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Abstract In the present work, we report results of a com-
parative study of zirconium (Zr) and bimetal (Zr and La)
containing in SBA-15 silica, which was prepared by con-
ventional sol-gel and one-step hydrothermal methods.
The structural and surface properties of all samples were
characterized by low and high-angle XRD, nitrogen phys-
isorption, FTIR, Raman, UV-Vis, SEM/EDX, TEM, and
NH,;-TPD techniques. The experimental results demon-
strated that the samples obtained from the sol-gel method
retain the two-dimensional hexagonal order structure of
SBA-15. Compared to samples obtained from the hydro-
thermal method, the pore system lacking long-range order
was observed. The incorporation of Zr and bimetal (Zr and
La) had an effect on the textural properties of both synthe-
sized SBA-15 samples. This modified SBA-15 mesoporous
samples still exhibited high specific surface area, large pore
volume and narrow pore size distribution. Surface acidity
in the SBA-15 silica suggests new active sites, especially
Brgnsted acid type, indicating its future potential applica-
tions when acid sites are required.
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1 Introduction

Ordered mesoporous silicas have attracted widespread
interest in many frontier areas of science and technology
due to their potential applications in various fields, such as
adsorption, sensors, photonics, drug delivery, catalysis, and
etc. [1]. During the last two decades, various mesoporous
structures have been synthesized, which can be roughly
classified into three categories based on the pore types;
nearly spherical cage, cylindrical channel and bi-continu-
ous channel [2]. This is better than the microporous zeo-
lites, which present severe mass transfer limitations when
large reactant molecules are involved, especially in liquid-
phase systems for the synthesis of fine chemicals [3, 4].
Many reviews have summarized the catalytic applications
of mesoporous silica [5-7] or mesoporous zeolite [8] as
catalyst supports. There are many strategies for the design
and synthesis of mesoporous catalysts, especially the char-
acteristic features such as exceptionally high surface area,
uniform and well-defined pores of nanoscale dimensions,
which can be adjusted over a large range (2-20 nm) [9].
The high internal surface area of typically 400-900 m*/g
makes SBA-15 a well suited material for various applica-
tions. Not only because of its larger pores, but also thermal,
mechanical and chemical resistance properties that make
it a preferable choice to other types of catalyst [10]. How-
ever, pure mesoporous molecular sieves have no intrinsic
catalytic activity due to the absence of heteroatom activ-
ity sites. It is necessary to replace part of the silicon in
the structure onto the internal surface of the pores heter-
oatoms such as Ti, V, Al, Mo, Cr, Fe, into the framework
by impregnation of active components or immobilization of
active species with pre-determined structure. This is able to
make the catalytically active solids with specific properties
[11, 12]. Indeed, transition-metal incorporated mesoporous
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silicas are of great interest because these metal functional-
ized materials may find use in catalysis, such as acid cataly-
sis and base catalysis [13].

In particular, zirconium incorporated mesoporous silicas
are particularly interesting because of the important appli-
cations of Zr-based materials in a wide variety of areas
in heterogeneous catalysis. It is important to introduce an
effective method to synthesize metal (M—O-Si) containing
SBA-15. Salas et al. [14] investigated the surface acidity of
the Zr-based mesoporous molecular sieves and found that
Si0,/ZrO, mesocomposites with worm-like pores could
be obtained via a surfactant-templated or sol-gel method.
The sample with low SiO,/ZrO, molar ratio presents
more Brgnsted acid sites. Because the pure mesoporous
molecular sieves lacks Brgnsted acid sites, therefore, the
incorporation of zirconium ions into the framework of the
mesoporous molecular sieves is responsible for the forma-
tion of these Brgnsted acid sites. In addition, many efforts
have been made to improve the active sites by incorporation
some dopants such as titania, niobia, lanthanum, tungsten
oxide and molybdenum oxide. Sheng et al. [15] pointed
out that La was incorporated in SBA-15 material by direct
synthesis and post synthesis using two different lantha-
num sources. The lanthanum nitrate is a suitable lantha-
num source, which can match the hydrolysis rate of silicon
precursor and composite materials possess larger specific
surface area and uniform mesopore size distribution. The
presence of anions in the synthesis mixture of mesoporous
material is found to have a remarkable influence on their
final structure, and hence, can be an important factor in the
design of these materials. However, little attention has been
paid to the synthesis and application of the SBA-15 materi-
als containing bimetallic heteroatoms, which can introduce
new catalytic sites into mesoporous materials. It is well
known that bimetal (Zr and La) is incorporated in SBA-15
mesoporous materials with a desirable ordered two-dimen-
sional hexagonal structure. This can create new active sites,
which were synthesized by a direct hydrothermal method
under a self-generated acidic condition in the absence of
hydrochloric acid [16]. The improved catalyst activity
has been suggested to be due to surface modification and
changes of the interaction between metal and support.

Various synthetic pathways have been employed for
the preparation of SBA-15 materials with different parti-
cle sizes and morphologies, such as hydrothermal method,
sol-gel technique, solid state route [17], and microwave-
hydrothermal process [18]. The sol-gel method has been
proposed as the traditional method, but the precipitated
powders obtained are amorphous in nature and further
heat treatment is required for crystallization. Hydrother-
mal method is an alternative route for one-step synthesis
of mesoporous silicas nanoparticles [19]. Particle mor-
phology, crystalline phase, and surface chemistry of the
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products can be controlled by regulating precursor compo-
sition, reaction temperature, pressure, solvent property, and
aging time [20, 21].

In the present work, we synthesized zirconium and
bimetal (Zr and La) containing mesoporous silicas (SBA-
15) via conventional sol-gel method to create a mesostruc-
tured form. However, the overall process of this method
requires a long time period over 40 h [22, 23] and high
temperature treatment, which may generate gaseous pol-
lutants (such as CO, and NO,) [13] with perhaps partially
destroyed the ordered structure of the mesoporous mate-
rial. For this reason, we used an alternative method called
the one-step hydrothermal method without addition of
hydrochloric acid for environmentally friendly to make
new active sites. The relevant characterization techniques
such as low and high-angle XRD, N, physisorption, FTIR,
Raman, UV-Vis, SEM/EDX, TEM, and NH;-TPD were
carried out to reveal the physical and chemical properties
of materials.

2 Materials and methods
2.1 Materials

The chemicals used for preparation of the catalysts were
tetraethyl orthosilicate (TEOS) (98%, Aldrich), zirco-
nium (IV) n-propoxide solution (70 wt% in 1-propanol,
Aldrich), zirconyl chloride octahydrate (98%, Aldrich),
lanthanum(III) nitrate hexahydrate (99.9%, Aldrich), Plu-
ronic P-123 (average Mn ~5800 Da, Sigma-Aldrich) as
structure directing agent, hydrochloric acid (HCl, 37%,
Carlo Erba). Gases employed were He (99.99%, Air Liqg-
uide), H, (99.999%, Air Liquide), N, (99.9999%, Air Liq-
uide), synthetic air (99.99%, Air Liquide), and NH; (99.9%,
Air Liquide).

2.2 Preparation

2.2.1 Synthesis of SBA-15 was conducted by sol-gel
method

First, the mesoporous SBA-15 silica was synthesized fol-
lowing the reported procedure by Cecilia et al. [24]. For
the incorporation of zirconium containing mesoporous
silicas (SBA-15), the structure-directing agent P-123 was
dissolved in a 1.7 M hydrochloric acid aqueous solution,
under magnetic stirring at 40°C. Subsequently, TEOS
(silica source) and zirconium n-propoxide were added
dropwise, with a Si/Zr molar ratio of 5. The final molar
composition of the synthesis gel was P-123/Si0,/ZrO,/
HCI/H,0=1/55/11/350/11,100. For bimetallic contain-
ing SBA-15, lanthanum(IIl) nitrate hexahydrate was
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added into above solution under similar procedure. The
molar ratio of P-123/Si0,/ZrO,/La(NO;);-6H,O/HCl/
H,0=1/55/11/11/350/11,100. The resulting suspension
was stirred at 40°C for 72 h. The obtained sample was
recovered by filtration, rinsed with deionized water until
the pH of filtrate was constant, dried at 60 °C, and finally
calcined in air at 550°C for 6 h with a heating rate of
1°C min~'. The SBA-15 silica was denoted as SBA-15-SG,
where SG indicates the sol-gel-derived method.

2.2.2 Synthesis of SBA-15 was conducted by hydrothermal
method

All catalysts obtained by the hydrothermal method were
performed according to the procedure of Liu et al. [16].
For the incorporation of zirconium containing SBA-15,
2 g of the structure-directing agent P-123, was dissolved
in 100 g of deionized water under vigorous stirring at
35°C for 2 h. Then, TEOS and zirconyl chloride octahy-
drate were added into above solution. The molar ratio of
P-123/TEOS/H,0/ZrOCl,-8H,0=0.01/1/170/1. For bime-
tallic containing SBA-15, lanthanum(III) nitrate hexahy-
drate was added into above solution under similar proce-
dure. The molar ratio of P-123/TEOS/H,0/ZrOCl,-8H,0/
La(NO3);-6H,0=0.01/1/170/1/1. The mixed solution was
continuously stirred for 20 h. Finally, the gel was trans-
ferred into a Teflon-lined autoclave and heated at 100 °C for
24 h. The white product was filtered. The remaining cata-
lyst was rinsed with deionized water and absolute ethanol
until the pH become neutral and dried at 60°C for 24 h.
The structure-directing agent was removed from the as-
synthesized product through a solvent extraction procedure
using HCI/EtOH solution (1 g of sample in 5 mL/150 mL)
for 24 h. The catalyst was obtained after drying at 105°C
for 24 h. The SBA-15 silica was denoted as SBA-15-HT,
where HT indicates the hydrothermal-derived methods.

2.3 Characterization

Low-angle X-ray powder diffraction (XRD) patterns were
collected on Bruker AXS Model D8 Discover X-ray dif-
fractometer, using nickel-filtered Cu K, as monochromatic
X-ray radiation and a VANTEC-1 detector. Diffraction data
were recorded at an interval of 0.01671 in the 20 range of
0.5°-10°. The interplanar distance (d,y,) was obtained by
the Bragg’s law using the position of the first X-ray diffrac-
tion line. High-angle XRD patterns of the catalysts were
measured over an angle 20 range of 10°-80° having the
resolution of 0.02° and a step time of 0.2 s.

The surface area and average pore volume were deter-
mined by N,-physisorption using Micromeritics Chem-
iSorb 2750 Pulse instrument. Measurement was per-
formed at —196°C and calculated according to the

Brunauer-Emmet-Teller (BET) isotherm equation and a
nitrogen molecule cross section of 16.2 A. The pore size
distributions were derived from the desorption profiles
of the isotherms using the Barrett-Joyner-Halenda (BJH)
method, based on the Kelvin Equation [25].

The IR spectra were recorded using Nicolet 6700 FTIR
spectrometer in the range of 400—4000 cm™! to identify
specific structural characteristics of the chemical group
from the vibration properties.

Raman spectroscopy was performed on a using a PE
IR SPECTRUM ASCII PEDS 1.60 spectrometer with
a 244 nm laser with experimental power of 3 W at a step
length of 4 cm™ in the range between 200 and 1400 cm™".

The UV-Vis spectra of the samples were collected on a
Perkin Elmer Lamda-650. The powder sample was loaded
into a quartz cell, and the spectra were collected over the
wavelength of 200-600 nm with a step size at 1 nm refer-
ence to BaSO,.

The morphology and elemental distribution over the
catalyst surface were determined by scanning electron
microscope (SEM) and energy dispersive X-ray spectros-
copy (EDX). SEM and EDX were used to investigate the
morphology and elemental distribution of catalysts, respec-
tively using Hitashi mode S-3400N. Micrographs were
taken at the accelerating voltage of 30 kV and magnifi-
cation ranging from 1000 to 10,000 and the resolution of
3 nm. The SEM was operated using the secondary scatter-
ing electron (SE) mode. EDX was performed using Apollo
X Silicon Drift Detector Series by EDAX.

The dispersion of all catalysts was observed using
JEOL-JEM 200CX transmission electron microscope
(TEM) operated at 200 kV. The samples were grounded,
suspended in ethanol at room temperature, and dispersed
with ultrasonic agitation. Then, an aliquot of the solution
was dropped on a 3 mm diameter lacey carbon copper grid.

The temperature-programmed desorption of ammonia
(NH;-TPD) was carried out to evaluate the total surface
acidity of the catalysts. The catalyst (80 mg) was evacuated
with helium at 550 °C, and then ammonia was adsorbed at
100°C. Finally, the NH;-TPD was performed by raising
the temperature from 100 to 550 °C, under a helium flow
of 40 mL min~!, with a heating rate of 10°C min~'. The
amount of ammonia in effluent was measured via the ther-
mal conductivity detector (TCD) as a function of tempera-
ture [24].

3 Results and discussion
X-ray diffraction was used to identify crystalline phases
present in these samples. The XRD patterns at low-angle

of all samples obtained by the sol-gel method are shown
in Fig. la. The successful formation of well-ordered
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Fig. 1 XRD patterns of all samples obtained from the sol-gel
method at low-angle (a) and high-angle (b) regions

mesoporous silicas with two-dimensional hexagonal struc-
ture is confirmed by the presence of a basal (100) peak
along with (110) and (200) reflections in the low-angle
region after calcination of sample. Furthermore, we can
note that, in the case after zirconium oxide loading, a shift
of the XRD peaks toward high-angle region is evident
indicating an increase in the unit cell parameter [26]. The
expansion of unit cell parameter may indicate the success-
ful incorporation of metal oxide in the framework. Similar
results were previously observed [27]. However, in case of
Zr-La/SBA-15-SG sample, the intensity of the diffraction
peaks (100), (110) and (200) decreased or disappeared.
This is probably due to the incorporation of bimetallic or
heteroatoms into the framework of SBA-15 causes a slight
collapse of the hexagonal structure [28]. With regard to
the XRD patterns in the high-angle region (Fig. 1b), only
wide diffraction peaks of characteristic of amorphous SiO,
were observed with 260 around 21-25° (broad) [29]. How-
ever, no any diffraction peak of metal oxide crystalline
phases can be observed due to metal oxide has no aggre-
gates on the surface of the samples. The samples prepared
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Fig. 2 XRD patterns of all samples obtained from the hydrothermal
method at low-angle (a) and high-angle (b) regions

by hydrothermal method, as can be seen in Fig. 2, exhibit
stronger peaks. The relative intensity of the (110) and (200)
reflections disappear with compared to those prepared by
sol-gel method. This may be due to extensive washing in
the last step strongly reduces order of the pores. A pos-
sible explanation for this behavior could be that the tem-
plate has a higher solubility in ethanol than in water, thus,
ethanol leads to more efficient removal of the template as
described by Ko and Bae [30, 31]. Besides, during exten-
sive washing, the formation of blocked pores cannot be
ruled out, which would offer a straight forward explanation
for the significant reduction in surface area as well as the
long range order in XRD [32]. This is in agreement with
previous reports to claim that the well-ordered pore struc-
ture (100) was retained, but the intensity of the diffraction
peaks (200) decreased probably due to destruction of the
ordered structure [33, 34]. For Zr/SBA-15-HT and Zr-La/
SBA-15-HT, the characteristic of diffraction peak is attenu-
ated and slight change in the intensity with a pore system
lacking long-range order when samples are incorporated
with Zr and bimetallic Zr-La, pointing out the collapse of
the mesostructure of the SBA-15, which is similar to those
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of mesoporous SBA-15 silica synthesized with phosphoric
acid [35] and cationic surfactant in presence of organic
salts [36]. Figure 2b shows the high-angle XRD patterns
of all samples. The XRD pattern of SBA-15 prepared by
hydrothermal method was broad (amorphous SiO,) because
the sizes were very small. The result was similar as seen in
Fig. 1b. Because there are no noticeable high-angle XRD
patterns of these mesoporous silica materials, the pore
walls are concluded to be amorphous in nature [37]. Thus,
nitrogen sorption and XRD demonstrate that both sol-gel
and hydrothermal methods have typical SBA-15 structures.

Figure 3 shows the nitrogen adsorption/desorption iso-
therms of SBA-15 samples prepared by sol-gel (a) and
hydrothermal method (b). All samples exhibited type
IV adsorption isotherms with a HI1 hysteresis loop as
defined by IUPAC classification, indicating that they are
mesoporous materials. The isotherms for sol-gel method
samples showed quite different pattern. Two inflection
points and hysteresis loop moved toward lower pressure
(P/Py=0.3-0.7). Meanwhile, the isotherms for hydrother-
mal method samples, they presented hysteresis loop of type
HI, occurring at higher relative pressure (P/Py=0.7-0.9)
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Fig. 3 Nitrogen adsorption/desorption isotherms of all samples syn-
thesized by sol—gel (a) and hydrothermal methods (b)

corresponding to the capillary condensation of nitrogen.
It indicates larger mesoporosity character of SBA-15, con-
firming that metal oxide can be located into the hexagonal
framework of SBA-15 and the mesoporous channels still
remain. The textural properties of the samples are sum-
marized in Table 1 which the pore volume of SBA-15-SG,
Zr/SBA-15-SG, and Zr-La/SBA-15-SG was 0.69, 0.70,
and 0.72 cm?/g, respectively. The incorporation of Zr and
bimetallic Zr-La into SBA-15 increases the surface area
due to the Zr and La were located on the external surfaces
suggesting that metal oxide were not incorporated into the
channels of SBA-15 or found on the external surfaces, lead-
ing to an increase in surface area. Moreover, even when
some of the pores are blocked, it suggests that the Zr and
La prepared by sol-gel method were still well dispersed in
the SBA-15. The result was confirmed by the high-angle
diffraction peak of XRD as shown in Fig. 1b. The effect
has also been observed for mesoporous Al-SSP doped
with Mo [38]. For SBA-15 samples prepared by hydrother-
mal method, the pore volume of samples was higher than
the sol-gel method. The incorporation of Zr and bimetal-
lic Zr-La into SBA-15 decreases the surface area, mainly
due to the blockage of the mesoporous framework. This is
probably due to for samples synthesized by hydrothermal
method, agglomeration of primary particles altered the
porous shape [39], resulting in metal oxide easily incorpo-
rated into the channels of SBA-15.

The pore size distribution (PSD) calculated by BJH
method is shown in Fig. 4. In all samples prepared by
sol-gel method, they have a narrow pore size distribution
with an average pore diameter around 3.4—4.5 nm, con-
firming that the pore size distribution is in the mesoporous
range. For the samples prepared by hydrothermal method,
the distribution was broad and diameter was large. The pore
diameter decreased from 11.2 to 5.3 nm as the incorpora-
tion of Zr and bimetallic Zr-La into SBA-15. It can be seen
that the calculated pore size distribution was in good agree-
ment with N, adsorption/desorption isotherms as men-
tioned above.

Table 1 Textural properties of the samples

Samples Surface Average pore Average
area (m2/g) diameter (nm)  pore volume
(cm¥/g)
SBA-15-SG 574 4.5 0.69
Zr/SBA-15-SG 611 4.1 0.70
Zr-La/SBA-15-SG 713 34 0.72
SBA-15-HT 638 11.2 2.20
Zr/SBA-15-HT 492 6.0 0.90
Zr-La/SBA-15-HT 445 53 0.89
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Fig. 4 BJH pore size distribution of all samples by sol-gel (a) and
hydrothermal methods (b)

In order to further confirm the incorporation of zirco-
nium and bimetallic zirconium-lanthanum ion into the
framework, the samples prepared by sol-gel and hydro-
thermal methods were characterized with FTIR technique.
The fundamental vibrations of the Zr—-O-Si, Zr-La—-O-Si
and Si—O-Si bonds in the framework can be seen below
1300 cm™!. The bands at 808 and 1054 cm™' are assigned
to the bending (or symmetric stretching), and asymmetric
stretching of the intertetrahedral oxygen atoms in SiO, of
SBA-15, respectively [14]. As shown in Fig. 5, the SBA-
15 samples show absorption band at 3398-3412 cm™!
assigned to the stretching vibration of OH groups for phys-
isorbed water molecules on SBA-15 surface [40]. The OH
bond vibrations due to the presence of the silanol group
also show a peak at the same wavenumber. An OH defor-
mation vibration was observed near 1630 cm™! [13]. The
absence of C-H vibrations at 2850-3000 cm~! indicates
the efficient removal of the surfactant [41]. The FTIR stud-
ies of SBA-15 samples synthesized by sol-gel and hydro-
thermal methods confirm that there was no change in func-
tional group after the incorporation of Zr and bimetallic
Zr-La into SBA-15. For Zr/SBA-15-HT sample, this band
shifts toward the lower wave number at 872 cm™!. The
shift of this absorption band toward the lower wavenumber
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Fig. 5 FTIR spectra of all samples by sol-gel (a) and hydrothermal
methods (b)

is considered as an indication of metal incorporating into
the framework of silica tetrahedral [42, 43]. Therefore, it
indicates that the small particle size of Zr by hydrothermal
may be partly incorporated into the framework of SBA-15
excepting for the Zr-La/SBA-15-HT. The intensity of the
bands around 1624 cm™' could be assigned to CH stretch-
ing vibration and asymmetric stretching vibration of the
NCOO™ skeletal vibration with La addition, indicating that
bimetallic Zr and La have been successfully grafted onto
the wall of SBA-15 [44, 45] corresponding to the low and
high angle XRD results.

The Raman spectra of SBA-15 resemble those of pub-
lished visible Raman spectra. As shown in Fig. 6a, the D,
and D, bands at 248 and 386 cm™! are assigned to sym-
metric O-Si—O motions of vibrationally isolated four-mem-
bered rings of SiO, tetrahedral and to breathing motions
of three-membered rings of SiO, tetrahedral, respectively
[46]. The combined feature at around 800 and 830 cm™!
is assigned to the transverse (TO) and longitudinal (LO)
optical components of siloxane bridges network motions,
respectively. In addition, the band at 976 cm™ is assigned
to the Si—OH stretching of free surface silanols [47]. For
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Fig. 6 Raman spectra of all samples by sol—gel (a) and hydrothermal
methods (b)

zirconium incorporated on SBA-15, no new peaks were
observed indicating the monolayer coverage with no crys-
talline phase of zirconia species on the SBA-15. However,
for Zr-La/SBA-15-SG sample, the intensity of the peaks
corresponding to SBA-15 decreases dramatically due to the
metal oxide found on the external surfaces, as supported by
the textural properties results in Table 1. For samples pre-
pared by hydrothermal method (Fig. 6b), the main Raman
bands of tri-cyclosiloxane rings, siloxane bridges, and
surface silanol groups were still remained, indicating that
the metal oxide incorporated into the channels of SBA-15.
For SBA-15-HT showing a weak band, this is identified as
the D1 band of cyclic tetrasiloxane rings. Similar SBA-15
peaks were reported by Chamack et al. [27]. The Raman
band at 911 cm™" for the Zr/SBA-15-HT sample is assigned
to the Si—O—Zr linkages, indicating that some Zr species
interact with Si—OH to form Si—O-Zr bond [48]. Accord-
ing to the report [49], the bands at 755 and 1087 cm™' may
correspond to the intermediate phase of zirconia, and no
Raman bands of tetragonal zirconia, monoclinic zirconia
and zircon were observed. The results demonstrate that
some Zr species on SBA-15 are amorphous zirconia, and

Fig. 7 UV-Vis diffuse reflectance spectra of all samples by sol-gel
(a) and hydrothermal methods (b)

are probably present as highly dispersed surface species
[50]. For the Raman spectrum of Zr-La/SBA-15-HT, the
band at 839 cm™! is attributed to the perturbed silica vibra-
tions for Si(—-O7), functionalities, suggesting the forma-
tion of La—O-Si bond. The band at ~562 cm™! is attributed
to the lanthanum oxide overlaps with the Raman band of
tri-cyclosiloxane rings [50]. Regarding the Raman charac-
terization technique, it can be found that the metal oxide
species can lead to partially M—OH species combine with
Si—OH groups to form Si—-O-M bond, which is in agree-
ment with the results of FTIR spectroscopy.

Diffuse reflectance spectroscopy is a well-known
method to detect the framework and extraframework of the
transition metal ions. Figure 7 shows the UV—Vis absorp-
tion spectra of SBA-15 samples prepared by sol—gel (a) and
hydrothermal method (b). No absorption band was observed
on SBA-15 for both methods because SiO, is transparent
in the test UV region [51, 52]. For Zr/SBA-15-SG, the
absorption band was found to be around 230-248 nm. This
is the characteristic of the ligand-to-metal charge transfer
(LMCT) from O*  to Zr*" with an octahedral coordina-
tion state [53]. In the case of Zr-La/SBA-15-SG, a very
sharp absorption band was detected at 250-260 nm for the
mechanical mixture of SBA-15 and metal oxide, which is
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assigned to the electronic transition from 5d orbit to 4f orbit
of La** species. This is not affected by the coordination of
La** in the Zr-La/SBA-15-SG framework [42]. The emer-
gence of absorption band shifts toward at 270 nm higher
than previous report [14], which is owing to the presence of
La®* species in the tetracoordinated of SBA-15 framework.
In contrast to SBA-15 samples prepared by hydrothermal
method, it displayed distinct absorbance in the UV range.
The absorbance intensity increased with incorporation of
Zr and bimetallic Zr-La into SBA-15. In addition, previous
studies also suggested that substantial blue shift in absorb-
ance was observed on the incorporation of Zr and bimetal-
lic Zr-La samples as compared with pure metal oxide [28].
To examine the sample morphology, SEM technique
was performed. The SEM micrographs of different samples
are shown in Figs. 8 and 9. The structure of SBA-15 syn-
thesized by sol-gel method is fiber-like or elongated silica
fibers with the hexagonal prismatic morphology of the par-
ticles, formed by aggregates of fibers or rods connected
into ropelike macrostructures. Similar SEM images were
reported by Kosuge et al. [54]. The long fibers are obtained
using stirring, while the rod like particles of SBA-15 can

SBA-15-SG

Fig. 8 SEM images of all samples obtained from the sol-gel method

SBA-15-HT

$3400 15 0kV'8.2mm x20 Ok SE

be obtained in the absence of stirring. After incorporated
the SBA-15 with Zr and bimetallic Zr-La, it can be seen
that there was no significant change in the morphology of
samples. For those samples synthesized by hydrothermal
method, the particles of SBA-15 show worm-like mor-
phology and aggregate together, which is similar to an
earlier report [37]. After incorporated with Zr and bimetal-
lic Zr-La, it shows spherical particles together with some
small irregular shape particles, indicating poor long-range
ordered structures [55].

The dispersive X-ray spectroscopy (EDX) was also per-
formed to determine the elemental distribution in the SBA-
15 samples prepared by sol—gel and hydrothermal methods.
All elements in the samples such as Si, O, Zr and La can be
detected using the EDX mapping mode. The typical EDX
mapping of Zr-La/SBA-15-SG and Zr-La/SBA-15-HT sam-
ple is shown in Fig. 10. In this figure, the distribution of
Si, Zr and La was observed. The density of Si was strongly
observed because Si is the main components of SBA-15
samples. After incorporated with Zr and bimetallic Zr-La,
the well distribution of metal oxide was evident. For Zr-La/
SBA-15-HT sample, agglomeration of metal oxide particles

00um Ji $3400 15 0KV 6 4mm 200K SERERIN 2 00um [ 3400 15.0kV 6.5me x20.0k SE

Zr/SBA-15-SG Zr-La/SBA-15-SG

Zr/SBA-15-HT

Zr-La/SBA-15-HT

Fig. 9 SEM images of all samples obtained from the hydrothermal method
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Fig. 10 The typical EDX mapping of Zr-La/SBA-15-SG (a) and Zr-La/SBA-15-HT (b) sample

Table 2 The amount of each element near the surface of catalyst
granule obtained from EDX

Samples Amount of weight on surface (Wt%)

Si (0] Zr La
SBA-15-SG 50.2 49.8 0 0
Zr/SBA-15-SG 374 434 19.2 0
Zr-La/SBA-15-SG 377 41.3 19.3 1.7
SBA-15-HT 48.1 51.9 0 0
Zr/SBA-15-HT 13.0 35.6 514
Zr-La/SBA-15-HT 12.8 353 46.4 5.5

was found mostly on outer surface. This result is in accord-
ance with that obtained from XRD.

The amount of each element near the surface of catalyst
granule can be determined quantitatively. The results are
summarized in Table 2. The key elements to be considered
are Zr and bimetallic Zr-La. For both synthesized SBA-15
samples, the percentage of silica decreased due to conceal
with metal oxide particle. For those samples synthesized
by hydrothermal method, the percentage variation of metal
oxide (especially Zr element) is higher than the percentage
variation of samples synthesized by sol-gel method. There-
fore, this result can be ascribed to amount of metal oxide
loading to exceeding monolayer content, which may block
the pore on surface or attach into the pore [56]. Thus, for
the detected value of samples synthesized by hydrother-
mal method, metal oxide was easily incorporated into the

channels of SBA-15. Moreover, the EDX has limit detec-
tion about 5 microns from the surface, which cannot detect
deep metal oxide in the pore.

The morphological features of the samples prepared by
sol-gel and hydrothermal method were studied by TEM
technique. As shown in Fig. 11, the synthesized SBA-15 by
sol—gel clearly indicated that the samples retained the uni-
form hexagonal mesostructured pores shape. The arrange-
ment of these mesopores is rather ordered, showing a long-
range ordering of the mesostructure. In the TEM image of
Zr-La/SBA-15-SG, in the boundary region of the crystal
study, the mesostructure is highly ordered. However, in the
center area, the arrangement of pore system is rather disor-
dered. This is in agreement with previous reports that the
sample with high zirconium content Si/Zr=35 may result
in diminishing of the structural regularity of the solid [14],
which is in a good agreement with the result of the low-
angle XRD result. For the synthesized SBA-15 by hydro-
thermal method (Fig. 12), the pore size of the samples was
remarkably larger than that of the samples synthesized by
sol-gel without well-ordered hexagonal mesopores, sug-
gesting that the framework of hexagonal ordering was not
preserved after the hydrothermal method. In addition, all
samples cause broadening of the peaks and decrease the
diffraction peak intensity (Fig. 2a), indicating the decrease
of crystallinity, but not the collapse in the pore structure
of the mesoporous [57]. It should be emphasized that the
agglomeration of primary particles obtained from the
hydrothermal method exhibited the porous shape, which
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SBA-15-SG

Zr/SBA-15-SG

Zr-La/SBA-15-HT

Fig. 12 TEM micrographs of all samples obtained from the hydrothermal method

is quite different from previous reports [15]. This phenom-
enon could be attributed to their distinguishable synthesis
conditions. Conventional SBA-15 is prepared by sol—gel
in strongly acidic media, while the samples prepared by
hydrothermal method are synthesized in near neutral condi-
tion with high temperature and high pressure. The results
were in agreement with those obtained by low-angle XRD
and N, adsorption/desorption presented in Table 1.

The surface acidity of the samples was measured by
NH; temperature-programmed desorption (NH;-TPD)
between 100 and 550°C. Table 3 shows the number of
acid site on samples calculated by integration of desorp-
tion areas of ammonia according to the Gauss curve fitting
method, which are related to the acid sites on the samples.
The TPD profiles (data not shown) for all samples indicated
two different types of acid site. The assignment of des-
orption peaks between 175 and 300°C is weak acid sites
and the desorption peaks occurred above 300°C refer to
medium-strong acid sites [24]. Although NH;-TPD tech-
nique has some drawbacks [4], it is fast, simple, and fre-
quently employed method to evaluate the acidity. Firstly,

@ Springer

Table 3 The surface acidity of all samples from NH;-TPD

Samples Number of acid site (umole NH;/g cat.)
Weak acid sites Medium- Total acid site

strong acid

sites
SBA-15-SG 31.3 470.4 501.7
Zr/SBA-15-SG 251.4 314.3 565.7
Zr-La/SBA-15-SG  324.1 412.1 736.2
SBA-15-HT 177.8 928.7 1106.5
Zr/SBA-15-HT 830.9 942.1 1773.0
Zr-La/SBA-15-HT 451.8 662.2 1114.0

the synthesized SBA-15-SG exhibits the lowest amount
of weak acid site. The incorporation of Zr and bimetal-
lic Zr-La into SBA-15 increases the weak and total acid
sites. It can be observed that the Zr and bimetallic Zr-La
can alter the acidity of SBA-15, demonstrating the suitable
dispersion of the active phase. This can be attributed to
the Zr** ions diameter (0.084 nm) and La** ions diameter
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(0.272 nm) is much larger than that of Si** ion (0.026 nm)
when smaller Si** ions are replaced by larger Zr** and
La®* ions in the framework of the solid. The bond length
of Zr-O-Si and Zr-La-O-Si clearly differs from the one
of Si—O-Si [14, 58], which is corresponding to the Brgn-
sted acid sites. It should be noted that the amount of weak
acid site is probably more related to the Brgnsted acid site,
whereas Lewis acid site is more related to the strong acid
site [59]. For SBA-15 samples prepared by hydrothermal
method, an increase in the acidity was found when the sam-
ple is incorporated with Zr. However, the incorporation
of bimetallic Zr-La into SBA-15 did not improve the total
acidity (decreased from 1773 to 1114 pmole NH,/g cat.),
which could be described by the reduction of its surface
area, blocking of NH; molecules in which the amount of
acid sites decreases. It appears that the alteration of acidity
of these materials can be useful to further apply for cata-
lytic reactions, where acid sites are necessary such as alco-
hol dehydration or esterification.

4 Conclusion

In the present work, zirconium (Zr) and bimetal (Zr and
La) containing mesoporous silicas (SBA-15) were synthe-
sized by conventional sol-gel and one-step hydrothermal
methods without addition of hydrochloric acid. The influ-
ence of synthesis method on the structure and character-
istics of these materials has been investigated. It appears
that the samples obtained from the sol-gel method retain
the two-dimensional hexagonal order structure of siliceous
SBA-15 material. In contrast to samples obtained from
the hydrothermal method, the characteristic diffraction
peak was slightly changed in the intensity with a pore sys-
tem lacking long-range order. The incorporation of Zr and
bimetal (Zr and La) had an effect on the textural properties
for both methods. For those samples synthesized by sol-gel
method, they consisted of agglomerated particles with pri-
marily irregular shape with the metal oxide located on the
external surfaces. For samples synthesized by hydrother-
mal method, the agglomeration of primary particles altered
the porous shape. Besides, this hydrothermal method still
had some outstanding advantages, such as environmental
friendly with avoiding of toxic reagents and making new
active sites, especially Brgnsted acid types. Thus, SBA-15
synthesized by both methods provided a better and more
practical than the existing methodologies with their poten-
tial and better applications when acid sites are required.
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