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Microporous SiO2–TiO2 nanosols pillared montmorillonite for
photocatalytic decomposition of methyl orange
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Abstract

Layered nanohybrid, SiO2–TiO2 sol pillared clay, has been prepared by ion exchange reaction of the sodium ion in montmorillonite with
positively charged SiO2–TiO2 sol particles. From powder X-ray diffraction (XRD), the basal spacing (d0 0 1) of sample calcined at 400 ◦C
was found to be 4.65 nm, due to the multistacking of nanosized SiO2 and TiO2 sol particles, which was confirmed by micropore analysis
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alculated from nitrogen adsorption. The BET specific surface area shows the value of 446 m2/g and total porosity is found to be 0.28 ml/g,
nd the pores are mainly composed of micropore with a size of ca. 1.1 nm. TiO2 particles stabilized in the interlayer space of montmorillonite
re found to be quantum size according to UV–vis spectroscopy. The photocatalytic properties of the SiO2–TiO2 pillars were investigated in
he degradation of methyl orange in water. The optimal photocatalyst amount is 55 mg/l with the reaction rate constant being 0.33 h−1. The
resence of iron ions dopants does not influence or is detrimental for the occurrence of methyl orange photodegradation.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Heterogeneous photocatalysis using TiO2 has been con-
idered as effective technology for treating refractory organic
ompound in water and in air. The photocatalytic efficiency
f TiO2 is greatly influenced by crystal structure, particle
ize, surface area, and porosity, as determined by different
ethods. Increasing the photocatalyst surface area and reduc-

ng the dimension photocatalyst to nanometer-size are the
bvious means of improving the efficiency of photocatalytic
xidation reaction [1].

It is well known pillared clays have a structure in which
arallel two-dimension silicate layers of the clay are sup-
orted with small particles of metal oxide and micro- to
esopores is formed. Pillared clays can provide large surface

nd pore volumes, which are beneficial for organic com-
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pounds and intermediates to reach and leave the active sites
on the surface. In addition, the size of the metal oxide pil-
lars incorporated between the silicate layers is of nanometer
dimension [2–6]. The SiO2–TiO2 pillared clay is especially
interesting because the possibility to obtain the small size
TiO2 particles below 5 nm stabilized in the interlayer space
of montmorillonite, having higher photocatalytic activities
than bulk ones [7–9]. Since the pore size and internal surface
area of pillared clays are strongly depend upon the nature of
pillaring agents and pillaring condition, it is necessary to set
up new strategies to design tailor-making pillared materials
by controlling the pillaring parameters.

In the study, utilizing formation of nanometer-sized
SiO2–TiO2 sols aggregates in acidic solution, we attempted
to synthesize the nanohybrid with multistacked SiO2–TiO2
sol particles between montmollonite layers and to under-
stand the interlayer structure. The SiO2–TiO2 pillared clay
was modified by iron ions doping. Photoactivity of the cata-
lyst is evaluated using the photocatalytic oxidation of methyl
orange as the test reaction.

010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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2. Experimental

2.1. Materials

The natural Na-montmorillonite (Kunipia F, Kunimine
Industry, Japan) with the chemical formula of (Na0.35K0.01
Ca0.02 )(Si3.89Al0.11 )(Al1.60Fe0.08Mg0.32 )O10 (OH)2·nH2O
and the cation exchange capacity (CEC) of 100 meq./100 g
was used as starting material. A 1 wt% aqueous suspension
of montmollonite was preswelled for 1 day before ion
exchange reaction. All other reagents were of analytical
grade (Aldrich).

2.2. Preparation

A silica sol solution was prepared by mixing Si(OC2H5)4,
2 M HCl, and ethanol with a ratio of 41.6 g/10 ml/12 ml at
room temperature for 2 h. Titanium tetrachloride was also
hydrolyzed by adding it into 1 M HCl solution with a molar
ratio of HCl/TiCl4 = 6, and the resulting translucent slurry
was aged to a clear sol solution by continuous stirring for 1 h
at room temperature. Finally, the silica sol solution and titania
solution were intermixed with a ratio of Si/Ti = 10/1, and the
mixture was stirred further for 1 h at room temperature the
used for pillaring reaction.

The ion exchange reaction was carried out by titrating
t
S
t
m
u
s
t
w
a

i
a
i
s
d
a
p
fi

2

s
t
m
i
w
9

P

integrating sphere of 60 mm in diameter using BaSO4 as a
standard.

Nitrogen adsorption–desorption isotherm was measured
volumetrically at the liquid nitrogen temperature with a
home-made computer-controlled measurement system. The
calcined sample was degassed at 250 ◦C for 2 h under vacuum
prior to adsorption measurement.

2.4. Photoreactivity measurements

Irradiations were performed at room temperature using a
xenon lamp (SVX 1530, 300 W) with a 12 cm water filter to
remove IR irradiation. The integrated light intensity between
300 and 800 nm was about 80 mW/cm2. The photochemical
reactor was a Pyrex glass vessel with a flat quartz window
(2.5 cm in diameter) for light illumination. For each experi-
ment, photocatalyst was added to 100 ml of 0.01 mM methyl
orange solution stirred with a magnetic stirrer, and air was
bubbled through the reaction media during the experiments.
Before irradiation, suspensions were stirred for 3 h in the dark
to ensure equilibrium of the solution with photocatalyst. The
concentration of aqueous methyl orange was determined with
a Perkin-Elmer Lambda 12 spectrometer by measuring the
absorbance at 464 nm.
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he mixed solution into clay suspension with a ratio of
i/Ti/clay = 20 mmol/2 mmol/1 g. The mixture was allowed

o stand for 5 h at 60 ◦C, to exchange the Na+ ions with the
ixed SiO2 and TiO2 sol particles completely. The prod-

cts were separated by centrifugation, washed with the mixed
olution of ethanol and water (1:1, v/v) for six times to remove
he excess sols, and then freezing dried. The dried samples
ere finally calcined for 3 h at 400 ◦C (abbreviated hereafter

s PILC).
Iron-doped pillared clay powders were prepared by incip-

ent wetness impregnation method of pillared clay, using
queous solutions of Fe(NO3)3 containing the required nom-
nal quantity of Fe3+ ions; While the mixture was carefully
tirred, the solvent was slowly evaporation, the samples were
ried at 100 ◦C for 4 h, and fired at 400 ◦C for 6 h (name here-
fter X Fe/PILC, X is the weight iron percent in the SiO2–TiO2
illared clay). For comparison, a sample of PILC was also
red at 400 ◦C for 6 h (abbreviated as THPILC).

.3. Characterization

Powder X-ray diffraction (XRD) patterns for orientated
amples were recorded using a Philips PW1830 diffractome-
er with Ni-filtered Cu K� radiation (λ = 0.154056 nm). Ele-

ental analyses of pillared clay were carried out with the
nductively coupled plasma (ICP:Shimazu ICP-5000), for
hich the samples were fused with lithium metaborate at
00 ◦C and dissolved in 3% HNO3 solution.

Diffuse reflectance UV–vis spectra were recorded on a
erkin-Elmer Lambda 12 spectrometer equipped with an
. Results and discussion

.1. Chemical analysis

Assuming that the chemical composition of alumi-
osilicate layer is unchanged during the pillaring reac-
ion, the chemical composition of pillared product can be
etermined as [Si7.36O14.72Ti0.49O0.98](Si3.89Al0.11)(Al1.60
e0.08Mg0.32)O10(OH)2.

.2. Powder X-ray diffraction analysis

As shown in Fig. 1, the d0 0 1 peaks and of powder XRD
atterns of PILC and Fe/PILC had similar shapes and posi-
ions. This result indicates that the intercalated structure of
illared clay is maintained during the doping treatment. The
asal spacing (d0 0 1) of sample was found to be 4.65 nm with
ts gallery height of 3.69 nm by subtracting the thickness
f the aluminosilicate layer (0.96 nm) from its basal spac-
ng. There was no diffraction peaks assignable to Fe2O3 in
ron-doped pillared clay and there was no diffraction peaks
ssignable to TiO2 in all the samples. It can be seen that PILC
as only 4.6 wt% TiO2, which may be not enough to generate
natase phase.

.3. Nitrogen adsorption–desorption isotherm

The N2 adsorption–desorption isotherm shown in Fig. 2,
haracterized by Type IV according to the BDDT clas-
ification, exhibits relatively large hysteresis whose loop
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Fig. 1. Powder X-ray diffraction pattern for (a) montmorillonite, (b) PILC,
and (c) 3.584 Fe/PILC.

is of Type B in de Boer’s five types [10,11], indicating
the presence of open slit-shaped capillaries with very wide
bodies and narrow short necks. The BET specific surface
area and porosity are found to be 446 m2/g and 0.28 ml/g,
respectively.

Micropore was analyzed by MP method [11] as shown
in Fig. 3. According to the MP method, the total poros-
ity of pillared clay was found to be mainly composed of
the micropore (0.22 ml/g) with an average pore size of ca.
1.1 nm though its gallery height was in the size of meso-
pore. This indicates that pillared clay is the nanohybrid with
multistacked SiO2–TiO2 sol particles between the layers of
montmorillonite.

F
m

Fig. 3. Pore volume distribution curve of SiO2–TiO2 pillared montmoril-
lonite.

3.4. UV–vis spectroscopy

Fig. 4 shows UV–vis diffuse reflectance spectrum of
SiO2–TiO2 pillared clay. The absorption edge and the max
were blue-shifted in comparison with that of anatase due to
the quantum size effect of nanosized TiO2 particles in the
interlayered space of montmorillonite. Diffuse reflectance
spectra of iron-doped SiO2–TiO2 pillared clay were not well
resolved, indicating a large dispersion and disorder of Fe+3

species in the TiO2 lattice and surface. All iron-doped sam-
ples show enhanced absorption in the range 350–500 nm,
increasing higher for the more iron-charged samples. The
red shift of the absorption edge of iron-doped SiO2–TiO2
pillared clay has been attributed to the excitation of 3d elec-
trons of Fe+3 to the TiO2 conduction band (charge–transfer
transition [12,13], according to energy levels proposed [14]).
The increased absorption in the range of 350–500 nm can
be due also to transitions implicating surface states or native
defects in the lattice.

3.5. Photocatalytic degradation of methyl orange

Fig. 5 shows the change of absorption spectrum of methyl
orange in the suspension of SiO2–TiO2 PILC under the irra-
diation. The effect of the variation of photocatalyst amount
c
C

F
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ig. 2. Nitrogen adsorption–desorption isotherm for SiO2–TiO2 pillared
ontmorillonite.
an be seen on Fig. 6 and Table 1. The plot of ln Co/C (where
o is initial concentration of the methyl orange) with time of

ig. 4. Diffuse reflectance UV–vis spectra for (a) montmorillonite,
b) anatase, (c) PILC, (d) 0.448 Fe/PILC, (e) 1.792 Fe/PILC, and (f)
.584 Fe/PILC.
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Fig. 5. The change of absorption spectra of methyl orange (0.01 mM) in the
suspension of PILC (55 mg/l) under UV-light radiation in different irradia-
tion time: (a) 0 h, (b) 2 h, (c) 4 h, and (d) 6 h.

Fig. 6. Influence of the catalyst amount on the decolorization extent for
methyl orange (0.01 mM).

irradiation (Fig. 7) shows that the photocatalytic decoloriza-
tion of methyl orange is pseudo-first-order reaction. There is
a limit (55 mg photocatalyst/l) above which no improvement
is obtained by increasing the amount of catalyst. For higher
quantities of photocatalyst, a screening effect of excess par-
ticles occurs, which masks part of the photosensitive surface.
The similar observation had been made when investigating
other dyes by other authors [15,16].

Table 1
Pseudo-first-order rate constant (k) for degradation of methyl orange in
SiO2–TiO2 pillared montmorillonite suspension aqueous solution

Photocatalyst Catalyst amount (g/l) k (h−1)

PILC 0.015 0.094
PILC 0.055 0.132
PILC 0.08 0.107
THPILC 0.055 0.132
0.0056 Fe/PILC 0.055 0.127
0.0112 Fe/PILC 0.055 0.128
0.0224 Fe/PILC 0.055 0.124
0.0556 Fe/PILC 0.055 0.128
0.108 Fe/PILC 0.055 0.128
0.165 Fe/PILC 0.055 0.129
0.224 Fe/PILC 0.055 0.131
0.448 Fe/PILC 0.055 0.128
0.896 Fe/PILC 0.055 0.132
1.792 Fe/PILC 0.055 0.128
3

Fig. 7. Pseudo-first-order kinetics for decolorization of methyl orange.

Iron ions can introduce energy levels into the bandgap,
which are responsible for the red-shift of intrinsic absorp-
tion edge of TiO2 and of the enhancement of visible light
adsorption, but there is no direct correlation between the
light absorption ability and photocatalytic rate [17–27]. Fac-
tors related to the electronic structure seem to be more
important, associated to the fact that dopant ions influence
charge separation, charge–carrier recombination and interfa-
cial charge–transfer rates, acting as mediators and affecting
the quantum efficiencies. As a matter of fact, no visible light
sensitized photoconductivity in 10 wt% iron-doped TiO2
could be observed, in spite of the high absorbance of samples
in this region [28].

Under irradiation, electron–hole pairs are produced in the
conduction and valence bands of TiO2, and successive events
take place.

Charge-pair generation:

TiO2 + hν → ecb
−+hvb

+

Charge trapping:

Ti4+ + ecb
− → Ti3+

> OH− + hvb
+ → Ti4+ + OH•

Recombination:

e

T

e

h

w
I
t
.584 Fe/PILC 0.055 0.113
cb
− + hvb

+ → TiO2

i3+ + OH• → Ti4+ + > OH−

Interface electron transfer:

cb
−(Ti3+) + Ox → Ox−

vb
+(OH•) + Red → Red+

here Ox is an electron acceptor and Red is electron donor.
rradiation of iron-doped TiO2 can lead to the following addi-
ion steps.
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Charge-pair generation:

Fe3+ + hν → Fe4+ + ecb
−

Fe3+ + hν → Fe2+ + hvb
+

Charge trapping:

Fe3+ + e− → Fe2+

Fe3+ + h+ → Fe4+

Charge release and migration:

Fe2+ + Ti4+ → Fe4+ + Ti3+

Fe4+ + > OH− → Fe3++OH•

Recombination:

Fe2+ + h+ → Fe3+

Fe2+ + OH
• → Fe3+ + OH−

Fe4+ + e− → Fe3+

Fe4+ + Ti3+ → Fe3+ + Ti4+

Interfacial charge transfer:
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From nitrogen adsorption–desorption isotherm, the BET spe-
cific surface area and total porosity are found to be 446 m2/g
and 0.28 mg/l, respectively, and the pore size shows the value
of ca. 1.1 nm. According to UV–vis spectra analysis, the blue-
shift of the absorption edge was observed, indicating that the
TiO2 sol particles in the interlayer are quantum size. The
photocatalytic decolorization of methyl orange is pseudo-
first-order reaction. The presence of iron ion dopants did not
beneficially influence the photoactivity of pillared clay for
the photodegradation of methyl orange.
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