 phase from anatase to rutile.

This retardation may be caused by stabilization of the

anatase phase by surrounding N ions. The TiO2 with the

anatase crystalline structure exhibited a higher photocat-

alytic activity than TiO2 with another crystalline structure,

such as rutile or brookite. 1.0 NTS may have the highest

photocatalytic activity.

The particle size of T was greater than that of N-TiO2;

conversely, the surface area of T was smaller than that of N-

TiO2 (Table 1). The band gaps of T and 1.0 NTS were 3.1

and 3.0 eV, respectively, as determined from UV-vis mea-

surements. Xiang et al. [4] indicated that N-doping induced

a red-shift of the absorption edge from 0.08 to approxi-

mately 0.8 eV. This study found similar experimental

results. The red shift means that the N-TiO2 could be excit-

ed to generate additional hole-electron pairs under irradia-

tion by visible light, increasing its photocatalytic activity.

Silveyra et al. [3] found that N-doping reduced the band

gap energy of TiO2 from 3.01 to 2.88 eV. Rengifo-Herrera

et al. [11] found that the band gap energies of Degussa P25

and the Degussa P25/urea composite were 3.10 and 2.73

eV, respectively. Asahi et al. [2] and Xing et al. [1] showed

that N-doping effectively reduced the band gap of TiO2 by

generating an isolated N 2p narrow band above the O 2p

valence, which was formed by the incorporation of N atoms

into the TiO2 lattice.

Fig. 2 displays SEM micrographs of the prepared N-

TiO2. The prepared N-TiO2 mostly consisted of spherical

nanoparticles with a high tendency to agglomerate and

form a porous structure. The aggregates in N-TiO2 were 30-

33 nm (Fig. 2). Fig. 3 presents the FTIR spectra of photo-

catalysts that were obtained with different urea concentra-

tions. Three major absorbance peaks were observed at

1,108, 1,639, and 3,392 cm-1. The absorption peak at 1,630

cm-1 corresponded to the Ti-O structure, and the absorption

peak at 3,400 cm-1 was assigned to the OH species [12]. The

FTIR spectra of the N-doped TiO2 included a hyponitrite

peak at 1,104 cm-1 [13]. Peng et al. [14] showed that a new

peak, around 1,110 cm-1, that appeared in N-doped TiO2

was attributable to the formation of hyponitrite. However,

the FTIR analysis in both this study and that of Wu et al. did

not identify the N atoms that were incorporated into the

TiO2 crystal lattice [7].

Figs. 4(a-c) display the XPS spectra of N 1s, Ti 2p, and

O 1s for the prepared photocatalysts, respectively. The peak

at 399 eV was attributed to anionic N in O-Ti-N linkages by

Asahi et al. [2]. Another peak at a higher binding energy of

401 eV for the N 1s region of N-TiO2 was attributed to oxi-

dized N in Ti-O-N. Xing et al. [1] characterized oxidized N

in Ti-O-N as chemically adsorbed onto the catalyst surface

and appeared at the high binding energy of 401 eV in N 1s

XPS spectra. Xiang et al. [4] suggested that the N 1s peak
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Table 1. Characteristics of prepared photocatalysts.  

Photocatalysts T 0.1 NTS 0.5 NTS 1.0 NTS

Anatase (%) 75.5 76.6 77.1 78.8

Rutile (%) 24.5 23.4 22.9 21.2

Particle size (nm) 37 33 31 31

BET (m2/g) 45.6 47.8 45.7 49.4

Band gap (eV) 3.1 3.0 3.0 3.0

k (min-1) 0.018 0.019 0.031 0.042

R2 0.989 0.987 0.988 0.965

(a) (b) (c) 

Fig. 2. SEM micrographs of prepared N-TiO2 (a) 0.1 NT, (b) 0.5 NT, (c) 1 NT. 



at 400 eV is likely the N- anion incorporated into the TiO2

lattice, as O-Ti-N, Ti-O-N and/or Ti-N-O structural fea-

tures. The Ti 2p3/2 and Ti 2p1/2 spin-orbital splitting pho-

toelectrons were located at binding energies of 458.6 and

464.4 eV, respectively, and were attributed to Ti4+ (TiO2)

[15]. Peaks at 529.4 and 530.3 eV were assigned to O 1s;

the former can be attributed to TiO2 and the latter to

absorbed hydroxyl groups [15]. The peak at 531.4 eV was

attributed to the presence of Ti-O-N bonds. Based on these

observations (Fig. 4), N doping in TiO2 may be present in

O-Ti-N.

Photodegradation of BPA

Figs. 5(a) and (b) display BPA removal in background

and photocatalytic experiments, respectively. The percent-

ages of BPA removed by adsorption using T, 0.1 NTS, 0.5

NTS, and 1.0 NTS after 61 min were 17%, 45%, 28%, and

19%, respectively (Fig. 5a). Those removed by pho-

todegradation for the same period were 81%, 82%, 88%,

and 95%, respectively (Fig. 5b). The BPA photodegradation

rate satisfies pseudo-first-order kinetics, and various studies

have demonstrated that photodegradation rates for BPA can

be approximated using pseudo-first-order kinetics [5, 16].

The BPA photodegradation rate constants for T, 0.1 NTS,

0.5 NTS, and 1.0 NTS was 0.018, 0.019, 0.031, and 0.042

min-1, respectively. Photocatalytic activity was significantly

improved by N-doping. Yang et al. [5] demonstrated that

the percentages of BPA removed by P25 and N-TiO2 under

irradiation by visible light in a suspended system were 15%

and 30%, respectively; these BPA removal percentages are

similar to those obtained herein. The amounts of BPA

removed by adsorption followed the order 0.1 NTS > 0.5
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Fig. 3. FRIR spectra of prepared photocatalysts. 
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Fig. 4. XPS spectra of prepared photocatalysts (a) N 1s, (b) Ti 2p, (c) O 1s. 

(a) (b) 

Time (min)
Fig. 5. Removal of BPA (a) background experiments, (b) photocatalytic experiments. 
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NTS > 1.0 NTS > T; those by photodegradation followed

the order 1.0 NTS > 0.5 NTS > 0.1 NTS > T. Wu et al. [7]

obtained adsorption and photodegradation percentages of

BPA by reaction with 0.1 NTS for 61 min of 12% and 91%,

respectively, and corresponding values for reaction with 0.5

NTS of 11% and 88%, respectively. The BPA adsorption

percentage herein exceeded that obtained by Wu et al. [7];

however, Wu et al. [7] obtained a higher BPA photodegra-

dation percentage and rate than were obtained in this study.

Despite the importance of adsorption as a mechanism for

BPA removal, adsorption is not the main mechanism there-

of. We suggest that the bonding between N and TiO2 parti-

cles in photodegradation may play a key role in BPA

removal. Asahi et al. [2] suggested that N dopants can syn-

ergistically function as electron traps that inhibit the recom-

bination of photogenerated electron-hole pairs in the N-

TiO2 system, enhancing the photodegradation efficiency of

N-TiO2. 

Wu et al. [7] employed ethyl titanate and urea to gener-

ate N-TiO2. The etched glass balls were immersed in a 5%

(w/v) N-TiO2 solution and conditioned at 120ºC for 12 h to

form immobilized N-TiO2/glass beads. The immobilized N-

TiO2/glass beads thus formed were applied to degrade BPA

under irradiation by sunlight. For 0.1 NT and 0.5 NT, the

anatase phase and band gap of N-TiO2 herein were higher

than those obtained by Wu et al. [7]. However, the BPA

removal rate that was obtained by Wu et al. [7] exceeded

that in this study. Wu et al. [7] used sol-gel/microwave and

calcination methods to generate immobilized N-TiO2, and

these procedures of preparation were more complex than

those used in this work. This study developed a simple

method to produce immobilized N-TiO2, which exhibited

acceptable efficiency in removing BPA.

The TOC and BPA removal rate of 1.0 NTS was 0.006

and 0.042 min-1, respectively (Fig. 5b). Several studies of

BPA photodegradation by TiO2 have suggested that the

roles of hydroxyl radicals and BPA degradation are main-

ly through demethylation and hydroxylation due to the

generation of hydroxyl radicals [8, 17]. Phenol, p-hydro-

quinone, p-isopropenylphenol, p-hydroxybenzaldehyde,

and 4-hydroxyphenyl-2-propanol are intermediate prod-

ucts of the photodegradation of BPA in the UV/TiO2 sys-

tem [17, 18]. Analyses of microtox toxicity by Chiang et

al. [19] revealed that the intermediates that are formed by

BPA photodegradation in UV/TiO2 and UV/Pt-TiO2 sys-

tems were less toxic than BPA. Wang and Lim [20], who

used visible-light irradiation to photoactivate C-N-

codoped TiO2 for BPA photodegradation, found that the

BPA solution was nearly non-toxic after four hours of irra-

diation. Kaneco et al. [8] identified the final degradation

product in the sunlight/TiO2 system as carbon dioxide. As

the formation of intermediates from the photocatalytic

degradation of BPA is independent of the form of TiO2

used [19], the photodegradation pathways and byproducts

of BPA in this study are similar to those identified by

Watanabe et al. [17] and Horikoshi et al. [18]. 

Fig. 6 plots the photocatalytic efficiency of 1.0 NTS in

cyclical tests. The extent of BPA removal in runs 1, 2, 3, 4,

and 5 were 95%, 83%, 80%, 87%, and 87%, respectively.

Photocatalytic efficiency declined slightly as the number of

repeats increased, suggesting that the immobilized N-TiO2

system was stable during photocatalytic degradation under

irradiation by sunlight. 

Conclusions

In this study, N-TiO2 was utilized to photodegrade BPA

under irradiation by sunlight in an immobilized system.

The effects of the N/Ti ratio in N-TiO2 on BPA pho-

todegradation were evaluated. Doping TiO2 with N

increased the specific surface area and percentage of

anatase and reduced the particle size and band gap.

Experimental results reveal that the chemical states of N-

doped TiO2 were those of O-Ti-N. Experimental results

also indicate that the adsorption effect is not the main

influence in BPA removal, and that the connection between

N and TiO2 particles for photodegradation may play a key

role in BPA removal. The rate of BPA removal increased

with the amount of N doping.
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