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Abstract

V-SBA-15 (nSi/V � 10) mesoporous molecular sieves have been synthesized in different pH-value medias and characterized by XRD,
N2 adsorption, TEM, UV–vis, Raman, FT-IR, ESR, and NH3-absorbed in situ FT-IR techniques. Results indicated that the pH value
played an important role on the states of vanadium species in the prepared materials. As the pH value increased, the amount of the crys-
talline vanadium oxides decreased, the incorporated vanadium species with isolated tetrahedral (V5+) and square pyramidal coordination
(VO2+) increased accordingly. At pH = 3.0, vanadium species were mainly in the silica framework and formed stronger acid sites, it
seems to suggest that the linear configuration V5+–ONH3H+–O–V4+ groups have been formed after ammonia was adsorbed. However,
for the samples synthesized at the low pH values, the crystalline vanadium oxides existed and the amount of the dispersed tetrahedral
vanadium species decreased, which caused the weaker acid sites.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Since the researchers at Mobil Research and Develop-
ment Corporation reported the M41S family [1,2], many
efforts have been devoted to the study of the synthesis and
application of mesoporous molecular sieves in the last few
decades. Among them, SBA-15 prepared using triblock
copolymer as template has attracted much attention due
to its larger pores, thicker walls and much higher hydrother-
mal stability than those of MCM-41 [3]. However, pure sil-
ica SBA-15 showed very limited catalytic activities due to
the lack of lattice defect, redox properties, basicity and acid-
ity. Hence it has become a remarkable object that intro-
duced guests into the framework of SBA-15 to increase
the active sites and thus improve the catalytic activity [4].
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Vanadium oxides were the essential ingredients of many
powerful redox catalysts in industrial processes, especially
in the oxidation reactions for the manufacture of fine
chemicals [5]. Vanadium-substituted micromolecular sieve,
such as V-ZSM5, was a potential catalyst for the selective
oxidations [6]. Mesoporous molecular sieves containing
vanadium such as V-MCM41, V-SBA-15, and so on were
also effective for the same type of reactions, especially for
the oxidation of large organic compounds such as cycloalk-
ene, cycloalkanes and branched alkanes due to their large
pore sizes [7–9].

The content and state of vanadium in the catalysts have
an important effect on their activity. A higher loading of
vanadium with a high dispersion was helpful for many oxi-
dation reactions [10–12]. For instance, in the reaction of
partial oxidation of methane to formaldehyde, the conver-
sion of methane increased almost linearly from 5.15% to
15.13% with the vanadium content up to loading of
3.85 wt.% (close to the monolayer capacity) and then
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declined to 9.98% at higher vanadium loading (5.54 wt.%)
attributed to a decrease in the number of accessible surface
V sites as a consequence of the formation of more agglom-
erated V species on the SBA-15 surface [12]. Nevertheless,
the incorporation of metal ions into the framework of
SBA-15 was difficult because of the strongly acidic condi-
tions [13]. Therefore, it was important to control and adjust
the final loading and states of vanadium oxide in the mate-
rial by exploring the new preparing methods and suitable
conditions. However, most of the methods in the literatures
used solely postsynthetic grafting methods or needed com-
plex experimental conditions. Luan et al. [14] prepared V-
SBA-15 by incipient-wetness impregnation inside a glove-
box under flowing nitrogen. Segura et al. [15] reported
the synthesis of V-SBA-15 with highly dispersed vanadium
oxide by the molecular designed dispersion method using
acetylacetonate complexes as vanadium sources and tolu-
ene as solvent.

In this paper, we reported a simple and effective route
of directly incorporating large quantities of vanadium
(nSi/V � 10) into the SBA-15 framework by adjustment of
the pH value of the gel mixtures. The states of vanadium
species have been characterized by using UV–vis, Raman,
FT-IR, and ESR techniques. The surface acidity of
the materials was also detected by using the in situ
NH3-absorbed FT-IR.

2. Experimental

2.1. Synthesis

The V-SBA-15 materials were prepared as follows: 4.0 g
triblock copolymer poly(ethylene glycol)-block-poly(pro-
pylene glycol)-block-poly(ethylene glycol) (Pluronic P123,
molecular weight = 5800, EO20PO70EO20) was dissolved
in 30.0 g of water and stirred for 4 h. Nine grams of tetra-
ethyl orthosilicate (TEOS) and the appropriate amount of
ammonium metavanadate (NH4VO3) were added directly
to the homogeneous solution (nSi/V � 10, mol ratio). Then
proper quantities of 0.30 M HCl were added to adjust the
pH values of mixture to 1.3, 1.8, 2.2 and 3.0, respectively.
The gel was stirred for 24 h and then maintained at 373 K
for another 48 h. The resultant atrovirens precipitate was
collected, washed thoroughly with distilled water, absolute
ethanol for several times and dried at 343 K for 12 h. The
as-prepared product was then calcined in air at 823 K for
6 h with a heating rate of 1 K min�1 to remove the tem-
plate. The samples were labeled as V-SBA-15(x) where x

denotes the pH value of the starting solution. For compar-
ison, pure SBA-15 was synthesized at pH = 2.2 using the
same procedure in the absence of vanadium precursor.

2.2. Characterization

The power X-ray diffraction patterns were collected on a
Philips X’pert X-ray diffractometer with Cu Ka radiation
(k = 0.15418 nm).
Nitrogen adsorption and desorption isotherms were
measured at 77 K using a Micromeritics ASAP 2020 instru-
ment. The samples were degassed for 160 min at 573 K in
the degas port of the adsorption analyzer. The pore size
distributions were calculated from the analysis of the
adsorption branch of the isotherm using the Barrett–Joy-
ner–Halenda (BJH) algorithm.

Chemical compositions were determined using a Jarrell-
Ash 1100 inductively coupling plasma (ICP) spectrometer.
The samples were completely dissolved in suitable hot acid
before analysis.

TEM images were taken on a FEI Tecnai G2 20
S-TWIN instrument at an acceleration voltage of 200 kV.
The samples were crushed in A.R. grade ethanol and the
resulting suspension was allowed to dry on carbon film
supported on copper grids.

UV–vis diffuse reflectance spectra (UV–vis) profiles were
recorded in the range of 190–700 nm by a Shimadzu UV-
2401 spectrophotometer with BaSO4 as reference.

ESR spectra were recorded on a Bruker EMX-10/12
ESR spectrometer with X-band at 110 K.

Laser Raman spectra (LRS) were recorded using a Ren-
ishaw In-via microscopy Raman spectrometer, and an Ar+

laser with an excitation wavelength of 514.5 nm in a mac-
romode. A laser power of 20 mW at the sample was
applied. No sample preparation was required and one
accumulation of 10 s was used in each sample.

Fourier-transform infrared spectroscopy (FT-IR) was
carried out on a Nicolet 5700 FT-IR instrument running
at 2 cm�1 resolution. Samples were mixed and ground with
KBr followed by pressing into pellets for IR measurement
in the range of 4000–400 cm�1.

In situ FT-IR spectroscopy of adsorbed ammonia (NH3)
was carried out on a Nicolet 5700 FT-IR instrument. Thin,
but intact, self-supporting wafers of the adsorbents were
placed inside a commercial controlled environment chamber
(HTC-3). Before measure, samples were pretreated in a high-
purity N2 stream at 673 K for 1 h. After cooling to room
temperature (RT), NH3 (9.91%) and He (balance) were
introduced into the cell and the temperature was increased
at a rate of 10 K min�1, the spectra were recorded from
RT to 673 K (for every 25 K) under high-purity N2 stream.

3. Results and discussion

3.1. Mesoporous structure of V-SBA-15

The XRD patterns of the V-SBA-15 samples synthesized
at different pH values and pure SBA-15 are shown in
Fig. 1. All the samples exhibited three well-resolved reflec-
tions, i.e., (100), (110), and (200), and could be indexed in
the hexagonal space group p6mm, except for sample V-
SBA-15(3.0) (Fig. 1e) [3]. The (210) peak of all samples
was too weak to be recognized probably due to the incor-
poration of high content heteroatoms into the framework
of mesoporous silicate and the increase of the synthesis
pH values, which caused the disorder of the structure
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Fig. 1. XRD powder patterns of calcined samples: (a) SBA-15, (b) V-
SBA-15(1.3), (c) V-SBA-15(1.8), (d) V-SBA-15(2.2), and (e) V-SBA-
15(3.0).
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Fig. 2. N2 adsorption/desorption isotherms of samples: (a) SBA-15, (b) V-
SBA-15(1.3), (c) V-SBA-15(1.8), (d) V-SBA-15(2.2), and (e) V-SBA-
15(3.0). The inset shows the corresponding pore size distributions.
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[16,17]. Moreover, the increase of peak width indicated
that the pore structure became more disordered as the
pH values of the gel mixtures increased. According to
Vradman et al. [18], the X-ray adsorption factor of vanadia
was higher than that of silicon, thus the progressive reduc-
tion of the peak intensity of V-SBA-15 with pH values was
likely due to a dilution of silica with continuous dispersion
of vanadia and implied the increase of vanadium in the
framework of SBA-15.

Adsorption isotherms had the advantage of producing a
macroscopic average measurement for evaluating struc-
tural properties of porous materials compared to XRD
and transmission electron microscopy (TEM) [9]. Fig. 2
presents the N2 adsorption isotherms for the SBA-15 and
V-SBA-15 samples. All the isotherms were type IV accord-
ing to IUPAC classification and exhibited an H1 hysteresis
loop, which was typical for mesoporous materials [19]. A
sharp increase in the adsorbed volume at P/P0 � 0.65
was due to the capillary condensation of N2 within the uni-
form mesopores of the materials. The typical BJH pore size
distributions are shown in the insets of Fig. 2 indicated nar-
row pore size distributions for all samples, which became
broader with pH values increased, implying the decrease
of meso-structure.

In order to obtain additional information on the pore
structure and size, the TEM images of some samples were
taken. Fig. 3 depicts the images of V-SBA-15(1.8), V-SBA-
15(2.2), and V-SBA-15(3.0) samples. The ordered pore
arrangements of these three samples at [110] direction were
clearly visible, and the pore sizes were in the range of 5–
7 nm, which were in agreement with the average pore sizes
calculated by BJH model from N2 adsorption isotherm
(Table 1). Also, the pore arrangements of V-SBA-15(3.0)
were worse than those of V-SBA-15(1.8) and V-SBA-
15(2.2), indicating the decrease of the ordered structure
as the pH value increased.
The structure parameters of the samples are summarized
in Table 1. It could be found that the pH value had a sig-
nificant influence on the structure of V-substituted SBA-15.
At pH values less than 1.3, no vanadium was detected
because of the unhydrolysis of NH4VO3 [20]. As pH values
higher than 1.8, the specific surface areas and the wall
thickness increased, moreover the average pore size and
mesopore volume decreased accordingly with the increase
of pH values. It might be due to the increase of the hydro-
lysis rate of NH4VO3 that matched that of TEOS gradually
and the content of vanadium incorporated into the frame-
work of silicate increasing. The states of vanadium in the
samples were in detail discussed.

A biggest pore size (D = 6.92 nm) and thinnest pore wall
(d = 4.17 nm) were observed for sample V-SBA-15(2.2).
Considering the isoelectric point of silica was about 2,
the hydrolysis time was short at pH = 2.2 and the conden-
sation began only after a long delay (the condensation rate
was slowest) because of the charging neutrality. The lowest
degree of condensation of hydrolyzed species caused the
biggest pore size and the thinnest pore wall of sample
V-SBA-15(2.2). Similar phenomena were reported by Bois-
siere et al. [21].
3.2. The vanadium species states of V-SBA-15

3.2.1. FT-IR spectroscopy

Infrared spectroscopy has been used extensively for the
characterization of transition-metal cation modified molec-
ular sieves. FT-IR spectra of the prepared samples in the
mid-infrared region from 400 to 1400 cm�1 are shown in
Fig. 4A. The bands at about 463 cm�1, 1081 cm�1, and



Fig. 3. TEM images of some samples at [110] direction: (a) V-SBA-
15(1.8), (b) V-SBA-15(2.2), and (c) V-SBA-15(3.0).
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808 cm�1, corresponding to surface O–Si–O bending vibra-
tion, asymmetric and symmetric Si–O stretching vibrations,
respectively [22], were detected for all V-substituted SBA-
15 samples. The band at about 960 cm�1 assigned to a
stretching vibration mode of a [SiO4] unit bonded to a
vanadium ion (Si–O–V) in vanadosilicate molecular sieves
[23] indicated the vanadium species incorporated into the
framework of SBA-15. This band was not detected for
sample V-SBA-15(1.3) due to the infinitesimal V content
(Si/V �1). In the –OH spectral region (3000–
4000 cm�1), the band at about 3750 and 3670 cm�1 corre-
sponded to Si–OH and V–OH groups, respectively [24].
A broadband center at about 3430 cm�1 represented the
vibration of water due to the easy hydration of the materi-
als [24]. Moreover, It could be observed that the intensity
of the silanol band at 3751 cm�1 changed imperceptibly
by increasing the pH values (Fig. 4B). As discussed by
Segura et al. [15], for the supported V-SBA-15 catalysts,
the intensity of the silanol band decreases by increasing
the V loading. Hence, it could be deduced that, for the
vanadosilicate molecular sieves, unconspicuous change in
intensity of silanol groups might be due to the vanadium
species, mostly existed in the framework of SBA-15.

3.2.2. Laser Raman spectroscopy
LRS was a powerful characterization technique for

obtaining detailed information about the structure of metal
oxide because of the different vibration spectrum of dis-
persed metal oxide species from those of the crystalline spe-
cies or amorphous form, especially for high-valence metal
oxides such as MoO3, WO3, and V2O5. Fig. 5 shows the
laser Raman spectra ranging from 1200 cm�1 to 200 cm�1

of V-SBA-15 samples. All the samples exhibited an intense
band at 1036 cm�1 attributed to the stretching vibrations of
short V@O bands of isolated distorted vanadium tetrahe-
dron [25–27]. This band intensified with pH values
increased, which indicated the augment of the number of
monomerric species. The increase of the intensities of
another two weak bands at 920 cm�1 and 1073 cm�1,
attributed to the silica vibrations perturbed by the forma-
tion of V–O–Si bands [25,28], suggested the addition of
vanadium species incorporated into the framework of
SBA-15. The weakened bands at about 996, 701, 525,
479, and 285 cm�1, characteristic of crystalline V2O5

[25–27],indicated the amount of the crystalline V2O5

decreased in the samples with pH values increased from
sample V-SBA-15(1.8), V-SBA-15(2.2) to V-SBA-15(3.0).
This phenomenon implied that as pH value increased, the
states of vanadium in the samples were transferred from
crystal to V2O5 cluster and then to vanadium with isolated
tetrahedral coordination, most probably in the framework
of SBA-15.

3.2.3. UV–visible spectroscopy

As a complementarity for LRS, the UV–vis spectra have
been recorded in Fig. 6. A broad band between 200 nm and
350 nm centered at 255 nm, assigned to low-energy charge-
transfer transitions between tetrahedral oxygen ligands and
central V5+ ion, was observed for all samples [7,22]. Such a



Table 1
Texture properties of samples

Samples nSi/nV d0 (nm) a0 (nm) V (cm3 g) ABET (m2 g) D (nm) d (nm)

Gel Product

SBA-15(2.2) – – 9.02 10.42 0.59 555.08 5.91 4.51
V-SBA-15(1.3) 10 1 8.66 10.00 0.72 534.60 5.45 4.55
V-SBA-15(1.8) 10 11.6 10.04 11.59 0.67 544.70 6.28 5.31
V-SBA-15(2.2) 10 9.3 9.60 11.09 0.67 487.96 6.92 4.17
V-SBA-15(3.0) 10 12.0 9.40 10.85 0.57 581.26 5.10 5.75

1600 1400 1200 1000 800 600 400

(d)

(c)

(a)

463

805

1081

Tr
an

sm
itt

an
ce

 (a
.u

.)

Wavenumber (cm-1)

959

(b)

4000 3800 3600 3400 3200 3000

3430

3676

(c)

(d)

(b)

Tr
an

sm
itt

an
ce

 (a
.u

.)

Wavenumber (cm-1)

(a)

3751

Fig. 4. FT-IR spectra of samples: (a) V-SBA-15(1.3), (b) V-SBA-15(1.8), (c) V-SBA-15(2.2), and (d) V-SBA-15(3.0).
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Fig. 5. Raman spectra of V-SBA-15: (a) V-SBA-15(1.3), (b) V-SBA-
15(1.8), (c) V-SBA-15(2.2), (d) V-SBA-15(3.0).
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Fig. 6. UV–vis spectra of V-SBA-15: (a) V-SBA-15(1.3), (b) V-SBA-
15(1.8), (c) V-SBA-15(2.2), and (d) V-SBA-15(3.0).
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tetrahedral environment was typical for framework V5+

ions in V-substituted micro and mesoporous molecular
sieves [7]. This peak was intensified with pH value
increased. The band at 450 nm, corresponding to ‘‘bulk-
like’’ V2O5 crystallites species [29], was only detected for
sample V-SBA-15(1.8). Meanwhile, the band at 360 nm
corresponding to polymeric V–O–V [29,30], mostly existed
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with vanadium cluster, increased firstly and then decreased
accordingly. All these suggested that the states of vana-
dium in the samples were transferred from crystalline to
dispersed V2O5 and then to vanadium with isolated tetra-
hedral coordination, which were in agreement with the
LRS results.

3.2.4. Electron spin resonance spectroscopy

A representation of the ESR spectra is shown in Fig. 7.
The ESR spectra exhibited an axially symmetrical signal of
tetravalent vanadium, which originated from the d1 elec-
tron interaction with nuclear spin In = 7/2 of 51V (natural
abundance 99.8%), and the characteristic hyperfine split-
ting (hfs) multiplets of well-isolated vanadyl species in
square pyramidal or distorted octahedral coordination
were observed which frequently occurred in vanadium-
doped molecular sieves [31,32]. It could be also observed
that the ESR signal intensity of V-SBA-15 increased line-
arly with increasing pH values, which indicated that the
total amount of observed V4+ contents increased. Com-
bined with discussions about LRS and UV–vis, the increase
of V4+ content might be due to the increase of the vana-
dium species in the framework of SBA-15 with pH value
increasing. Moreover, no observation of spin–spin interac-
tions among V4+ ions implied that V4+ should be highly
dispersed in the silicate framework [33]. The spin Hamilto-
nian parameters A tensor and g tensor were gk = 1.94,
Ak = 197 G, g? = 1.98, and A? = 64 G where A is the
hyperfine coupling constant. According to previous reports
[33,34], these values could be attributed to VO2+ ions in a
square pyramidal coordination.

The states of V(V) species were quite different with the
variation of pH values in acid conditions. They changed
from V2O5, VOþ2 to H2V10O4�

28 and then to VO(OH)3,
VO2ðOHÞ�2 [20,35,36]. At pH = 1.3, the existence of vana-
dium species mostly in the form of (VO2)+, which cannot
be co-condensed with the silicon alkoxide species caused
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(c)

(b)

Magnetic field [G]

(a)

Fig. 7. ESR spetra of V-SBA-15: (a) V-SBA-15(1.8), (b) V-SBA-15(2.2),
and (c) V-SBA-15(3.0).
the infinitesimal V content in V-SBA-15(1.3) sample. At
pH value of about 2.0, the polynuclear vanadium species
hydrolyzed into V2O5 cluster. Most of vanadium species
existed in the form of mononuclear precursors as pH value
reached 3.0. They could co-condense with silicon alkoxide
species entirely and hydrolyzed simultaneously to form the
V–O–Si bonds. Similar results were described by Nguyen
et al. [37].
3.3. The surface acidity of V-SBA-15

3.3.1. In situ FT-IR spectroscopy

It has been recognized that the catalytic activity of metal
oxide was often related to the surface acidity [38,39],
although the role of the acid site was not well clarified.
There must have been difference in the surface acidities
for V-SBA-15 with different states of vanadium. To
approach the influences of vanadium species on the surface
acidic properties, NH3-absorbed in situ FT-IR of V-SBA-
15(1.8) and V-SBA-15(3.0) samples were conducted. The
spectra measured at 373, 473, 573, and 673 K are illustrated
in Fig. 8. All the spectra with NH3-adsorbed at RT showed
two bands at about 1450 cm�1 and 1655 cm�1, which cor-
responded to the symmetry [msðNHþ4 Þ] and as-symmetry
[masðNHþ4 Þ] NH deformation variations that protonated
ammonia adsorbed on the surface Brønsted acid sites.
The coordinated ammonia adsorbed on the surface Lewis
acid sites assigned to 1600–1620 cm�1 regions was also
detected (Fig. 8A-a and B-a) [40,41].

For both the two samples, the increase of temperature
led to desorption of ammonia absorbed in Lewis and
Brønsted acid sites. The bands at about 1610 and
1655 cm�1 weakened gradually and could still be detected
at 473 K and in contrast the band at about 1450 cm�1

almost disappeared (Fig. 8A-d and B-d). However, as the
temperature reached to 673 K, only the band at about
1610 cm�1 was detected for V-SBA-15(1.8) (Fig. 8A-f).
Moreover, two bands at about 1655 and 1610 cm�1 could
be detected for V-SBA-15(3.0) (Fig. 8B-f). Simultaneously
a new band at 3670 cm�1, attributed to the m(O–H) stretch-
ing modes of VO–H bands, was only revealed for V-SBA-
15(1.8) [37] (Fig. 9, the strong and narrow band near
3725 cm�1 was corresponded to the m(O–H) elongation
vibrations of isolated terminal silanol groups[37]), indicat-
ing the formation of VO–H bands during the desorption of
NH3 in V-SBA-15(1.8). Similar phenomenon was not
revealed distinctly for V-SBA-15(3.0), which must be
because of the different states of vanadium species on the
surface of the two samples.

In previous papers [42–44], Brønsted acid sites have
been shown to be related to V–OH and V@O groups. Top-
soe et al. have investigated the in situ FT-IR spectra of
NH3 adsorption over vanadia/titania catalyst [44], and
their results suggested that the ammonia adsorbed on the
Brønsted acid sites associated with V5+–OH, and the sur-
face V@O groups were involved in activation of the
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Fig. 9. In situ FT-IR spectra of the OH region (3500–3800 cm�1), the
Lewis acid sites (about 1600 cm�1), and the Brønsted acid sites (about
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adsorbed ammonia. Two steps occurred through the
adsorption process:

NH3 þ V5þ �OH() V5þ �ONH4 ð1Þ
V5þ �ONH4 þ V5þ ¼ O() V5þ �ONH3Hþ �O� V4þ

ð2Þ
Ammonia adsorbed initially on V–OH and was subse-

quently activated on V@O. The vanadium atoms have been
reduced at the second step, which have been also men-
tioned by Centeno [40]. It was mainly the monomeric
terminal vanadyl species that were involved in the transfor-
mation of the adsorbed ammonia in step 2. Although, the
vanadyl overtone band consists of more than one band
reflecting the presence of several types of V@O in different
environments [45]. Combined with the vanadium states in
different samples discussed above, it could be suggested
there were two different modes of NH3 adsorption and
desorption, as shown in Fig. 10.
For sample V-SBA-15(1.8), the neighboring monomeric
terminal vanadyl species were less because of the existence
of crystalline V2O5 and the NH3 adsorption/ desorption
accorded with mode (I) through a ring configuration. The
ring has been broken and the VO–H band formed after
NH3 desorbed at higher temperatures. As for sample
V-SBA-15(3.0), a large number of monomeric terminal van-
adyl species existed on the surface due to the highly dispersed
vanadium species and the NH3 adsorption/desorption
accorded with mode (II) through a linear configura-
tion[38,39]. Because the V5+–ONH3H+–O–V4+ groups with
a linear configuration were more thermodynamic stable than
the ring ones, the amount of desorbed NH3 was relatively
lesser at higher temperature (the band at 1655 cm�1 still
existed) and the band of VO–H could not be detected clearly.

On the basis of the above discussion, it seems reasonable
to tentatively approach the different Brønsted acidity on
the surface of V-SBA-15 synthesized at different pH
conditions by considering the NH3 adsorbent modes
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Fig. 10. Schematic diagram of the different modes of ammonia adsorption/desorption on the surface of vanadium species.
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formed with V–OH groups and V@O groups at different
environment. For V-SBA-15 samples synthesized at low
pH value (pH = 1.8), it was a self-interaction in the species
of small quantity isolated tetrahedral vanadium. With the
pH value increasing, the numbers of isolated tetrahedral
vanadium species were multiplied and the self-interaction
translated into the thermodynamic stable interactions
between the different isolated tetrahedral vanadium species.
With the temperature increasing, the ring configuration has
been broken, and the linear configuration can be reserved.
Consequently, it could be predicted that the acidity of
V-SBA-15 samples would increase in the order: V-SBA-
15(1.8) < V-SBA-15(2.2) < V-SBA-15(3.0).

4. Conclusions

In a conclusion, the SBA-15 mesoporous materials
incorporated with high content vanadium (nSi/V � 10) were
directly synthesized by a simple adjustment of the molar
ratio of water and hydrochloric acid in the synthesis med-
ium. The degree of V incorporating into SBA-15 and the
states of vanadium species in the samples were intensively
influenced by the pH values of the starting solution:

(1) At lower pH value (pH = 1.3) conditions, the vana-
dium precursors overflowed the synthesis system in
the form of (VO2)+, which could not co-condense
with Si(OC2H5)4 and led to the failure of V incorpo-
rating into the framework of silicate.

(2) As pH value increased (pH � 2.0), the polynuclear
vanadium species have been increased and some of
the vanadium species in the prepared samples existed
in the form of vanadium oxides cluster and crystalline
V2O5.

(3) At higher pH value (pH = 3.0), the vanadium species
in the prepared samples existed mainly in the form of
isolated tetrahedral (V5+) and square pyramidal
(VO2+) ones due to the co-hydrolysis of the mononu-
clear vanadium species and silicon alkoxide species.

(4) The surface acidities of the samples were influenced
by the surface environment of vanadium species,
especially for Brønsted acid sites. The acidities of
samples synthesized at higher pH values were stron-
ger than those of lower pH values because of the dif-
ferent vanadium species, which led to the different
ammonia adsorption/desportion models with ring
and linear configurations.
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