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a b s t r a c t

Highly ordered mesoporous silica, Santa Barbara Amorphous-15 (SBA-15), and titanium-substituted
mesoporous silica (TiSBA-15) materials were successfully synthesized, characterized, and evaluated. The
textual and structural properties of the prepared materials with various titanium contents were char-
acterized by inductively coupled plasma-mass spectrometer (ICP-MS), powder X-ray diffraction (XRD)
patterns, nitrogen physisorption isotherms, scanning electron microscopy (SEM), and transmission elec-
tron microscopy (TEM). A limited content of titanium could be effectively substituted into the framework
of SBA-15 without provoking structure change. The adsorptive performance was examined by methy-
lene blue (MB) adsorbed on prepared materials. The isotherm models were analyzed to describe the
hotocatalytic oxidation
ye
esoporous

iSBA-15

adsorption behavior of prepared materials. The adsorption isotherms were well-fitted with Langmuir
and Freundlich models in the simulation of the adsorption behavior of dyes. The SBA-15 and TiSBA-15
materials were found to be effective adsorbents for MB from aqueous solutions. The photodegradation
of MB and total organic carbon (TOC) analysis on solid composites were used to evaluate the catalytical
performance of Ti-containing mesoporous silica. The synergistic effect of adsorptive and photocatalytical
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These results revealed th

. Introduction

The effluents of wastewater from textile industries are highly
olored and contain many toxic and refractory organic compounds
hich can cause severe environmental damages. It is notewor-

hy that even a small amount of dyes discharged into water can
ffect the aquatic ecosystem. Dyes are also known to be carcino-
enic and mutagenic for aquatic organisms [1]. Therefore, the dye
emoval from colored effluents has attracted increasing attention.
arious physical, chemical and biological dye removal techniques
rom aqueous solutions have developed [2] and further classified
s follows:

∗ Corresponding author at: Graduate Institute of Biomedical Engineering and
nvironmental Sciences, National Tsing Hua University, Hsinchu 30013, Taiwan,
OC. Tel.: +886 3 5715131.

E-mail address: cfwang@mx.nthu.edu.tw (C.-F. Wang).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.11.125
as identified. The regeneration and cyclic performance were also proved.
BA-15 could be one effective alternative material for dye removal.

© 2010 Elsevier B.V. All rights reserved.

A) Physico-chemical methods: adsorption on activated carbon,
zeolite [3–7].

B) Filtration techniques: micro/ultra/nano-filtration, reverse
osmosis, ion exchange process [8–12].

C) Sedimentation/precipitation treatment with coagulation/
flocculation, electrochemical methodology [13–15].

D) Advanced oxidation processes (AOPs): Fenton’s reagent,
photo-Fenton process, ultra-violet photolysis, sonochemical
degradation, ozonation [16–20].

(E) Biological treatment: biodegradation, enzymatic decomposi-
tion [21,22].

Generally, physical techniques only transfer organic compounds
from water to another phase thus create secondary pollution. A
further treatment of wastes and regeneration of the adsorbent is

demanded which will cost more to the process. Although chem-
ical techniques are vigorous ways for dye removal, they are often
expensive and the accumulation of concentrated sludge after decol-
orization results in a disposal problem. Besides, a secondary pollu-
tion problem may arise due to the excessive chemical use. Biological

dx.doi.org/10.1016/j.jhazmat.2010.11.125
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:cfwang@mx.nthu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2010.11.125
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ethod is often the most common and economical technique and
ffers significant advantages such as relatively inexpensive, low
peration cost and the completely mineralized final products. How-
ver, the demand of a large land area and less flexibility in design
nd operation are the confinements on biological methodology.

Recent studies have devoted on the area of photocatalytic
egradation and heterogeneous photocatalysis in the dye removal.
eterogeneous photocatalysis is considered an attractive and
ighly efficient method to degrade the toxic and non-biodegradable
rganic pollutants in environments. The process is based on the
xcitation of semiconductor material under UV radiation. The
ollowing redox reaction is initiated and the oxidation of the
ollutants is performed on the excited surface. The advantages of
his photocatalytical methodology include the potential of solar
ight utilization, no sludge production, reduction of COD, and the
apability to completely mineralize the target pollutants. TiO2 is
well-known photocatalyst with a bandgap of 3.2 eV of anatase

orm, which makes it suitable for UV exposure. TiO2 is photocat-
lytically stable, chemically and biologically inert, commercially
vailable, and environmentally friendly [23]. It has been known
hat the degradation rate of TiO2 in heterogeneous photocatalysis
argely depends on the adsorption capacity which is associated

ith the specific surface area [24]. However, there are some basic
estrictions using the traditional TiO2 nanoparticles, such as the
mmobilization and dispersion problem of nanoparticles, recycling
roblem, and the low transmission of radiation source. These
roblems are promoted by supporting nanosized TiO2 particles
nto the mesoporous materials, or incorporating them into the
esostructure.
The discovery of mesoporous silica such as SBA-15 (Santa Bar-

ara Amorphous-15) has broadened the application of porous
aterials in adsorption and catalysis. The hexagonally arranged

nd highly ordered SBA-15 possess many advantages such as high
urface area, large pore volume, tunable pore size, thick pore wall,
ood stability, and good performance as effective adsorbents [25].
he specific porous structure and excellent textual properties allow
asier diffusion of reactive molecules before and after reactions,
hich make SBA-15 an ideal catalytic support.

Since one perfect method/system is practically difficult, com-
ination of methodologies/system is preferable. The conjunction
f adsorption and photocatalysis is considered as an effective
nd potential method to achieve a rapid removal of dyes from
astewater. Dye molecules are supposed to be adsorbed in situ

nvironment and then photodegraded in factories. Dong et al.
26] reported a synchronous role of coupled adsorption and
hotocatalytic oxidation on ordered 2-D hexagonal mesoporous
iO2–SiO2 nanocomposites. The synchronous role results in excel-
ent photocatalytic degradation activities which is much higher
han that of Degussa commercial P25 photocatalyst. Organic
ollutants are supposed to be adsorbed or concentrated in situ
nd then photo-degraded in vitro under factory process, while
hese mesoporous photocatalysts are regenerated and recycled.
o the best of our knowledge, the synergistic effect, regeneration
apability, and cyclic usability of TiSBA-15 materials are seldom
ompletely investigated. For this reason, mesoporous SBA-15 and
iSBA-15 materials were synthesized and characterized in this
tudy. The adsorption behavior was analyzed and compared by
sotherm models, while the photodegradation performance of dyes
n TiSBA-15 was also examined in order to identify the synergistic
ffect with adsorptive and photocatalytical ability.
. Experimental

In this study, all chemicals, the preparation method, and the
haracterization techniques are described below. SBA-15 and
Materials 186 (2011) 1174–1182 1175

TiSBA-15 samples were synthesized using a nonionic-surfactant-
templating approach following the procedure reported by Vinu
et al. [27]. Analytical techniques were used in order to charac-
terize all prepared samples and clearly establish the physical and
chemical properties.

2.1. Materials

Poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol) (P123, EO20PO70EO20, Mw = 5800, BASF) and
hydrochloric acid (HCl, 37.8%, J.T. Baker) were used in the synthesis
of SBA-15 and TiSBA-15 materials as the structure-directing agent
and catalyst, respectively. As precursors of Si and Ti, tetraethyl
orthosilicate (TEOS, 99%, Merck) and titanium tetraisopropoxide
(TTIP, Ti(OC3H7)4, 99%, Acros.) were used. Methylene blue (MB,
Merck) as the relatively bulky molecule represented a basic-dye
system with well-know properties (basic-dye 9 (C.I. 52015); solid;
�max = 663 nm; ε = 170.1 dm3 g−1 cm−1; M = 320) and was selected
as a model dye system.

2.2. Preparation method

SBA-15 and TiSBA-15 samples with different nSi/nTi ratios 7, 5, 3
and 1 were synthesized with the following molar gel composition:
0.001 P123/0.237 HCl/8.3 H2O/0.043 TEOS/(0, 0.006, 0.009, 0.014
and 0.043) TTIP. The solid products were denoted as TiSBA-15[X],
where X stands for A, B, C and D which represents the nSi/nTi = 7, 5,
3 and 1 in the initial gels, respectively. In a typical synthesis, 8.0 g
of pluronic P123 was dissolved in 274.1 ml of distilled water and
stirred at 35 ◦C for 2 h. Thereafter, 39.2 ml of HCl was then added to
the clear solution and stirred for another 1 h. 19.3 ml of TEOS and the
required amount of desired Ti source were added dropwise to the
acid solution under vigorous stirring at 35 ◦C for 20 h. The resultant
mixture was transferred into a polypropylene bottle and aged at
80 ◦C for another 20 h without stirring. The aged mixtures were
filtered, washed, and dried at 100 ◦C overnight. After calcination at
500 ◦C for 5 h in air, the mesoporous products were obtained.

2.3. Characterization

In this work, additional characterization was performed in
order to clearly establish the structural properties. Analytical tech-
niques such as inductively coupled plasma-mass spectrometer,
X-ray diffraction patterns, nitrogen physisorption isotherms, scan-
ning electron microscopy, transmission electron microscopy, and
zetasizer were used to characterize the synthesized mesoporous
materials.

The elemental quantitative analysis was determined by induc-
tively coupled plasma-mass spectrometer (ICP-MS, Agilent). In a
typical analysis, 5 mg of samples (weighted by SCALTEC SBC with
0.1 mg accuracy) were dissolved in 10 ml acid mixture of HNO3,
HClO4, and HF (5:3:2, v/v). The mixture was digested in a high-
pressure bomb system at 170 ◦C for 5 h until a clear digested
solution was obtained. After that, the resultant solution was trans-
ferred into a PTFE beaker and heated gently on a hot plate to
evaporate the residual acid solvent. The residue was diluted by 2%
HNO3 (v/v) to 50 ml for ICP-MS analysis.

The crystalline structure of samples was characterized by X-ray
diffraction (XRD) of Bruker Axs D8 Advance using Cu-K� radiation
(� = 1.5406 Å, 40 kV, and 40 mA). Typically, the data were collected
as low-angle patterns from 0.5◦ to 3◦ (2�) with a step size of 0.002◦
and at a rate of 0.5 s/step, and wide-angle patterns from 20◦ to 80◦

(2�) with a step size of 0.02◦ and at a rate of 0.5 s/step.
The surface area and porous structure were inferred from a sur-

face analyzer of Quantachrome Nova 4200 Series. Samples were
pretreated by degassing at 300 ◦C for 3 h prior to measurement. The
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urface area was determined according to N2 physisorption data
t 77 K calculated by the BET (Brunauer–Emmett–Teller) method
n the relative pressure range of 0.05–0.3. The pore size distribu-
ion was obtained using the BJH (Barrett–Joyner–Halenda) model
ssuming cylindrical geometry for the pores using a Harkins–Jura
xpression for the multilayer thickness. The total pore volume
as taken from the volume of N2 adsorbed at a relative pressure

/P0 = 0.995 single point.
The morphologies of prepared samples were observed in scan-

ing electron microscopy (SEM) of Hitachi S-4800. The pore and
hannel morphologies of the synthesized mesoporous materials
ere observed on a transmission electron microscopy (TEM, Philips

ECNAI 20).
The zeta potentials of samples suspended in aqueous solution

ere measured using a Malvern Instruments’ Zetasizer 2000 based
n the method of electrophoretic light-scattering technique that
easured migration rate of dispersed particles under the influence

f an electric field. Suspensions of samples in DI water were pre-
ared at variation pH. After five times of measurements, the average
alue and standard deviation of zeta potential were recorded.

.4. Performance test

The batch equilibrium experiment was typically carried out to
tudy the adsorption behavior by adding a fixed amount of SBA-15
r TiSBA-15 powders (50 mg) into 250 ml flasks containing 50 ml
ye solution at different initial concentrations (0.05–0.5 mM).
he flasks were agitated in an isothermal water-bath shaker at
50 rpm and 25 ◦C until equilibrium reached. Aqueous samples
ere collected by separation of powder from solution using PTFE
lters. The dye concentration was determined on a double beam
V/vis spectrophotometer (PG Instruments UV-1880S) by mea-

uring absorbance at specific wavelength for dyes. The amount of
quilibrium adsorption, Qe (mmol/g), was calculated by:

e = (C0 − Ce)V
W

(1)

here C0 and Ce (mmol/L) were the liquid-phase concentrations of
ye at initial and equilibrium conditions, respectively. V (L) was the
olume of the dye solution and W (g) was the mass of dry sorbent
sed.

In a typical study of kinetic adsorption behavior, 50 mg of SBA-
5 or TiSBA-15 were contacted with 50 ml of 0.5 mM dye solution

sing a water-bath shaker at 25 ◦C. The agitation speed was kept
onstant at 150 rpm. Solutions were analyzed to obtain the final
oncentration of dye at appropriate time intervals.

In order to prove that TiSBA-15 was a dual functional composite
ith adsorptive and catalytical capabilities, MB molecules as tar-

able 1
hysical and chemical properties of SBA-15 and TiSBA-15.

Sample Chemical composition Textural properties

Si/Tia (at%) Si/Tib (at%) Tic (wt%) SBET
d (m2/g, n = 3) D

SBA-15 – – – 659 ± 45 5
TiSBA-15[A] 7 74.6 1.26 918 ± 85 6
TiSBA-15[B] 5 41.6 2.24 958 ± 19 6
TiSBA-15[C] 3 6.33 12.3 663 ± 30 6
TiSBA-15[D] 1 2.11 27.0 455 ± 5.5 3

a Molar ratio of nSi/nTi in synthesis gel.
b Molar ratio of nSi/nTi in final product.
c Weight percentage of titanium in final product determined by ICP-MS analysis.
d Specific surface area calculated by the BET method.
e Mean pore size calculated by the BJH method.
f Total pore volume recorded at P/P0 = 0.995.
g The d spacing measured by XRD and calculated by Bragg’s law: � = 2d(1 0 0) sin �.
h Unit cell parameter calculated as the formula (1): a0 = 2d(1 0 0)/

√
3.

i Pore wall thickness calculated as Wt = a0 − Dp.
Materials 186 (2011) 1174–1182

get compound were adsorbed onto the TiSBA-15 and then degraded
by photocatalysis process to regenerate the TiSBA-15 powders. The
experiments were conducted in a 100 ml cylindrical quartz reactor
where 50 mg TiSBA-15 powders were suspended in a 50 ml of MB
aqueous solution with an initial concentration of 0.025 mM. The
mixture was first stirred for 60 min (the equilibrium adsorption
time according to the adsorption kinetics as shown in SI Fig. S1)
in dark at room temperature to assure the adsorption equilibrium
reached, and the reaction solution was placed perpendicularly to
a 400 W medium pressure mercury lamp (a wavelength range of
230–415 nm) under magnetic agitation. Solid samples were col-
lected at particular time intervals, following filtration and the TOC
concentration was determined by TOC analyzer (O.I. Analytical
solids TOC Analyzer Model 1010).

A complete cycle was composed of adsorption and photocatal-
ysis steps described above. The renewable TiSBA-15 powders after
each cyclic run were collected and characterized by TOC, XRD, and
N2 sorption isotherm analyses. The cyclic efficiency is defined as
the ratio of adsorption amount in each cyclic run to initial run.

3. Results and discussion

3.1. Characterization of prepared samples

The textural and structural properties of SBA-15 and TiSBA-15
are summarized in Table 1.

The powder low- and wide-angle XRD patterns of SBA-15 and
TiSBA-15 samples prepared in different molar ratios of Si to Ti
(nSi/nTi) are shown in Fig. 1a and b, respectively. Almost all sam-
ples exhibit typical low-angle diffraction patterns from mesoscopic
p6mm symmetry formed by the 2D hexagonal array of mesoporous
structure except for TiSBA-15[D]. These peaks assigned to (1 00),
(1 1 0), and (2 0 0) at low-angle range are typical highly ordered
SBA-15 with hexagonal p6mm structure which is in agreement with
the reported pattern [25].

The d spacing at (1 0 0) planes and the length of the hexagonal
unit cell a0 are listed in Table 1 which are calculated using Bragg’s
law and the formula (1) as mentioned above. The observed d(1 0 0)
spacing values from 12.76 to 12.51 nm for TiSBA-15[A]–[C] mean
that the ordered mesostructure of SBA-15 is still maintained after a
limited content of titanium atoms introduced into the framework.
The poorly resolved XRD pattern and disappeared intense peaks of

TiSBA-15[D] indicate the decrease in the structural integrity.

As shown in Fig. 1b, no peaks attributed to crystalline silica
in the wide-angle XRD patterns indicate a mesoporous structure
with amorphous silica walls. The appearance of specific peaks at
2� = 25.3◦, 37.8◦, 48.3◦, 54.8◦, and 63.4◦ are ascribed to the anatase

Structural properties

p
e (nm, n = 3) Vp

f (cm3/g, n = 3) d(1 0 0)
g (nm) a0

h (nm) Wti (nm)

.27 ± 0.19 0.83 ± 0.05 9.73 11.23 5.96

.11 ± 0.22 1.09 ± 0.11 11.05 12.76 6.65

.28 ± 0.02 1.08 ± 0.03 10.93 12.62 6.34

.31 ± 0.02 0.82 ± 0.05 10.83 12.51 6.2

.82 ± 0.02 0.57 ± 0.05 – – –
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Fig. 1. (a) Low-angle and (b) wide-angle XRD patterns of SBA-15 and TiSBA-15.

hase of TiO2 [28] when the molar ratios of Si/Ti are above 3. The
RD results imply that limited amount of titanium can be success-

ully incorporated into the silicate framework of SBA-15 under the
xperimental condition in this study. The increasing titanium con-
ent in the synthesis gels tends to form extraframework TiO2 of
natase phase and results in the disappearance in low-angle Bragg’s
eaks.

Fig. 2a shows the nitrogen adsorption–desorption isotherms of
BA-15 and TiSBA-15 with different titanium loadings. Regarding
he textural properties, all samples except TiSBA-15[D] displayed
imilar inflection points and a hysteresis loop. It is well studied that
he location of inflection point is related to the pore scale. The hys-
eresis loops of Type H1 are evidence of mesoporosity-indeed and
haracteristic features of the Type IV isotherm. A step change at
igher relative pressures of 0.6–0.75 is due to desorption of nitro-
en and capillary condensation in the pore structure. The sharpness
f steps also displays the uniformity of the mesopore size distri-
ution. This indicates a typical mesoporous material with larger
ore sizes and narrow size distributions [29]. However, some dif-
erences between the prepared samples are observed. The surface
reas of TiSBA-15[A] and TiSBA-15[B] are higher than the origi-
al SBA-15 which may be attributed to the larger pore diameter
nd pore volume of the titanium-containing samples. The observed
ncrease in the surface area upon Ti substitution is in accordance

ith the reported work [30]. The TiSBA-15[A] and TiSBA-15[B]
xhibit similar values of specific surface area due to a similar fea-
ure of adsorption isotherms. The isotherm intensity of TiSBA-15[C]
s lower than that of TiSBA-15[A] and TiSBA-15[B] because the

ccumulation of TiO2 particles on the surface of samples decreases
pecific surface area and pore volume of TiSBA-15[C]. TiSBA-15[D]
resents a Type II isotherm which is a characteristic of non-porous
r macroporous. It may be concluded that a lot of TiO2 particles
Fig. 2. (a) N2 sorption isotherms and (b) pore diameter distribution of SBA-15 and
TiSBA-15.

blockade and destroy the uniform structure to worm-like structure
during the synthesis process.

Fig. 2b depicts the pore size distributions of SBA-15 and TiSBA-
15 by the BJH analysis of adsorption branches. A narrow pore
size distribution in mesopore range observed from SBA-15, TiSBA-
15[A]–[C] samples indicates the presence of mesoporous channels,
while a wide range distribution observed from TiSBA-15[D] dis-
plays no mesostructure. Therefore, the decrease of nSi/nTi molar
ratio tends to shift the pore diameter distribution to a wide region as
observed in Fig. 2b. It is also found that the pore size of TiSBA-15[A]
and TiSBA-15[B] is greater than the original SBA-15. For TiSBA-
15[C], the mesostructure is maintained and the pore diameter is
increased even though the titania particles somewhat blockade its
mesopores, which is also corresponding to the above XRD results.

Fig. 3 presents the SEM images of SBA-15 and TiSBA-15 mate-
rials with different Si/Ti ratios. The particles of prepared SBA-15
are joined to form long fibrous macrostructures with a relatively
particle size of several micrometers, the typical morphology of
SBA-15 [25]. Almost no change in morphology and structure is
observed for TiSBA-15[A] and TiSBA-15[B] compared to SBA-15.
When Si/Ti ratio is decreased to 3 (TiSBA-15[C]), the twine-like
macroporous structure is less resolved with visible particles on
the external surface by SEM observation (Fig. 3d). These aggre-
gated particles with relatively smaller size are suggested to be
anatase titania evidenced by the result of wide-angle XRD pattern.
If the Si/Ti ratio is further decreased to 1 (TiSBA-15[D]), no more
fibers can be directly observed by SEM images (Fig. 3e). As a result,
the addition of titanium has a strong influence on the formation
of mesoporous structure, and a limited content of titanium can
be incorporated into the SBA-15 framework successfully without
structural changes.

The highly ordered mesostructure can be further confirmed
by TEM analysis. The TEM images from SBA-15 (Fig. 4a) clearly
shows well-ordered pores and cylindrical channels taken along

the (1 1 0) and (1 0 0) directions, indicative of 2D hexagonal p6mm
mesostructure. In addition, TiSBA-15[A] and TiSBA-15[B] samples
also display the same arrays as SBA-15 (as shown in Fig. 4b and
c). The estimated pore diameter of about 5–6 nm, center-to-center
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Fig. 3. SEM images of (a) SBA-15, (b) TiSBA-15[A]

ore distance (a0) of 11–12 nm, and pore wall thickness of 6–7 nm
re observed. These results are in accordance with those measured
rom N2 sorption analysis and the low-angle XRD patterns. For
iSBA-15[C], the periodic structure of the silicate framework is kept
naffected (as shown in Fig. 4d). The textural and structural prop-
rties such as pore diameter, distance between two consecutive
enters of hexagonal pores, and pore wall thickness also confirm
he above-mentioned BJH and XRD results. Besides, some dark spots
orresponding to TiO2 particles are presented inside the stripe pat-
erns of TiSBA-15[C] structure, indicating the aggregation of excess
itanium ions. The morphology also interprets why TiSBA-15[C]
imultaneously presents signals of representative hexagonal struc-
ure and anatase TiO2 observed in XRD patterns. The growth of
iO2 particles may blockade the mesopore and decrease the specific
urface area. Moreover, the morphology of TiSBA-15[D] in Fig. 4e
isplays a distortion of framework which results in the chaotic
tructure. The disordered wormhole-like arrangement also consists
ith the result of SEM image in Fig. 3e.

.2. Adsorption behavior on SBA-15 and TiSBA-15
The equilibrium adsorption isotherm is the basic requirement in
he design of adsorption systems [31]. In this study, the Langmuir
nd the Freundlich are applied to represent the sorption behav-
or on SBA-15 and TiSBA-15. The Langmuir isotherm model [32] is

Fig. 4. TEM images of (a) SBA-15, (b) TiSBA-15[A], (c) T
iSBA-15[B], (d) TiSBA-15[C], and (e) TiSBA-15[D].

based on assumptions that monolayer coverage of adsorbate occurs
over homogeneous sites and a saturation point is reached where no
further adsorption can act. The Freundlich isotherm model [33] is
an empirical equation employed to describe heterogeneous sys-
tem. Both isotherm models and linearized forms are represented
as following equations. The Langmuir constants Qmax and KL can
be calculated by the plot of 1/Qe versus 1/Ce with slope 1/Qmax and
intercept 1/(QmaxKL), while the Freundlich constants KF and nF are
obtained by plotting log Qe versus log Ce.

(1) Langmuir model:

Qe = QmaxKLCe

1 + KLCe
(2)

Linearized form:

1
Qe

=
(

1
QmaxKL

)(
1
Ce

)
+ 1

Qmax
(3)

(2) Freundlich model:

1/n
Qe = KFC F
e (4)

Linearized form:

log Qe = 1
nF

log Ce + log KF (5)

iSBA-15[B], (d) TiSBA-15[C], and (e) TiSBA-15[D].
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Fig. 5. Zeta potentials of SBA-15 and TiSBA-15 at various pH values.

where Qe is the adsorption capacity of the adsorbent (mmol/g);
Ce is the equilibrium concentration of adsorbate in solution
(mmol/L); Qmax is the maximum monolayer adsorption capac-
ity (mmol/g); KL is the adsorption equilibrium constant related
to the affinity of the binding sites and energy of adsorption
(L/mmol); KF ((mmol/g) × (g/m−3)

−1/nF ) and nF are Freundlich
constant and index number for a given adsorbate and adsorbent
at specific temperature, indicative of the extent of adsorption
and the degree of nonlinearity between solution concentration
and adsorption, respectively.

An equilibrium parameter or dimensionless constant separation
actor RL is also applied to reveal the type of isotherm which is
efined as follows [34]:

L = 1
1 + KLC0

(6)

here C0 is the highest initial dye concentration (mmol/L). The
dsorption behavior is (1) unfavorable as RL > 1; (2) linear as RL = 1;
3) favorable as 1 > RL > 0; (4) irreversible as RL = 0. The value of nF
n the range of 1–10 also indicates favorable adsorption [35].

Fig. 5 displays the zeta potentials of SBA-15 and TiSBA-15 in
arious pH values. All materials are negative surface charged when
H value above 3 and the negative charge density decreases with
he increasing pH. Meanwhile, MB exhibits an aqueous pH range of
.51–5.75 which favors the adsorption by electrostatic attraction
36]. Therefore, MB as a cationic dye was chosen and used to thor-
ughly investigate the sorption capacity of prepared materials. The
quilibrium data of MB on SBA-15 and TiSBA-15 samples in aque-
us pH at 25 ◦C and the fitted curves by Langmuir and Freundlich

odels are depicted in Fig. 6. The Langmuir and Freundlich con-

tants and the linear regression correlations (r2) for both isotherm
odels are listed in Table 2. As shown in Fig. 6, the adsorption

sotherms of MB on different materials are quite close and can be
tted very well by both isotherm models. The linear regression cor-

able 2
angmuir and Freundlich parameters for adsorption on SBA-15 and TiSBA-15.

MB Qe (mmol/g) Langmuir isotherm

Qmax (mmol/g) KL (L/mmol) RL

SBA-15 0.154 0.160 33.03 0.
TiSBA-15[A] 0.108 0.116 24.85 0.
TiSBA-15[B] 0.110 0.117 31.00 0.
TiSBA-15[C] 0.076 0.081 37.70 0.
TiSBA-15[D] 0.069 0.080 11.36 0.
Fig. 6. Adsorption isotherms of MB on SBA-15 and TiSBA-15 fitted by (a) Langmuir
model and (b) Freundlich model.

relation coefficient, r2 > 0.9, suggests a good fit in the isotherms by
the model used. The calculated Langmuir isotherm constant Qmax of
each material is in agreement with its experimental result (Qe). The
values of RL (dimensionless constant separation factor) are evalu-
ated in the range of 0.05–0.15 indicating a favorable adsorption
process of MB on SBA-15 and various TiSBA-15.

It is observed that the adsorption capacity of TiSBA-15[A] is sim-
ilar to that of TiSBA-15[B] (0.108 and 0.110 mmol/g, respectively)
and reduces significantly to the values of 0.076 of TiSBA-15[C] and
0.069 mmol/g of TiSBA-15[D]. It can probably be ascribed to the
reduction of specific surface as well as the adsorptive site on the
composites. A higher adsorption capacity of SBA-15 (0.154 mmol/g)
than that of TiSBA-15 is also observed. It can be explained by
the effect of electrostatic attraction and adsorption intensity. As
shown in Fig. 5, the zeta potential of SBA-15 is more negative

than that of TiSBA-15 materials within a pH range of 5.51–5.75
for nature MB solution, that is to say, a higher surface charge
density is revealed on SBA-15. Therefore, the strong dependence
of adsorption on these mesoporous materials suggests that the

Freundlich isotherm

r2 KF ((mmol/g) × (g/m−3)
−1/nF ) nF r2

06 0.976 0.185 4.33 0.987
07 0.989 0.144 3.90 0.992
06 0.992 0.143 3.92 0.995
05 0.998 0.108 3.58 0.917
15 0.987 0.106 2.38 0.980
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Table 3
Degradation rate of MB adsorbed on TiSBA-15.

k1 (min−1) k2 (min−1 gTi−1) r2

TiSBA-15[A] 0.0080 12.69 0.9975
TiSBA-15[B] 0.0145 12.94 0.9998
TiSBA-15[C] 0.0400 6.50 0.9285
TiSBA-15[D] 0.0604 4.47 0.9630

Table 4
Regeneration efficiency (%) by re-adsorption of MB on TiSBA-15.

Run no. TiSBA-15[A] TiSBA-15[B] TiSBA-15[C] TiSBA-15[D]

1 100 100 100 100
2 99.3 98.8 98.7 98.9

T
P

Time (min)

Fig. 7. TOC variations with mineralization of MB on TiSBA-15.

orption capacity is a function of the electrostatic attraction. It is
oteworthy that the Freundlich constant nF corresponds to the
dsorption intensity. As listed in Table 2, all the values of calcu-
ated nF are greater than 1, which indicates the cationic molecules
avorably adsorbed on all materials. This is in great accordance
ith the findings from separation factor RL. Besides, nF is also

bserved to follow the sequence of SBA-15 > TiSBA-15[A]�TiSBA-
5[B] > TiSBA-15[C] > TiSBA-15[D], which may explain why adsorp-
ion capacity of SBA-15 is much larger than that of other TiSBA-15
amples in this study.

.3. Dye removal by TiSBA-15

Photocatalytic degradation was performed in aqueous solu-
ions in the presence of MB adsorbed on TiSBA-15 under UV light
adiation. The TOC on TiSBA-15 was determined to evaluate the
dsorption as well as photocatalytic behavior on the surface of
omposites. MB photodegradation at an initial concentration of
.025 mmol/g was performed for the analysis. On the previous
dsorption experiment, 0.025 mM MB was found to be completely
dsorbed on TiSBA-15. The degradation curves of TOC on TiSBA-15
aterials are depicted in Fig. 7. The Langmuir–Hinshelwood kinetic
odel [37] is generally utilized in the photo-oxidation process and

he degradation rate is described by the following equation:

= −dC

dt
= krKadsC

1 + KadsC
= kC (7)

n
(

C

C0

)
= −kt (8)

here C is the concentration of the reactant (mmol/L), t is

he UV illumination time, kr is the reaction rate constant
mmol L−1 min−1), Kads is the adsorption coefficient of the reactant
L/mmol), and k is the observed reaction rate constant (min−1). Eq.
7) can be integrated at the boundary of initial state and a given
ime t, resulting in a form as Eq. (8). The slope of plotting ln(C/C0)

able 5
hysical and chemical properties of TiSBA-15 before and after cyclic runs.

Sample Surface area (m2/g, n = 3) Pore diamete

Before After Before

TiSBA-15[A] 918 ± 85 858 ± 62 6.11 ± 0.22
TiSBA-15[B] 958 ± 19 863 ± 55 6.28 ± 0.02
TiSBA-15[C] 663 ± 30 660 ± 19 6.31 ± 0.02
TiSBA-15[D] 455 ± 5.5 433 ± 63 3.82 ± 0.02
3 98.8 98.5 98.2 98.8
4 98.5 98.2 98.1 98.4

versus t gives to the degradation rate. Accordingly, the degrada-
tion rate of MB adsorbed on TiSBA-15 is determined and listed in
Table 3. For a given amount of dyes, a larger rate constant k indi-
cates that less time is demanded for a total mineralization and a
complete regeneration of the TiSBA-15.

As shown in Fig. 7, all of the samples show photocatalytic
activity. As listed in Table 3, the kinetic rate (k1) depends on
the Ti content in the TiSBA-15 materials. It should be noted
that more anatase TiO2 particles are formed and located on the
external surface of TiSBA-15[D], more accessible to the target
substrate. Therefore, the better performance in the removal rate
should be attributed to the formation of TiO2 particles on the
external surface. If we normalize the photodegradation rate by
per gram of Ti contained in synthesized catalysts, the kinetic
rate (k2) follows the order of TiSBA-15[A]�TiSBA-15[B] > TiSBA-
15[C] > TiSBA-15[D]. This exceptional activity is attributed to higher
adsorption ability resulted from larger specific surface area and
better ordered mesostructure of TiSBA-15[A] and [B].

It is clearly seen that the initial blue powders are gradually
decolored to the white powders during the photocatalytical exper-
iment (as shown in SI Fig. S2). Therefore, TiSBA-15 materials can be
regenerated by photocatalysis process according to the TOC varia-
tion and decolorization phenomenon.

A cyclic recovery test of MB adsorbed on the renewable TiSBA-15
after photocatalytically regeneration is evaluated. The regeneration
efficiency is calculated and listed in Table 4. After cyclic runs, all
materials still maintain an efficiency of nearly 100%, which indi-
cates that a thorough regeneration of TiSBA-15 can be achieved
easily.

Samples after four cyclic runs were characterized by XRD anal-
ysis and N2 adsorption–desorption isotherms. Fig. 8 shows the
low-angle XRD patterns of four different TiSBA-15 samples before
and after cyclic runs. The characteristic peaks still remain in the
patterns of all regenerated materials except for TiSBA-15[D]. The
textural properties of the samples are also listed in Table 5. A slight

decrease in properties is observed for all used samples. This may
demonstrate that the TiSBA-15 has a durable structure during the
adsorption and regeneration process.

r (nm, n = 3) Pore volume (cm3/g, n = 3)

After Before After

6.03 ± 0.02 1.09 ± 0.11 0.96 ± 0.08
6.14 ± 0.06 1.08 ± 0.03 0.95 ± 0.03
6.20 ± 0.05 0.82 ± 0.05 0.77 ± 0.03
3.20 ± 0.02 0.57 ± 0.05 0.40 ± 0.05
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Fig. 8. Low-angle XRD patter

It is concluded that TiSBA-15 exhibits advantages of adsorptive
bility from mesoporous structure and photocatalytic performance
y Ti-incorporated into the framework. The organic molecules are

argely adsorbed onto TiSBA-15 materials and then photo-degraded
nder UV irradiation. The process can be effectively recycled due to
he regeneration capability of TiSBA-15. As a result, TiSBA-15 can
e considered an ideal and effective material to remove organic
ollutants in aqueous solution due to the synergetic effect of both
dsorption and catalysis. It means that organic pollutants can be
dsorbed or concentrated in situ and then degraded in vitro under
actory process, while the mesoporous composites are regenerated
nd recycled.

. Conclusions

In this study, the results show that a limited content of Ti
ons can successfully be incorporated into the framework of SBA-
5 without provoking the mesoporous structure. Anatase TiO2
as been formed and located on the external surface of SBA-15
ith nSi/nTi value below 3. The analysis of adsorption behavior

hows that the SBA-15 and TiSBA-15 are effective adsorbents for
B removal from aqueous solutions due to their high adsorp-

ion capacity. The adsorption isotherms can be well fitted with
angmuir and Freundlich models. The sorption capacity of MB fol-
ows the order of SBA-15 > TiSBA-15[A]�TiSBA-15[B] > TiSBA-15
C] > TiSBA-15[D]. The higher adsorption capacity of SBA-15 than
hat of TiSBA-15 is due to the effect of electrostatic attraction which
s benefit to the adsorption intensity. The photodegradation of MB
epends on the Ti content in the TiSBA-15 materials. However,

iSBA-15[A] and [B] exhibit better photodegradation rate normal-
zed by per gram of Ti in synthesized samples. This photocatalytic
ehavior could be attributed to synergistic effect with adsorptive
bility. After photocatalytic illumination, the structural regularity
f TiSBA-15 is still maintained.
2 theta (degree)

fresh and recycled TiSBA-15.

TiSBA-15 exhibits advantages of adsorptive ability from
mesoporous structure and photocatalytic performance by Ti-
incorporated into the framework. The organic molecules are largely
adsorbed onto TiSBA-15 materials and then photo-degraded under
UV irradiation. The process can be effectively recycled due to the
regeneration capability of TiSBA-15. As a result, TiSBA-15 can be
considered an ideal and effective material to remove organic pol-
lutants in aqueous solution due to the synergetic effect of both
adsorption and catalysis. Organic pollutants are supposed to be
adsorbed or concentrated in situ and then degraded in vitro under
factory process, while the mesoporous composites are regenerated
and recycled.
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