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a b s t r a c t

In this work, nanocrystalline mesoporous-assembled TiO2 photocatalyst was synthesized by a sol–gel
process with the aid of a structure-directing surfactant and employed for the photocatalytic degradation of
methyl orange azo dye (monoazo dye), as compared to various commercially available non-mesoporous-
assembled TiO2 powders. The experimental results showed that the synthesized mesoporous-assembled
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TiO2 nanocrystal calcined at 500 C provided superior decolorization and degradation performance to
the non-mesoporous-assembled commercial TiO2 powders. In addition, several operational parameters
affecting the decolorization and degradation of methyl orange, namely photocatalyst dosage, initial dye
concentration, H2O2 concentration, and initial solution pH, were systematically investigated, using the
mesoporous-assembled TiO2 nanocrystal. The optimum conditions were a photocatalyst dosage of 7 g/l,
an initial dye concentration of 5 mg/l, a H2O2 concentration of 0.5 M, and an initial solution pH of 4.7,

colori
exhibiting the highest de

. Introduction

Azo compounds are an important class of synthetic dyes and rep-
esent the largest class of dyes applied in textile processing. They are
rdinarily characterized by the presence of one or more azo groups
–N N–) bound to aromatic rings [1,2]. Methyl orange (MO) or acid
range 52 (AO 52) is an azo compound, which is commonly used
s a coloring agent in several applications, such as textile, paint,
nk, plastic, and cosmetic industries. The release of this coloring
gent present in wastewater definitely causes a severe environ-
ental problem [3–5]. Several techniques have been developed to

reat wastewaters containing the dye pollutants. Up to now, many
onventional methods, including physical methods (such as adsorp-
ion), biological methods, chemical methods (such as chlorination
nd ozonation), and their combinations, have been widely studied
nd used for treating the dye-containing wastewaters [1,6–10]. The

onventional processes for treating these effluents are insufficient
o purify the wastewaters because the disadvantage of these meth-
ds is the incomplete destruction of the pollutant compounds, as
hey just transfer the compounds present from aqueous to another

∗ Corresponding author at: The Petroleum and Petrochemical College, Chula-
ongkorn University, Soi Chula 12, Phyathai Road, Pathumwan, Bangkok 10330,
hailand. Tel.: +66 2 218 4144; fax: +66 2 215 4459.

E-mail address: thammanoon.s@chula.ac.th (T. Sreethawong).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.07.036
zation rate of methyl orange.
© 2009 Elsevier B.V. All rights reserved.

phase, thus causing secondary pollution problem. Consequently,
the post-treatment of generated sludges and the regeneration of
adsorbent materials, which are comparatively expensive opera-
tions, are required [11,12].

Photocatalysis, one of advanced oxidation processes (AOPs), is an
efficient technique for water and air purification due to its several
advantages [3,4,12–15]. Firstly, it destroys the pollutants by decom-
posing or transforming into less harmful substances in the presence
of UV or near-UV illumination. Secondly, several non-toxic mate-
rials can be used as a semiconductor photocatalyst, particularly
titanium dioxide (TiO2). Thirdly, this process can be operated at
atmospheric pressure and near or slightly higher than room tem-
perature. Finally, the photocatalytic processes can provide a low
operating cost due to the use of sunlight as the source of irradi-
ation, also implying as an environmental cleaning process. So far,
the TiO2-composed photocatalytic systems have become emerg-
ing technology for destroying the organic dye pollutants because
the TiO2 photocatalysts are largely available, inexpensive, and non-
toxic, and show relatively high chemical stability. The primary
photocatalytic processes occur upon the irradiation of light with
energy greater than or equal to the band gap of the TiO2 photocat-

alyst. Under the light irradiation, the electrons (transferring to the
conduction band, CB) and holes (remaining at the valence band, VB)
are then generated and trapped on the photocatalyst surface, sub-
sequently producing reactive oxygen species, such as OH• and O2

•−

radicals, to decompose the organic dye pollutants. The mechanisms

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:thammanoon.s@chula.ac.th
dx.doi.org/10.1016/j.cej.2009.07.036
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or the heterogeneous photocatalytic degradation of dyes have been
nvestigated and proposed by several research groups [16–18].

Various approaches, such as hydrothermal method, solvother-
al method, sol–gel method, spray pyrolysis method, supercritical

arbon dioxide method, and electrospinning method, have been
eveloped to synthesize the TiO2 photocatalysts as advanced mate-
ials with specific functions [19–24]. Some conventional processes
or synthesizing TiO2 photocatalysts, such as hydrothermal method,
nevitably face with many disadvantages: for example, inhomo-
eneous crystal particles having a relative large size are normally
btained, and this method is quite costly [25]. However, there are
any factors that affect the photocatalytic activity of the photocat-

lysts, such as composition homogeneity, crystal size and structure,
pecific surface area, morphology (shape and size), as well as poros-
ty and pore size distribution [26].

Several works reported the use of various methods for synthesiz-
ng mesoporous-structured TiO2 photocatalysts [27–38]. However,
o our knowledge, the preparation of a mesoporous-assembled TiO2
anocrystal photocatalyst by using a sol–gel process with the aid
f the structure-directing surfactant, as well as its application in
astewater treatment, has not yet been extensively investigated.

he mesoporous-assembled TiO2 nanocrystal is very promising to
e used for the photocatalytic degradation of the azo dye because

t possesses very small physical dimensions: a large pore volume
or reactant accessibility, a uniform pore size distribution, and a
igh volume fraction of atom located at the surface, which are very
seful for this application.

In our previous works [39–42], the nanocrystalline mesoporous-
ssembled TiO2 photocatalyst was synthesized by such the method
ithout and with metal loadings. Therefore, in this present
ork, by following the previous works’ accomplishment, the

xperimental investigation was performed on the photocatalytic
egradation of MO, a model monoazo dye present in wastewa-
ers from the textile industry, using the mesoporous-assembled
iO2 nanocrystal as compared to various commercially available
on-mesoporous-assembled TiO2 powders. Various synthetic and
eaction parameters, such as calcination condition for the photocat-
lyst preparation, photocatalyst dosage, initial dye concentration,
ydrogen peroxide (oxidant) concentration, and initial solution pH,
ere carefully studied on the photocatalytic performance for MO
ecolorization and degradation (as degradation in overall).

. Experimental

.1. Materials

Tetraisopropyl orthotitanate (TIPT, Ti(OCH(CH3)2)4, Merck
o., Ltd.), laurylamine hydrochloride (LAHC, CH3(CH2)11NH2·HCl,
erck Co., Ltd.), acetylacetone (ACA, CH3COCH2COCH3, Carlo Erba

eagents Co., Ltd.), methyl orange (MO, C14H14N3O3SNa, Nacalai
esque), hydrochloric acid (37% HCl, Lab Scan Co., Ltd.), and hydro-
en peroxide (30% H2O2, Carlo Erba Reagents Co., Ltd.) were used in
his study. All chemicals were of analytical grade and used without
urther purification. The TIPT was used as a titanium precursor for
ynthesizing the mesoporous-assembled TiO2 photocatalyst. The
AHC was used as a structure-directing surfactant behaving as a
esopore-forming agent. It is worth noting that without the LAHC,

elation could not occur, indicating that the LAHC also behaved as
gel formation-assisting agent. The ACA, which acts as a modifying

igand, was applied to moderate the hydrolysis and condensation
rocesses of the titanium precursor. Commercially available TiO2

owders, P-25 TiO2 (J.J. Degussa Hüls Co., Ltd.), which is well-
nown to possess very high photocatalytic activity, ST-01 TiO2
Ishihara Sangyo Co., Ltd.), and JRC-03 TiO2 (Ishihara Sangyo Co.,
td.), were selected for the comparative studies of the photocat-
lytic MO degradation.
ing Journal 155 (2009) 223–233

2.2. Photocatalyst synthesis procedure

The nanocrystalline mesoporous-assembled TiO2 photocata-
lyst was synthesized via a sol–gel process with the aid of a
structure-directing surfactant in a system consisting of LAHC and
ACA-modified TIPT [39]. A specified amount of ACA was first intro-
duced into the TIPT with the molar ratio of unity. The mixed solution
was then gently shaken until intimate mixing. Afterwards, a 0.1 M
LAHC aqueous solution with a pH of 4.2 was added to the ACA-
modified TIPT solution, in which the molar ratio of TIPT to LAHC
was adjusted to a value of 4:1. The mixture was kept continuously
stirring at 40 ◦C overnight to obtain a transparent yellow sol. Then,
the gel was completely formed by placing the TiO2 sol into an oven
at 80 ◦C for a week. Accordingly, the gel was dried overnight at 80 ◦C
to eliminate the solvent, which was mainly distilled water used for
preparation of the LAHC aqueous solution. The dried sample was
then calcined at different temperatures in the range of 500–700 ◦C
for 4 h to remove the LAHC surfactant, and subsequently the desired
mesoporous-assembled TiO2 photocatalyst was achieved.

2.3. Characterization techniques

The N2 adsorption–desorption isotherms of all the photocat-
alysts were obtained by using a nitrogen adsorption–desorption
apparatus (Quantachrome, Autosorb-1) at a liquid nitrogen tem-
perature of −196 ◦C. The Brunauer–Emmett–Teller (BET) approach
using adsorption data over the relative pressure ranging from 0.05
to 0.35 was utilized to determine the specific surface areas of the
photocatalysts. The Barrett–Joyner–Halenda (BJH) approach was
used to determine the mean pore size and pore size distribution
of the photocatalyst samples. The sample was degassed at 150 ◦C
for 2 h to remove any physisorbed gases prior to the measurement.
X-ray diffraction (XRD) was used to identify the structure and the
composition of all the crystalline TiO2 photocatalysts. A Rigaku
PMG-A2 XRD system generating monochromated Cu K� radiation
with a continuous scanning mode at the rate of 2◦/min and oper-
ating conditions of 40 kV and 30 mA was used to obtain the XRD
patterns. Crystallite size (D) of the photocatalysts was calculated
from the line broadening of X-ray diffraction peak according to the
Sherrer formula [43], as shown in Eq. (1):

D = K�

ˇ cos(�)
(1)

where K is the Sherrer constant (0.89), � is the wavelength of the
X-ray radiation (0.15418 nm for Cu K�), ˇ is the full width at half
maximum (FWHM) of the diffraction peak measured at 2�, and
� is the diffraction angle. It is well-known that the photocatalytic
activity of a photocatalyst is directly related to its band gap energy
(Eg). Thus, the UV–vis spectra of the synthesized mesoporous-
assembled TiO2 and the commercial TiO2 (P-25 TiO2, ST-01 TiO2,
and JRC-03 TiO2) were obtained by using a UV–vis spectrophotome-
ter (Shimadzu, UV-2550) in the wavelength range of 250–500 nm
at room temperature with BaSO4 as the reference. Afterwards, the
absorbance spectra were analyzed to estimate the band gap energy
(Eg, eV). The band gap wavelength (�g, nm) was the crossing point
between the line extrapolated from the onset of the rising part and
x-axis of the plot of absorbance as a function of wavelength (�, nm).
The Eg was then determined by using Eq. (2) [39]:

E = 1240
(2)
g

�g

The sample morphology was observed by using a scanning
electron microscope (JOEL JSM-6400) and a transmission electron
microscope (JEOL 2000 CX) operated at 15 and 200 kV, respectively.
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Table 1
Summary of textural properties obtained from N2 adsorption-desorption results of the synthesized mesoporous-assembled TiO2 and commercial TiO2 photocatalysts.

Photocatalyst Calcination
temperature (◦C)

Calcination
time (h)

BET surface
area (m2 g−1)

Mean pore
diameter (nm)

Total pore volume
(cm3 g−1)

Mesoporous-assembled TiO2

500 4 84.3 6.18 0.158
600 4 22.7 8.83 0.061
700 4 9.0 –a –a

P-25 TiO2 – – 65.0 –a –a
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lysts exhibit non-mesoporous characteristics due to the absence of
dominant hysteresis loop and the adsorption plateau at a high rel-
ative pressure. No capillary condensation of N2 into the pore was
observed since the desorption isotherm was insignificantly differ-
ent from the adsorption one. The pore size distributions of all the
T-01 TiO2 – –
RC-03 TiO2 – –

a N2 adsorption–desorption isotherms correspond to IUPAC type II pattern.

.4. Photocatalytic activity testing

The photocatalytic activity of the synthesized mesoporous-
ssembled TiO2 photocatalysts and the commercial TiO2 samples
P-25 TiO2, ST-01 TiO2, and JRC-03 TiO2) were investigated using
he photodegradation of MO in aqueous solution under UV irradia-
ion (11 W low-pressure mercury lamp, Philips). A desired amount
f any tested photocatalysts (synthesized mesoporous-assembled
iO2 or commercial TiO2) with various dosages was suspended in a
O solution with various concentrations by using a magnetic stir-

er, and the suspension was photoirradiated by the light source. A
ample was periodically withdrawn from the reactor for every hour,
nd the sample was then centrifuged to separate the photocatalyst
owder from the solution. The obtained filtrate was taken for an
nalysis of MO concentration by the absorbance measurement. The
bsorbance of the solution samples was monitored by the UV–vis
pectrophotometer in the wavelength range of 200–800 nm and
as used to determine the percentage of MO degradation. The TOC

nalysis of the solution samples obtained under the optimum con-
itions was also performed by using a TOC analyzer (Shimadzu,
OC-5000A).

Moreover, the pseudo-first-order rate constant (k, h−1) for both
he photocatalytic decolorization and degradation (as degradation
n overall) of MO was determined by Eq. (3) [12,44–46]:

n
(

C0

C

)
= kt (3)

he k value was calculated from the plot between ln(C0/C) and time
t), where C0 and C denote the MO concentrations at t = 0 and t = t,
espectively. The pseudo-first-order rate constant was used as the
ndicator for evaluating the photocatalytic activity of the synthe-
ized mesoporous-assembled TiO2 photocatalyst, as compared to
he commercial TiO2 photocatalysts (P-25 TiO2, ST-01 TiO2, and
RC-03 TiO2).

. Results and discussion

.1. Characterization results of photocatalysts

The physicochemical properties of the nanocrystalline
esoporous-assembled TiO2 photocatalysts synthesized by

he sol–gel process with the aid of a structure-directing surfactant
ould be influenced by many factors, especially calcination temper-
ture. In this work, the synthesized mesoporous-assembled TiO2
alcined at various temperatures was investigated, as compared to
arious types of commercial TiO2, namely P-25 TiO2, ST-01 TiO2,
nd JRC-03 TiO2.

.1.1. N2 adsorption–desorption results

In order to verify the mesoporosity of the photocatalyst samples,

he N2 adsorption–desorption analysis is very powerful technique
ormally used. The N2 adsorption–desorption isotherms of the syn-
hesized TiO2 calcined at 500 and 600 ◦C exhibits typical IUPAC type
V pattern [47], as shown in Fig. 1(a) and (b), respectively. The hys-
289.5 –a –a

55.0 –a –a

teresis loop is ascribed to the existence of mesoporous structure
(mesopore size between 2 and 50 nm) in the obtained products. A
sharp increase in adsorption volume of N2 was observed and located
in the P/P0 range of 0.5–0.9. This sharp increase can be assigned to
the capillary condensation, indicating the good homogeneity of the
samples and fairly small pore size since the P/P0 position of the
inflection point is directly related to pore dimension. As illustrated
in the insets of Fig. 1(a) and (b), the pore size distribution obtained
from this modified sol–gel process at two calcination temperatures
is quite narrow, implying the good quality of the samples.

For the commercial TiO2 samples (P-25 TiO2, ST-01 TiO2, and
JRC-03 TiO2), the N2 adsorption–desorption isotherms correspond
to IUPAC type II pattern [47], as depicted in Fig. 2(a), (b), and (c),
respectively. It is clear that all the commercial TiO2 photocata-
Fig. 1. N2 adsorption–desorption isotherms of the synthesized mesoporous-
assembled TiO2 calcined at (a) 500 ◦C and (b) 600 ◦C (Inset: pore size distribution).
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of the rutile phase in the mesoporous-assembled TiO2 calcined at
this temperature. The main difference between the synthesized
mesoporous-assembled TiO2 and the commercial P-25 TiO2 photo-
catalysts was that the commercial P-25 TiO2 possesses mixed phase
of the anatase (74%) and the rutile (26%), of which the phase com-
ig. 2. N2 adsorption–desorption isotherms of (a) the commercial P-25 TiO2, (b)
he commercial ST-01 TiO2, and (c) the commercial JRC-03 TiO2 (Inset: pore size
istribution).

ommercial TiO2 photocatalysts, as shown in the insets of Fig. 2(a),
b), and (c), are quite broad. These results show that the average
ore sizes of the commercial TiO2 are quite large since their pore
ize distributions not only exist in the mesopore region (mesopore
ize between 2 and 50 nm) but also mostly cover the macropore
egion (macropore size > 50 nm).

The textural properties of all the investigated photocata-
ysts, including BET surface area, mean pore diameter, and total
ore volume, are summarized in Table 1. For the synthesized
esoporous-assembled TiO2 photocatalysts, the increase in calci-

ation temperature caused the decreases in surface area and total

ore volume and the increase in mean pore diameter, as expected.
or the commercial TiO2 photocatalysts, whose isotherms exhibit
UPAC type II pattern, the mean pore diameter and total pore vol-
me are always not reported because they contain a large portion of
acropore, which possesses very broad pore size distribution with
ing Journal 155 (2009) 223–233

the pore diameters larger than 50 nm, up to 200 nm. Therefore, the
surface areas of the P-25 TiO2 and the JRC-03 TiO2 are consequently
observed to be lower than the synthesized mesoporous-assembled
TiO2 calcined at 500 ◦C, as shown in Table 1. However, the surface
area of the ST-01 TiO2 was observed to be higher than that of the
synthesized mesoporous-assembled TiO2, plausibly resulting from
its unique production process.

3.1.2. X-ray diffraction results
The XRD patterns of the synthesized mesoporous-assembled

TiO2 calcined at different temperatures, as compared to the com-
mercial TiO2 photocatalysts, are shown in Fig. 3. Table 2 also
summarizes the XRD results, including crystalline phase, rutile
ratio, and crystallite size. The XRD pattern of the synthesized
mesoporous-assembled TiO2 sample calcined at 500 ◦C shows crys-
talline structure of the pure anatase phase. The dominant peaks at
2� about 25.2◦, 37.9◦, 47.8◦, 53.8◦, and 55.0◦, which represent the
indices of (1 0 1), (0 0 4), (2 0 0), (1 0 5), and (2 1 1) planes (JCPDS
Card No. 21-1272) [48], respectively, are conformed to the crys-
talline structure of the anatase TiO2. However, at the calcination
temperature of 500 ◦C, the crystallization to the anatase phase of
the synthesized photocatalyst is not fully developed in a compar-
ison to the calcination temperature of 600 ◦C, of which the peak
intensity of the anatase phase greatly increases. The calcination
temperature of 600 ◦C is not only determined as the highest limit
for yielding the well-crystalline pure anatase phase but also as
the starting point of phase transformation from the anatase to the
rutile phase since an approximately 5% rutile content was observed
(Table 2). At the calcination temperature of 700 ◦C, partial phase
transformation from the anatase to the rutile was observed, result-
ing in the combination of the anatase to the rutile phases with an
approximately 79% rutile content (Table 2). The occurrence of the
dominant peaks at 2� about 27.4◦, 36.1◦, 41.2◦, and 54.3◦, which
correspond to the indices of (1 1 0), (1 0 1), (1 1 1), and (2 1 1) planes
(JCPDS Card No. 21-1276) [48], respectively, indicates the presence
Fig. 3. XRD patterns of synthesized mesoporous-assembled TiO2 calcined at (a)
500 ◦C, (b) 600 ◦C, and (c) 700 ◦C, as compared to the commercial TiO2 (d) P-25,
(e) ST-01, and (f) JRC-03 (A = Anatase, R = Rutile).
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Table 2
Summary of XRD analysis of the synthesized mesoporous-assembled TiO2 calcined at different temperatures and commercial TiO2.

Photocatalyst Calcination
temperature (◦C)

Calcination
time (h)

Phase from
XRD pattern

Percentage of
rutile (WR)

Crystallite
size (nm)

Anatase (1 0 1) Rutile (1 1 0)

Mesoporous-assembled TiO2

500 4 Anatase 0 13.64 -
600 4 Anatase + rutile 5 25.75 46.26
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700 4
-25 TiO2 – –
T-01 TiO2 – –
RC-03 TiO2 – –

osition was calculated by Eqs. (4) and (5) [49], whereas the ST-01
iO2 and the JRC-03 TiO2 possess pure crystalline structure of the
natase and the rutile phase, respectively:

R =
[

1 + 0.8IA
IR

]−1
(4)

A = 1 − WR (5)

here IA and IR represent integrated intensities of the anatase
1 0 1) and the rutile (1 1 0) diffraction peaks, respectively, and WA
nd WR represent phase compositions of the anatase and the rutile,
espectively.

.1.3. Band gap energy results
UV–vis spectroscopy was used to investigate the light absorp-

ion capability and the band gap energy of the photocatalysts. The
V–vis spectra of the synthesized mesoporous-assembled TiO2
hotocatalyst calcined at different temperatures and the commer-
ial TiO2 photocatalysts are shown comparatively in Fig. 4. The
orresponding absorption wavelength and band gap energy are
lso summarized in Table 3. From Fig. 4, the absorption bands
f all the TiO2 photocatalysts are approximately in the range of
00–400 nm. The strong absorption band at low wavelength in the
pectra indicates the presence of Ti species as the tetrahedral Ti4+.
his absorption band is generally associated with the electronic
xcitation of the valence band O2p electron to the conduction band
i3d level [50]. The absorption onset is approximately at 387 nm

◦
or the synthesized mesoporous-assembled TiO2 calcined at 500 C,
hich corresponds to the band gap energy of the anatase TiO2 of

.2 eV. For the synthesized mesoporous-assembled TiO2 calcined at
00 ◦C, the absorption band shifts to a higher wavelength of 390 nm,
hich is correlated to the band gap energy of the mixed anatase

ig. 4. UV–vis spectra of synthesized mesoporous-assembled TiO2 photocatalysts
alcined at (a) 500 ◦C, (b) 600 ◦C, and (c) 700 ◦C for 4 h and commercial TiO2 photo-
atalysts (d) P-25 TiO2, (e) ST-01 TiO2, and (f) JRC-03 TiO2.
natase + rutile 79 38.75 53.96
natase + rutile 26 22.01 28.90
natase 0 8.33 –
utile 100 – 17.11

and rutile TiO2 between 3.0 and 3.2 eV, whereas the absorption
band of the synthesized mesoporous-assembled TiO2 calcined at
700 ◦C further shifts to a wavelength longer than 400 nm, which is
closely correlated to the band gap energy of the rutile TiO2 of 3.02 eV
(absorption wavelength of 410 nm). For the commercial TiO2 pho-
tocatalysts, their band gap energy values reported in Table 3 also
well correspond to their crystalline phase obtained from the XRD
analysis (Fig. 3). As comparatively seen from Fig. 4, it is also percep-
tible that the light absorption capability of the anatase TiO2 at near
UV region is significantly higher than that of the rutile TiO2.

3.1.4. SEM and TEM images
Typical SEM and TEM images (for both low and high mag-

nifications) of the investigated photocatalysts are shown in
Figs. 5–7, respectively. From the SEM images, the synthesized
mesoporous-assembled TiO2 possesses reasonably uniform size
with nanoagglomeration of many crystallites. In addition, the TEM
images of the synthesized mesoporous-assembled TiO2 reveal the
formation of highly crystalline TiO2 aggregates composed of three-
dimensional disordered primary nanoparticles. The average size of
the mesoporous-assembled TiO2 nanoparticle calcined at 500 ◦C
is approximately 10–15 nm, which is consistent with the crystal-
lite size estimated from the XRD analysis. Therefore, each particle
observed by the TEM analysis could be considered as a single
crystal. For the commercial TiO2 photocatalysts, SEM images also
show the agglomeration of many particles; however, the segre-
gation of the agglomerated particles seems to be quite evident
than the mesoporous-assembled TiO2, resulting in the presence of
significant content of macropore, as determined by the pore size
distribution analysis. Moreover, the particle sizes of all the com-
mercial TiO2 observed by the TEM analysis agree well with the
crystallite sizes calculated from their XRD patterns.

3.2. Photocatalytic MO degradation results

The UV–vis spectrum of a MO solution shows two absorption
maxima, as shown in Fig. 8, with the first band centered at 270 nm

and the second band at 465 nm. The absorbance at 465 nm is due
to the � → �* transition of the azo group (–N N–), representing
the color of dye solution, and its decrease was used to monitor
the decolorization of the MO dye. The other absorbance at 270 nm
is due to the � → �* transition in the aromatic ring, representing

Table 3
Summary of band gap energy obtained from UV-Vis spectra of the photocatalysts.

Photocatalyst Calcination
temperature (◦C)

Absorption
wavelength,
�g (nm)

Band gap
energy (eV)

Mesoporous-assembled TiO2

500 387 3.20
600 390 3.18
700 405 3.06

P-25 TiO2 – 395 3.14
ST-01 TiO2 – 385 3.22
JRC-03 TiO2 – 410 3.02
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ig. 5. SEM images of synthesized mesoporous-assembled TiO2 calcined at (a) 500 ◦

iO2.

he aromatic content of the methyl orange, and its decrease was
sed to monitor the degradation of aromatic part of the MO dye.
elvam et al. [51] also explained about the photocatalytic decol-
rization and degradation of a reactive azo dye, Reactive Orange 4
RO4), of which two corresponding absorption maxima occur at 489
nd 285 nm, respectively. Therefore, in this work, both the decol-
rization and degradation (referred as degradation in overall) of
he MO dye in terms of relative concentration (C/C0) and reaction
ate constant were investigated. In addition, Hachem et al. [52]
ointed out that the adsorption of RO4 on the commercial TiO2
hotocatalyst was quite fast, and the adsorption/desorption equi-

ibrium could be reached within about 45 min. In this work, the
dsorption/desorption equilibrium of the photocatalyst/MO solu-
ion suspensions was established by being magnetically stirred in a
ark environment for 1 h before starting the reaction experiments.

.2.1. Effect of photocatalyst type

In this work, two main types of the photocatalysts used for

tudying the photocatalytic degradation of MO were the synthe-
ized mesoporous-assembled TiO2 calcined at 500, 600, and 700 ◦C
nd the non-mesoporous-assembled commercial TiO2 (P-25 TiO2,
T-01 TiO2, and JRC-03 TiO2). It must be first noted that no appre-
600 ◦C, (c) 700 ◦C, and commercial TiO2 (d) P-25 TiO2, (e) ST-01 TiO2, and (f) JRC-03

ciable MO degradation was detected in the absence of either light
irradiation or photocatalyst. The results of the photocatalytic decol-
orization and degradation of MO over various types of the TiO2
photocatalysts are shown in Fig. 9(a) and (b), respectively. The
results show that the synthesized mesoporous-assembled TiO2
calcined at 500 ◦C gave the highest efficiency for both the decol-
orization and degradation due to the most rapid decrease in the
azo and aromatic concentrations, respectively. The photocatalytic
degradation of MO solution is proved to be the pseudo-first-order
reaction, and its kinetics can be expressed as ln(C0/C) = kt. The cal-
culated reaction rate constants (k) of each type of the photocatalyst
from Fig. 9(a) and (b) are given in Table 4.

As shown in Table 4, the rate constants of the synthesized
mesoporous-assembled TiO2 for both the decolorization and the
degradation decreased with increasing calcination temperature.
This might be because of the observed loss in surface area of the
photocatalyst, shown in Table 1, which is attributable to the pore

coalescence due to the crystallization of walls separating meso-
pores, as previously explained. Consequently, this tendency caused
lower surface active reaction sites and higher probability of a
mutual e−/h+ recombination, leading to lowering the photocat-
alytic activity. Moreover, it can be noticed that the increasing rutile
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ig. 6. Low magnification TEM images of (a) synthesized mesoporous-assembled T
iO2.

ontent in the synthesized TiO2 photocatalyst calcined at higher
emperatures negatively affected the photocatalytic degradation of

O, probably due to the lower flat band level of the rutile than the
natase phase (lower band gap energy).

For P-25 TiO2, the phase combination between the anatase and

he rutile (a rutile ratio of 0.26, as shown in Table 2) and a lower BET
urface area than that of the synthesized mesoporous-assembled
iO2 calcined at 500 ◦C might be the causes of very low photo-
atalytic activity. Despite the large surface area about 290 m2 g−1

able 4
omparison of effect of photocatalyst type on the reaction rate constants for both
ecolorization and degradation of MO by the synthesized mesoporous-assembled
iO2 photocatalysts calcined at various temperatures and commercial TiO2 pho-
ocatalyst (photocatalyst dosage = 2 g/l; initial MO concentration = 5 mg/l; reaction
olume = 80 ml; irradiation time = 4 h).

hotocatalyst Calcination
temperature
(◦C)

Reaction rate constant, k (h−1)

Decolorization Degradation

esoporous-assembled TiO2

500 0.615 0.362
600 0.405 0.163
700 0.029 0.019

-25 TiO2 – 0.394 0.117
T-01 TiO2 – 0.352 0.162
RC-03 TiO2 – 0.068 0.050
lcined at 500 ◦C, and commercial TiO2 (b) P-25 TiO2 (c) ST-01 TiO2, and (d) JRC-03

of the ST-01 TiO2, its imperfect crystallization from the XRD pat-
tern (Fig. 3) accompanying with the fairly small crystallite size
(Table 2) is considered to increase the probability of the mutual
e−/h+ recombination at both surface and bulk traps. In the case
of the JRC-03 TiO2, it possesses only the rutile TiO2 phase, there-
fore giving the lowest reaction rate. Moreover, the lack of the
mesoporous-assembled structure in these three commercial TiO2
powders (as shown in Figs. 2 and 5) is subjected to have less reac-
tant accessibility for the photocatalytic reaction. In contrast, the
use of the nanocrystalline mesoporous-assembled TiO2 with a uni-
form pore size and a high crystallinity could decrease the number
of lattice defects and then facilitate the electron and hole transport
for reacting with water and/or oxygen molecules adsorbed at the
TiO2 surface along the mesoporous structure to create many active
species, such as OH• and O2

•−. From the results of the present study,
the mesoporosity has been proved to be very important property
of the TiO2 photocatalyst.

3.2.2. Effect of photocatalyst dosage
The reaction rate constants for the photocatalytic decoloriza-
tion and degradation of MO at various dosages of the synthesized
mesoporous-assembled TiO2 photocatalyst calcined at 500 ◦C,
exhibiting the best photocatalytic activity among all the investi-
gated TiO2 photocatalysts, are shown in Fig. 10. The results indicate
that the significant increases in the photocatalytic decolorization
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ig. 7. High magnification TEM images of (a) synthesized mesoporous-assembled T
iO2.
nd degradation rates are observed when the photocatalyst dosage
s increased up to 7 g/l. However, when it exceeds 7 g/l, the pho-
ocatalytic rate constants adversely decrease. The photocatalytic
ecolorization and degradation rates at this optimum photocatalyst

ig. 8. UV–vis absorption spectrum of MO solution (Inset: UV–vis absorption spec-
ra change upon irradiation time using the synthesized mesoporous-assembled TiO2

hotocatalyst calcined at 500 ◦C; photocatalyst dosage = 2 g/l; initial MO concentra-
ion = 5 mg/l; reaction volume = 80 ml).
lcined at 500 ◦C, and commercial TiO2 (b) P-25 TiO2 (c) ST-01 TiO2, and (d) JRC-03

dosage value of 7 g/l of the mesoporous-assembled TiO2 nanoparti-
cle were 1.07 and 0.68 h−1, respectively. On the basis of the relevant
band gap absorption of the investigated photocatalyst dosage, the
results can be explained in terms of the availability of surface active
sites on the TiO2 photocatalyst, the light absorption of the photo-
catalyst, and the light penetration capability into the suspension
[12]. With increasing the photocatalyst dosage until reaching the
optimum value, the TiO2 surface active sites, as well as the absorp-
tion ability of the TiO2, accordingly increased. On the other hand,
under a higher photocatalyst dosage, there was still only a small por-
tion of the TiO2 particles near the photocatalytic reactor wall that
can completely absorb the incident light. This means that at a very
high photocatalyst dosage, the photocatalyst has high tendency to
be agglomerated, resulting in lowering the surface exposure to the
light irradiation. Furthermore, the light penetration depths from
the photocatalytic reactor wall become less due to the agglomer-
ation and sedimentation of particles under a higher photocatalyst
dosage, which could result in the light scattering, thus dramatically
reducing the intensity of light entering the irradiated suspension
[18].
3.2.3. Effect of initial MO concentration
From literature, the dye degradation rate increases with increas-

ing dye concentration up to a particular level, and a further increase
in dye concentration brings about the decrease the dye degradation
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Fig. 9. Effect of photocatalyst type on the relative concentration (C/C0) for (a) decol-
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rization and (b) degradation of MO by the synthesized mesoporous-assembled TiO2

hotocatalysts calcined at various temperatures (500, 600, and 700 ◦C) and commer-
ial TiO2 photocatalysts as a function of irradiation time (photocatalyst dosage = 2 g/l;
nitial MO concentration = 5 mg/l; reaction volume = 80 ml).

ate. The reaction rate constants for the photocatalytic decoloriza-

ion and degradation of MO at various initial MO concentrations
sing the synthesized mesoporous-assembled TiO2 calcined at
00 ◦C are depicted in Fig. 11. The degradation rates (both decol-
rization and degradation) of MO increase with increasing initial

ig. 10. Effect of photocatalyst dosage on the reaction rate constants for both decol-
rization and degradation of MO by the synthesized mesoporous-assembled TiO2

hotocatalyst calcined at 500 ◦C (initial MO concentration = 5 mg/l; reaction vol-
me = 80 ml; irradiation time = 4 h).
Fig. 11. Effect of initial MO concentration on the reaction rate constants for both
decolorization and degradation of MO by the synthesized mesoporous-assembled
TiO2 photocatalyst calcined at 500 ◦C (photocatalyst dosage = 7 g/l; reaction vol-
ume = 80 ml; irradiation time = 4 h).

MO concentration up to 5 mg/l and then decrease with further
increasing initial MO concentration from 5 to 15 mg/l. It can be
explained in that the degradation rate strongly relates to the for-
mation probability of the oxygen active radicals, i.e. OH• and
O2

•−, on the photocatalyst surface and also significantly relates
to the probability of the OH• and O2

•− radicals to react with
the MO dye molecules [12]. When the initial MO concentration
increases, the reaction probability between the MO dye molecules
and the oxygen active species also increases, consequently result-
ing in an enhancement in the decolorization and degradation
rates. However, the MO degradation efficiency decreases as the
initial MO concentration further increases. The possible reason
may be because at high initial MO concentrations, the forma-
tion of the active oxygen radicals on the photocatalyst surface
is decreased since the active sites are covered more by the MO
dye ions. Another possible reason is the significant absorption of
light by the MO dye itself present in the solution and/or on the
photocatalyst surface instead of that by the photocatalyst in the
same light wavelength range, and this therefore diminishes the
overall efficiency of the photocatalytic reaction because the con-
centrations of the oxygen active species decrease [12]. Moreover,
this decreasing tendency can be related to the formation of sev-
eral layers of adsorbed dyes on the photocatalyst surface, being
higher at higher dye concentrations [53]. The large amount of the
adsorbed dyes can decrease the reaction probability between the
dye molecules and the photoinduced valence band holes/oxygen
radicals and subsequently decrease the amount of the aforemen-
tioned generated oxygen active species, reasonably due to the
increased distance between the reactant molecules and the pho-
tocatalyst surface. Therefore, it can be concluded that the suitable
initial MO concentration for the photocatalytic reaction of the
mesoporous-assembled TiO2 calcined at 500 ◦C with 7 g/l photo-
catalyst dosage was 5 mg/l.

3.2.4. Effect of H2O2 concentration
In order to increase the photocatalytic degradation rate of

the MO dye by the synthesized mesoporous-assembled TiO2
nanoparticle calcined at 500 ◦C, H2O2, which is a strong oxidant,
was added to the reaction suspension. Fig. 12 shows the reac-
tion rate constant for the photocatalytic decolorization of MO
by the synthesized mesoporous-assembled TiO2 at various H2O2

concentrations. It is worth noting that for the effect of H2O2 con-
centration, only the decolorization of MO due to the decrease in
the absorbance peak centered at 465 nm could be determined and
reported, not for its degradation. It has been observed that the
absorbance peak centered at 270 nm is significantly interfered by
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Fig. 13. Effect of initial solution pH on the reaction rate constant for decoloriza-
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he added H2O2, the degradation of aromatic part of MO could
ot be examined in this study. Moreover, the photodegradation
f MO in the system containing the photocatalyst and a 0.5 M
2O2 (optimum value as shown later) without the light irradi-
tion did not occur, whereas the decolorization rate constant of
O at a 0.5 M H2O2 with the light irradiation and without the

hotocatalyst (homogeneous system) was observed to be only
.15 h−1.

From Fig. 12, when the H2O2 concentration is increased up
o 0.5 M, the decolorization rate greatly increases. The gradual
ecrease in the decolorization rate is observed when further

ncreasing H2O2 concentration from 0.5 to 0.9 M. The improved
hotocatalytic activity of the mesoporous-assembled TiO2 photo-
atalyst in the presence of H2O2 with the concentration up to 0.5 M
s attributed to the increased reactive hydroxyl radical intermedi-
te (OH•) formed from the reaction between the H2O2 oxidant and
he photogenerated conduction band electrons. The H2O2 can exert
dual function: as a strong oxidant itself and as an electron scav-

nger, thus inhibiting the undesired electron-hole recombination at
oth the photocatalyst surface and bulk [54]. On the other hand, the
hotocatalytic decolorization rate decreases with further increas-

ng H2O2 concentration to be higher than 0.5 M, plausibly due to
oo high quantity of the reactive OH• radicals. The radical–radical
ecombination as an undesired competitive reaction must be taken
nto consideration. In addition, if a high amount of H2O2 adsorbs
nto the TiO2 particle surface, the photocatalytic decolorization rate
ould be subsequently decreased due to the light screening effect

f the H2O2 itself, causing less photoexcitation of the photocatalyst
55].

.2.5. Effect of initial solution pH
The pH of solution is an important parameter affecting the

hotocatalytic reactions since it influences the surface charge prop-
rties of the TiO2, the size of aggregates formed, the charge of the
ye molecules, the adsorption of MO dye onto the TiO2 surface, and
he concentration of the hydroxyl radicals. In this work, both HCl
nd NaOH were used to adjust the MO solution pH in the range of
–8. Fig. 13 shows the reaction rate constant for the photocatalytic
ecolorization of MO over the synthesized mesoporous-assembled
iO2 calcined at 500 ◦C at various solution pHs in the presence of a
.5 M H O . It is also worth noting that the decolorization of MO was
2 2
nly reported due to the interference of pH-adjusting compounds
n the low wavelength absorption band.

As seen in Fig. 13, the higher photocatalytic decolorization
ccurs at the solution pH lower than the point of zero charge

ig. 12. Effect of H2O2 concentration on the reaction rate constant for decoloriza-
ion of MO by the synthesized mesoporous-assembled TiO2 photocatalyst calcined
t 500 ◦C (initial MO concentration = 5 mg/l; photocatalyst dosage = 7 g/l; reaction
olume = 80 ml; irradiation time = 4 h).
tion of MO by the synthesized mesoporous-assembled TiO2 photocatalyst calcined
at 500 ◦C (initial MO concentration = 5 mg/l; photocatalyst dosage = 7 g/l; H2O2 con-
centration = 0.5 M; reaction volume = 80 ml; irradiation time = 4 h).

(pzc) of TiO2, which is approximately 6.0 ± 0.3 [56]. When MO
is dissolved in water, its structure becomes negatively charged.
In contrast, the surface of the TiO2 photocatalyst becomes posi-
tively charged when the solution pH is lower than its pzc. These
opposite charges between the dissolved MO and the TiO2 parti-
cles favorably lead to enhancing the photocatalytic decolorization
rate due to the increase in their induced interaction. The optimum
pH value for this photocatalytic reaction system was found at the
solution pH of 4.7, which is lower than the pzc of TiO2. In addi-
tion, the increased decolorization rate at this acidic pH can be
possibly explained on the basis that at this low pH, HO2

• radical
is also able to form, and this can compensate with the decrease
in the generated OH• radical concentration [54]. However, at the
lower pHs of 4.1 and 3.1, the photocatalytic decolorization rate
decreases due to the possible agglomeration of the TiO2 parti-
cles, which consequently reduces the total surface area available
for the reactant adsorption and the photon absorption. Moreover,
at too low pH with the excess concentration of H+, the H+ ions
can interact with the azo link (–N N–), which can be particu-
larly subject to be the electrophilic attack by the hydroxyl radicals,
leading to decreasing the electron densities at the azo group. Conse-
quently, the reactivity of the hydroxyl radicals by the electrophilic
mechanism decreases [55]. At the alkali solution pHs of 7.0 and
8.0, the photocatalytic decolorization rate decreases remarkably
with increasing solution pH. Under these conditions, there is a
Coulombic repulsion between the negatively charged surface of
the photocatalyst and the negatively charged MO molecules, and
the decreased interaction due to the aforementioned repulsion can
limit the diffusion of the surface-generated OH• radicals towards
the MO anions for the subsequent reaction [12,53]. Therefore, the
photocatalytic decolorization process would be unavoidably low-
ered.

Subsequent to the optimization of all the investigated reaction
parameters, a qualitative analysis of the MO degradation efficiency
was determined by a TOC analyzer using the optimum conditions
(photocatalyst dosage = 7 g/l; initial MO concentration = 5 mg/l;
H2O2 concentration = 0.5 M; and initial solution pH = 4.7) over the
best photocatalyst in this work, i.e. the synthesized mesoporous-
assembled TiO2 photocatalyst calcined at 500 ◦C. The TOC result
revealed that the organic content could be greatly degraded up to

approximately 85% at an irradiation time of 4 h. This suggests that
the synthesized photocatalyst calcined at the suitable condition can
be efficiently applied for the photocatalytic degradation of azo dye-
containing wastewaters due to its high efficiency for both color and
organic removal.
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. Conclusions

In this work, the synthesized mesoporous-assembled TiO2
anoparticle photocatalyst was synthesized by the sol-gel process
ith the aid of structure-directing surfactant and used for inves-

igating the photocatalytic degradation of MO, as compared to
ommercially available non-mesoporous-assembled TiO2 powders.
arious synthetic and reaction parameters, including photocata-

yst type, calcination condition for the photocatalyst preparation,
hotocatalyst dosage, initial MO concentration, H2O2 concentra-
ion, and initial solution pH, were studied on the photocatalytic MO
egradation performance. Among all the investigated TiO2 photo-
atalysts, the mesoporous-assembled TiO2 calcined at a suitable
emperature of 500 ◦C exhibited the superior performance for the

O degradation to the non-mesoporous-assembled commercial
iO2. The optimum conditions for the photocatalytic MO degrada-
ion using such the mesoporous-assembled TiO2 were obtained as
ollows: a photocatalyst dosage of 7 g/l, an initial MO concentration
f 5 mg/l, a H2O2 concentration of 0.5 M, and an initial solution pH
f 4.7, providing the highest photocatalytic MO degradation.
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