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Using composite surfactant templates, polyoxyethylene (20) oleyl ether (Brij98) and cetyl trimethyl

ammonium bromide (CTAB), as structure-directing agents, N and La co-doped mesoporous TiO2

complex photocatalysts were synthesized successfully. The micromorphology of co-doped mesoporous

TiO2 samples was characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM),

Fourier transformed infrared spectroscopy (FT-IR), energy-dispersive X-ray spectrometer (EDS) and N2

adsorption–desorption measurements. The results indicated that the complex photocatalyst prepared

with a molar ratio of Brij98:CTAB¼1:1 showed a uniform pore size of ca. 7 nm and a high specific

surface area (SBET) of 279.0 m2 g�1, and exhibited the highest photocatalytic activity for degradation of

papermaking wastewater under ultra-violet light irradiation. The chemical oxygen demand (CODcr)

percent degradation was about 73% in 12 h and chroma percent degradation was 100% in 8 h.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Mesoporous materials have exhibited many potential applica-
tions in industrial catalytic reactions, because they have high surface
area, large pore size, multidimensional framework and reusability
[1]. Mesoporous titania as one of the most promising photocatalysts
has been widely investigated for its advantages such as high
efficiency, good stability, ready availability, and nontoxicity [2–5]. In
fact, more attention has been paid to the control size and shape of
primary particles as well as manipulation of their arrangement and
network structure. In particular, incessant attempts have focused on
tailoring the mesoporous network with high surface area because
this type of network structure could promise optimal performance
in photoresponsive applications such as photocatalysis and dye-
sensitized solar cells [6]. The mesoporous structure with high
surface area could provide not only easy accessibility of guest
molecules to active sites but also more chances to receive both light
and guest molecules. Therefore, several attempts have been recently
made to realize the mesoporous transition metal oxides by using
organic templates such as phosphates and amines, which resulted in
specific surface area [7,8].

The main wastewater treatment process used in papermaking
industry is primary clarification, followed by the second treat-
ment, generally of a biological nature. But the effluent after a
biological treatment still contains appreciable concentrations of
chemical oxygen demand (COD), color, and toxicity [9]. The COD
ll rights reserved.

ou).
that originates from persistent substances in the wastewater
cannot be further reduced by biological process alone. The color
components are lignin and lignin derivates which exist in the
form of colloidal particles. If the treated effluent is discharged into
water streams or land mass without further treatment, it will
result in severe environmental pollution [10,11]. In addition, the
papermaking industry is likely to face more stringent regulations
on the quality of effluents entering receiving water. Thus, the use
of tertiary treatment for papermaking wastewater has to be
considered in the future. Among the various advanced oxidation
processes that have been proposed for the degradation of
recalcitrant azo-dyes, TiO2-mediated photocatalysis has been
shown to be potentially advantageous as it may lead to complete
mineralization of pollutants to CO2, water, and mineral acids [12].

In this article, a straightforward combined sol–gel process with
surfactant-assisted templating method [13] was reported as a
potential technique for co-doped mesoporous TiO2 synthesis. The
photocatalytic activities of co-doped mesoporous TiO2 materials
prepared from different molar ratios of composite surfactant
templates have been tested via heterogeneous photocatalytic
degradation of papermaking wastewater under UV light irradiation.
2. Experimental

2.1. Chemicals

Polyoxyethylene (20) oleyl ether (Brij98, C18H35(OC2H4)20OH),
cetyl trimethyl ammonium bromide (CTAB, C16H33(CH3)3NBr) and
tetrabutyl titanate (TBT) were purchased from Aldrich. Titanium
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Fig. 1. XRD patterns of N, La co-doped TiO2 samples prepared with different molar

ratios of Brij98:CTAB. (a) 1:1, (b) 1:2, (c) 2:1, and (d) 0:0.
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dioxide powder P-25 was purchased from Degussa Co. (Germany).
Lanthanum nitrate hexahydrate, urea, ethanol, and glacial acetic
acid were analytical grade and used as received without further
purification.

2.2. Photocatalysts preparation

Co-doped mesoporous titania photocatalysts were prepared by
the sol–gel method. First, 34.03 g TBT was dissolved in 79 g
anhydrous ethanol with constant stirring to form solution A. Into
the solution specified amounts of Brij98 and CTAB, with molar
ratios of Brij98:CTAB ranging from 1:2 to 2:1, were added
dropwise for the preparation of a set of samples. Second, 0.52 g
lanthanum nitrate hexahydrate and 0.06 g urea were dissolved in
90 g deionized water at room temperature, followed by adding
10.49 g glacial acetic acid to obtain solution B. Then, solution A
was added dropwise into solution B within 60 min under vigorous
stirring. Subsequently, the obtained sol was stirred continuously
for 2 h and aged for 48 h at room temperature. Then the resulting
white gel was dried at 80 1C for 3 h to give a yellow xerogel. After
grinding, the as-synthesized materials were calcined at 400 1C for
4 h in a tube furnace to remove the surfactant templates.

2.3. Photocatalysts characterization

X-ray diffraction (XRD) patterns were recorded on a D8
advance diffractometer (Bruker Company) using Cu Ka radiation
(40 kV, 40 mA, l¼0.15406 nm). The data were collected from
201 to 701 with a resolution step size of 0.11 s�1. The sample
morphology was observed by a transmission electron microscope
(TEM, HITACH H-800) at an acceleration voltage of 200 kV. Fourier
transformed infrared (FT-IR) spectra were taken in a Bruker
Tensor 27 instrument. The resolution and scan number were
4 cm�1 and 32, respectively. The element mappings over the
desired region of the photocatalysts were detected by an energy-
dispersive X-ray spectrometer (EDS) attached to the scanning
electron microscope (SEM, Quanta ESEM Felco-Holland). Nitrogen
adsorption–desorption isotherms of the materials were deter-
mined at �196 1C by a conventional volumetric technique with a
Coulter Omnisorp 100CX sorption analyzer. Each sample was
degassed at 350 1C for 6 h under a pressure of 10�5 Pa or less. The
surface areas were calculated by the Brunauer–Emmett–Teller
(BET) method in the relative pressure range of P/P0¼0.05–0.25.
The pore size distributions were evaluated from the adsorption
branches of isotherms by using the classical Barrett–Joyner–
Halenda (BJH) model, which applies for cylindrical pores.

2.4. Determination of photocatalytic activity

The photocatalytic activities of N, La co-doped mesoporous TiO2

materials prepared here were measured by photodecomposition of
black liquid from pulping and papermaking under UV light
irradiation. The photodegradation reaction was carried out in a
cylindrical quartz reactor, which had water circulation facility at the
outer wall of the reactor. A 375 W high pressure mercury lamp was
used as the UV light source. The distance between reactant and light
source was fixed at 20 cm. Prior to the reaction, 200 mL of black
liquid from pulping and papermaking (initial CODcr¼500 mg L�1,
pH¼5.0) and 0.2 g photocatalyst were mixed by ultrasonic
dispersion in dark. After the mixture suspension was ultrasonicated
for 20 min to achieve the adsorption equilibrium, the lamp was then
turned on. During irradiation, the suspension was vigorously stirred
with a magnetic stirrer and bubbled with oxygen at a constant flow
rate. At regular time intervals, 10 mL of the suspension was
periodically taken out and centrifugated at 6000 rpm for 15 min.
The obtained solution was measured to check the residual
concentration of the black liquid with a UV-vis spectrophotometer
at 280 nm, which is the maximum absorption of the black liquid.
According to the transformation of absorbance before and after
illumination, the percent degradation of black liquid can be
calculated as follows: (A0–A)/A0�100%, where A0 is the absorbance
of initial black liquid and A is the absorbance after illumination. The
measurements were repeated three times for each photocatalyst
which was drawn from one batch of material and the results were
averaged. COD measurements were carried out by the dichromate
titration method (referred to as CODcr); chroma measurements
were carried out using the CPPA standard method [11,14].
3. Results and discussion

3.1. X-ray diffraction characterization

The phase structure, crystallite size and crystallinity of TiO2

play an important role in photocatalytic activity. Many studies
have confirmed that the anatase phase of titania shows higher
photocatalytic activity than the brookite or rutile phase [15].
From the wide angle XRD patterns (Fig. 1), the titania samples
exist only in anatase phase, with their characteristic diffraction
peaks of 2y values at about 25.41 (1 0 1), 37.91 (0 0 4), 48.01 (2 0 0),
54.01 (1 0 5), 54.91 (2 1 1) and 62.81 (2 0 4), respectively. The
anatase phase of the samples did not change before and after
using Brij 98/CTAB, illustrating that Brij98 and CTAB did not
change the catalysts structure and retained the good anatase
crystallization [16]. The average size of the crystallite was
estimated based on the broadening of (1 0 1) peak at 2y¼25.41
using the Scherrer equation [17], D¼kl/B cosy, where k is a shape
factor of the particle, l and y are the wavelength and the incident
angle of the X-rays, respectively, and B is the full width at half
maximum (FWHM) of the 2y peak. The crystallite sizes are shown
in Table 1. It can be seen that the average crystallite size of
mesoporous TiO2 is about 10 nm, which is smaller than that
(15.6 nm) of the nano TiO2 prepared without surfactant. Among
all the mesoporous TiO2, the sample prepared with molar ratio of
Brij98:CTAB¼1:1 shows the smallest crystallite size (9.6 nm). The
smaller crystallite size indicates that the preparation method used
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Table 1
Structural parameters of the mesoporous TiO2 on a composite template.

Brij 98:CTAB

molar ratio

Crystallite size

(nm)a

SBET

(m2 g�1)b

Pore size

(nm)c

Vp

(cm3 g�1)c

0: 0 15.6 75.94 – –

1: 1 9.60 279.0 4.4 and 7.0 0.30

1: 2 11.0 267.1 4.6 and 6.9 0.30

2: 1 10.3 258.4 4.5 and 6.8 0.29

a Average crystallite size of TiO2 was determined by XRD using the Scherrer

equation.
b The BET surface area was determined by the multipoint BET method using

the adsorption data in the relative pressure (P/Po) range of 0.05–0.25.
c Pore volume and average pore size were determined by nitrogen adsorption

volume at the relative pressure of 0.99.

Fig. 2. TEM image of N, La co-doped mesoporous TiO2 sample prepared with a

molar ratio of Brij98:CTAB¼1:1.

Fig. 3. The FT-IR spectra of (a) pure TiO2 and (b) N, La co-doped TiO2 prepared

with a molar ratio of Brij98:CTAB¼1:1.

Fig. 4. EDS analysis of N, La co-doped mesoporous TiO2 sample prepared with a

molar ratio of Brij98:CTAB¼1:1. (a) N, O, and La and (b) Ti and La.
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in the present work can effectively prompt the crystallization and
inhibit the grain growth.

3.2. Transmission electron microscopy characterization

Fig. 2 presents the TEM image of the N, La co-doped
mesoporous TiO2 sample prepared with a molar ratio of
Brij98:CTAB¼1:1. The sample has a disordered wormhole-like
pore structure. The accessible pores are randomly connected,
lacking of discernible long-range order in the pore arrangement
among the small TiO2 particles. The mean mesopore size is ca.
6–7 nm, which is in good agreement with the pore size calculated
from N2 isotherms.

3.3. Infrared characterization

As shown in Fig. 3, the bands at 3238 and 3356 cm�1 are
assigned to N–H stretching vibration and O–H stretching
vibration of the adsorbed water on the surface of the materials
[18,19]. The stronger peaks at 1622 and 1625 cm�1 are attributed
to the hydroxyl groups bending vibration of O–H on the catalysts.
The small peak at 1481 cm�1, produced by –NOx(–Ti–O–N–Ti),
indicates that some nitrogen atoms in the mesoporous TiO2

sample existed in the form of –NOx [20]. This is consistent with
the result of N-doped TiO2 reported by Chen et al. [18], who
reported that the nitrogen incorporation produced an N–O
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bonding region. Low frequency bands at 465 and 501 cm�1 are
aroused by the stretching vibration of Ti–O [18,21]. Upon addition
of La3 +, a small shift of about 36 cm�1 to higher frequencies could
be detected for the stretching vibration of Ti–O.

3.4. Energy-dispersive X-ray spectrometer characterization

The EDS analytical results (Fig. 4) show that N, La co-doping
elements in the modified TiO2 are well distributed within TiO2

grains. For mesoporous TiO2 sample prepared with a molar ratio
of Brij 98:CTAB¼1:1, the molar ratios of O/Ti, N/Ti, and La/Ti are
1.51, 0.26, and 0.089, respectively. This is because parts of oxygen
in the samples are substituted by nitrogen atoms. The peak at ca.
0.43 keV was attributed to N. There are different peaks formed by
La at ca. 0.87, 4.68, and 5.07 keV. These results may confirm the
incorporation of lanthanum and nitrogen into TiO2.

3.5. Porosity characterization

Fig. 5 shows the nitrogen adsorption–desorption isotherms
and the corresponding BJH pore size distributions of the samples
with different molar ratios of composite surfactant templates. The
mesoporous TiO2 prepared at composite surfactant templates
exhibited type IV isotherms with H2 hysteresis loops (Fig. 5a–c,
IUPAC classification), which are related to the mesoporous
structure. A clear hysteresis loop with a sloping adsorption
branch and a relatively sharp steep desorption branch were
observed at a high relative pressure (P/Po) range. The adsorption
isotherm of the as-prepared sample exhibits a large increase in
the P/Po range of 0.5–0.8, which is related to the capillary
condensation associated with large pore channels. The nano TiO2

prepared at a molar ratio of Brij98:CTAB¼0:0 exhibited a
different isotherm from the former three. The BET surface area,
Fig. 5. Nitrogen adsorption–desorption isotherms and the corresponding BJH pore siz

different molar ratios of Brij98:CTAB. (a) 1:1, (b) 1:2, (c) 2:1, and (d) 0:0.
pore parameter, and pore volume of the mesoporous TiO2 samples
are summarized in Table 1. The BET surface areas of the
mesoporous TiO2 samples decreased, however, from 279.0,
267.1–258.4 m2 g�1, accompanied with the decrease of pore
volumes from 0.30 to 0.29 cm3 g�1. The BET surface area of
nano TiO2 sample prepared at a molar ratio of Brij98:CTAB¼0:0
was only 75.94 m2 g�1. The BJH calculation for pore-size
distribution from the desorption data reveals a bimodal
distribution centered at ca. 4.5 and 6.9 nm. On the other hand,
adsorption data gave only one pore size maximum at 6.9 nm
associated with the emptying of framework pores at values
between P/P0¼0.1 and 0.4. The small pore sizes (4.5 nm) are a
reflection of the step near P/P0¼0.5 on the desorption branch and
correspond to the emptying of textural pores.

3.6. Photocatalytic activity

Photocatalytic decomposition of black liquid from pulping and
papermaking under UV light irradiation was used to investigate the
properties of the synthesized mesoporous materials. Contrast
experiments results show that the chroma and CODcr values of
black liquid from pulping and papermaking were almost not changed
in the dark. The observed results during photocatalytic decomposi-
tion of papermaking wastewater under UV light irradiation in the
presence of mesoporous TiO2 and P-25 are shown in Fig. 6.

CODcr values are related to the total concentration of organic
pollutant in wastewater and the changes in CODcr percent
degradation reflect the degree of mineralization of organic
pollutant as a function of irradiation time. Preliminary series
of experiments were carried out in order to determine the
optimum amounts of Brij98 and CTAB. It was found that N, La co-
doped mesoporous TiO2 showed a good photocatalytic activity in
the degradation of papermaking wastewater. CODcr percent
e distributions (insets) from the adsorption branches for the calcined samples at
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Fig. 6. Percent degradation of (a) CODcr and (b) chroma of papermaking

wastewater in the presence of mesoporous TiO2 and P-25 as a function of UV

light irradiation time.
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degradation is about 73% after a period of 12 h and chroma
percent degradation is 100% within 8 h over the sample prepared
with a molar ratio of Brij98:CTAB¼1:1. The percent degradation
of CODcr and chroma of papermaking wastewater over the
mesoporous TiO2 prepared with a molar ratio of Brij98:CTAB¼1:1
was found to be higher than that for the Degussa P25. Besides the
benefit of photocatalytic activity enhancement, these mesoporous
materials can be separated from the suspension solution more
easily than pure TiO2 nanoparticles [22].

From the photocatalytic results, one can find that photocata-
lytic activity of mesoporous titania is strongly dependent on its
phase structure, crystallite size, specific surface area, and pore
structure. It is seen from XRD spectra that the mesoporous
TiO2 phase structure did not change before and after using Brij
98/CTAB, and retained the good anatase crystallization. The
crystallite size of TiO2 decreased from 15.6 to 9.60 nm after using
Brij98 and CTAB, which may benefit their photocatalytic perfor-
mance. The mesoporous TiO2 samples with various specific
surface areas exhibited different photocatalytic degradations for
the wastewater [23]. Among them, the sample prepared with a
molar ratio of Brij98:CTAB¼1:1 exhibited a slightly higher surface
area (279.0 m2 g�1) than others and the highest CODCr percent
degradation (73%) and chroma percent degradation (100%). For
the samples with higher specific surface area, most of the
molecules were adsorbed on the edge of the TiO2 micropores
where they could easily migrate to the TiO2 surface. After being
captured by photogenerated oxidizing species, it degraded
immediately. As the specific surface area and pore volume
increased, the adsorption capacity increased. Since this sample
might provide a medium adsorption for the organics, followed by
transfer to TiO2 surface where they were degraded completely,
the kinetic equilibrium between adsorption and photodegrada-
tion of wastewater was then reached. In other words, an increase
in adsorption favored the degradation of the wastewater. There-
fore, it can be concluded that the surface area and pore structure
of this sample had an important effect on its degradation
efficiency for wastewater from the papermaking industry. The
surface area may be moderate for organic molecules from
papermaking wastewater, and the best synergistic effect between
adsorption and photocatalysis has been reached [24].
4. Conclusions

N, La co-doped mesoporous TiO2 materials with uniform pore
size and large specific surface area were successfully synthesized
using composite surfactant templates (Brij98/CTAB) as the
structure-directing agents. XRD patterns showed that the domi-
nant crystal type of prepared TiO2 was anatase. TEM image and N2

adsorption–desorption isotherms analysis revealed the mesopor-
ous co-doped TiO2 materials with an average size of 6–7 nm and a
high specific surface area of 258.4–279.0 m2 g�1. N, La co-doped
mesoporous TiO2 showed a good photocatalytic activity in the
degradation of papermaking wastewater. CODcr percent degrada-
tion was about 73% in 12 h and chroma percent degradation was
100% in 8 h under UV light irradiation for the sample prepared at
the molar ratio of Brij 98:CTAB¼1:1.
Acknowledgments

The work described in this paper was financially supported by
the National Natural Science Foundation of China (Grant No.
20976100) and the Key Project of Natural Science Foundation of
Shandong Province (Grant No. Z2006B07).

References

[1] H.Y. Hao, J.L. Zhang, Micropor. Mesopor. Mater. 121 (2009) 52–57.
[2] W.S. Chae, S.W. Lee, Y.R. Kim, Chem. Mater. 17 (2005) 3072–3074.
[3] P. Sudhagar, R. Sathyamoorthy, S. Chandramohan, Appl. Surf. Sci. 254 (2008)

1919–1928.
[4] J.G. Yu, X.J. Zhao, J.C. Du, W.M. Chen, J. Sol–Gel Sci. Technol. 17 (2000) 163–171.
[5] D.S. Kim, S.J. Han, S.Y. Kwak, J. Colloid Interface Sci. 316 (2007) 85–91.
[6] K. Kalyanasundaram, M. Graetzel, Coord. Chem. Rev. 77 (1998) 347–414.
[7] S.M. Paek, H. Jung, Y.J. Lee, M. Park, S.J. Hwang, J.H. Choy, Chem. Mater. 18

(2006) 1134–1140.
[8] T. Sreethawong, Y. Suzuki, S. Yoshikawa, J. Solid State Chem. 178 (2005)

329–338.
[9] R.S. Yuan, R.B. Guan, P. Liu, J.T. Zheng, Colloids Surf. A 293 (2007) 80–86.

[10] W.L. Sun, Y.Z. Qu, Q. Yu, J.R. Ni, J. Hazard. Mater. 154 (2008) 595–601.
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