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A series of V-Fe incorporated-SBA-15 has been synthesized by adjustment of the pH value of the
gel mixtures and characterized by using XRD, N2-adsorption, ICP, FT-IR, Raman, and UV–vis tech-
niques. Results indicated that all samples exhibited typical hexagonal arrangement of mesoporous
structure with high surface areas and the heteroatoms were probably incorporated into the frame-
work of SBA-15. Catalytic performances of the obtained materials were evaluated in the hydroxy-
lation of phenol with H2O2, and the catalytic results revealed that the selectivity for catechol (CAT)
and hydroquinone (HQ) could be controlled by adjusting the contents of V and Fe in the samples,
and an appropriate nV/nFe mol ratio in SBA-15 could approach the optimal catalytic performance.
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1. INTRODUCTION

Since the discovery of the M41S family of mesoporous
materials, many efforts have been devoted to synthesize
mesoporous materials in the last 16 years.1�2 These meso-
porous materials have many exciting properties, includ-
ing a well-defined pore size that could be adjusted from
2 nm to 30 nm or greater, a relatively high thermal stabil-
ity, a large surface area and pore volume, which could be
widely used in the field of catalysis.3–8 In order to improve
the catalytic activity of these materials, some guests were
introduced into mesoporous silicates to increase the active
sites and these incorporated mesoporous materials had
high catalytic activities in the selective oxidation, epoxida-
tion, alkylation, isomerization, hydrodesulphurization and
hydrocracking of organic compounds.9–11

Because SBA-15 contains a thicker pore wall than that
of MCM-41, SBA-15 exhibited improved hydrothermal
stability as compared to MCM-41.12 Several studies had
dealt with incorporation of metal ions, such as Al, Ti, Fe,
and V into SBA-15.13–20 However, most of the reports were
focused on the incorporation of single metal ions, while
the synthesis and application of the binary and/or trinary

∗Author to whom correspondence should be addressed.

heteroatoms contained in SBA-15 have been relatively
neglected.

It has been known that multi-component incorporation
could create new redox and acidic sites in comparison with
mono-heteroatom, hence displayed different catalytic activ-
ities and selectivities. Segura et al. reported the synthesis
and catalytic activity of V-Ti-SBA-15,21 and their results
showed that, compared with V- or Ti-SBA-15, V-Ti con-
taining mesoporous silicates presented better effect in the
selective catalytic reduction (SCR) of NO with ammonia.
Mou and his co-workers introduced Au into Al-SBA-15,
which exhibited extraordinarily high activity for CO oxida-
tion at 80 �C.22 Melero et al. synthesized the SBA-15 con-
tained crystalline Fe2O3 and CuO particles to prevent the
leaching of iron species and increase the total organic car-
bon (TOC) degradation as compared with those materials
containing only crystalline Fe2O3 particles.23 Landau and
his group studied the activity of Pt-Ti(Zr)-SBA-15 mate-
rials in ethyl acetate combustion.24 It was found that the
platinized composite materials displayed an activity with
two orders of magnitude higher than that of Pt-SBA-15.
However, all these binary metal ions incorporated SBA-15
materials in literature were synthesized by solely postsyn-
thetic grafting method.

Catalysts containing V or Fe were effective in selec-
tive oxidation reactions.19�25–28 It was probable that the
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simultaneous incorporation of these two kinds of metal
ions into SBA-15 could enhance the catalytic performance.
In the present study, V-Fe-SBA-15s with different vana-
dium and iron contents were firstly synthesized by directly
hydrolyzing the mixed solutions of inorganic vanadium,
inorganic ferrum, organic silicon compound, and block
copolymer with diluted hydrochloric acid. Structures of
the samples were characterized with XRD, N2-adsorption,
ICP, UV–vis, Raman, and FT-IR techniques. Their catalytic
activities in the hydroxylation of phenol with H2O2 were
evaluated.

2. EXPERIMENTAL DETAILS

2.1. Sample Synthesis

The synthesis procedure of V-Fe-SBA-15 was as fol-
lows: 4 g triblock copolymer poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol)
(Pluronic P123, molecular weight = 5800, EO20PO70EO20)
was dissolved in 30 g of water and stirred for 4 h; 9.0 g of
tetraethyl orthosilicate (TEOS) and the appropriate amount
of ammonium metavanadate (NH4VO3) and ferric nitrate
[Fe(NO3�3] were added directly to the homogeneous solu-
tion with stirring. Then a proper quantity of 0.30 M HCl
was added to adjust the pH values of mixture at 2.2.
The gel was stirred for 24 h and maintained at 373 K
for another 48 h. The resultant precipitant was collected,
washed thoroughly with distilled water, absolute ethanol
for several times and finally dried in air at 343 K for
12 hours. The as-prepared product was calcined in air at
823 K with the heating rate of 1 K ·min−1 to remove the
template. The samples were labeled V(x�-Fe(y�-SBA-15
where x and y denote the percent mass content of V and
Fe, respectively. The pure siliceous SBA-15 was synthe-
sized using the same procedure without the addition of the
V and Fe species.

2.2. Sample Characterization

The power X-ray diffraction patterns were collected on a
Philips X’pert X-ray diffractometer with Cu K� radiation
(�= 0�15418 nm).

Nitrogen adsorption and desorption isotherms were
measured at 77 K using a Micromeritics ASAP 2020 sys-
tem. 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-Joyner-
Halenda (BJH) algorithm.

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

TEM images were taken on a JEOL-JEM-2010 instru-
ment at an acceleration voltage of 200 kV. The samples

were crushed in A.R. grade ethanol and the resulting sus-
pension 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.

Laser Raman spectra (LRS) were recorded using a
Renishaw In-Vira microscopy Raman spectrometer, and an
Ar+ laser with an excitation wavelength of 514.5 nm in a
macromode. A laser power of 20 mW at the sample was
applied. No sample preparation is required; one accumu-
lation of 10 s was used for 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.

2.3. Catalytic Tests

Phenol hydroxylation was carried out in a two-necked flask
(250 ml) equipped with a magnetic stirrer and a reflux
condenser. After reaction, the products were centrifuged to
remove the catalyst before analysis. Van der Pol and Gao
et al.29�30 point out that HPLC was the preferred technique
to analyze the composition of products when H2O2 was
used as oxidant. Thus in the present experiments an Agilent
1100 HPLC equipped with a reversed phase C18 column
was used to determine the product distribution. The reac-
tion condition was as follows: the reaction temperature was
313 K; the molar ratio of phenol to H2O2 was 2:1 with
2.0 g phenol in 10 ml glacial acetic acid for the reaction;
the mass of catalyst used once was 0.05 g; and each reac-
tion time was 2 hours. CAT, HQ and BQ represent catechol,
hydroquinone and benzoquinone, respectively.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Structures of
V(x)-Fe(y)-SBA-15 Samples

Figures 1(A, B) showed the XRD patterns and laser Raman
spectra of V(x)-Fe(y)-SBA-15 samples. An intense (100)
peak at about 2� = 1� together with two weak (110)
and (200) peaks in the small angle range was obviously
observed in Figure 1(A), which suggested the regular
mesoporous structure and the SBA-15-type hexagonal
channel array of the materials after the introduction of two
metal ions.12 Distinguishingly, only an weak (100) peak
(2� = 0�83�) was observed for sample V(54)-Fe(13)-SBA-
15, indicating the decrease of the ordered porous structure.
As reported elsewhere,17 the highest iron contents in the
Fe-SBA-15 materials was Si/Fe = 21 (mol ratio), which
was directly prepared by adjusting the pH values of the
gel mixtures. Hence, it could be suggested that the dis-
ordered porous structure should be due to the increase of
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Fig. 1. (A), XRD patterns: (a) SBA-15, (b) V(190)-Fe(190)-SBA-15,
(c) V(185)-Fe(105)-SBA-15, (d) V(81)-Fe(110)-SBA-15, (e) V(11)-Fe
(60)-SBA-15, and (f) V(54)-Fe(13)-SBA-15. (B), Raman spectra:
(a) V(11)-Fe(60)-SBA-15 and (b) V(10)-SBA-15.

the iron content (nSi/nFe = 13) in the framework of V(50)-
Fe(10)-SBA-15 sample. The (210) peak of all samples
were too weak to be observed, probably due to the incor-
poration of heteroatoms into the framework of SBA-15
and the concomitant decrease of order in the structure.31

It was also observed that as the contents of heteroatoms
increased, all the peaks of the calcined sample moved to
lower angles obviously, implying the dilation of the struc-
ture of the materials. Considering that the radius of V5+

(Paulling radius = 59 pm) and Fe3+ (Paulling radius =
64 pm) were larger than Si4+ (Paulling radius = 42 pm),
it could be inferred that V and Fe species might be incor-
porated into the framework of SBA-15. At a higher angle
of XRD patterns, no characteristic peaks of crystalline
vanadium species or iron species have been observed in
Figures 1A-(b) to A-(e), which suggested the incorpora-
tion or high dispersion of the V and Fe species occurred
in these samples. However, for sample V(54)-Fe(13)-
SBA-15, the trace of the characteristic peaks of crystalline
iron species (typical at 2� = 33�48, 35.91, 43.87, 63.00,
and 66.65�) was detected (Fig. 1A-(f)), indicating the pres-
ence of Fe2O3 particles.

The Raman spectra of V(11)-Fe(60)-SBA-15 and V(10)-
SBA-15 samples were illustrated in Figure 1(B). Due to
the fluorescence background, the Raman features of the

surface vanadium oxide species have been overshadows,
except for V(11)-Fe(60)-SBA-15 sample (Fig. 1B-(a)).
Compared to the sample only containing V species
(Fig. 1B-(b)), only the band around 1036 cm−1, attributed
to the V O stretching mode of isolated distorted vana-
dium tetrahedral,32 was detected. The Raman bands near
about 996, 701, 525, 479 and 285 cm−1, corresponding
to the crystalline V2O5 disappeared.32 These results sug-
gested that the incorporation of Fe species could facilitate
the incorporation or high dispersed V species with silicon
at a high V-content, which was in agreement with the XRD
results.

The isotherms and the corresponding pore size distri-
butions of V(x)-Fe(y)-SBA-15 samples were shown in
Figures 2(A, B), respectively. All adsorption isotherms
were type IV according to IUPAC classification and exhibit
an H1 hysteresis loop at P/P0 = 0�4–0�8, which were typ-
ical of mesoporous materials.33 In general, the isotherms
indicated that all the samples possessed mesoporous struc-
ture and a narrow pore size distribution. The isotherms
also suggested that heteroatoms incorporation resulted in
a shift to higher pore size with the V and Fe content.
The broader pore size distribution deduced that the regular
order of samples decreased as the content of heteroatoms
increased.

In order to obtain additional information on the relation-
ship between the pore structure and the mol-ratio of V/Fe,
the TEM images of samples with the mol-ratio of V/Fe
being 60/11 and 13/54 (V(11)-Fe(60)-SBA-15 and V(54)-
Fe(13)-SBA-15) were depicted in Figure 3. The ordered
hexagonal pore arrangements of the sample V(11)-Fe(60)-
SBA-15, which have the highest V-content (Fig. 3(a)),
were clearly visible. However, The pore arrangements of
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Fig. 2. N2 adsorption/desorption isotherms (A) and the corresponding
pore size distributions (B) of samples: (a) SBA-15, (b) V(190)-Fe(190)-
SBA-15, (c) V(185)-Fe(105)-SBA-15, (d) V(81)-Fe(110)-SBA-15,
(e) V(11)-Fe(60)-SBA-15, and (f) V(54)-Fe(13)-SBA-15.
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Fig. 3. TEM images of (a) V(11)-Fe(60)-SBA-15 and (b) V(54)-Fe(13)-
SBA-15, (c) a HRTEM image recorded on the interior part of sample
V(54)-Fe(13)-SBA-15.

sample V(54)-Fe(13)-SBA-15 with the highest Fe-content
presented a “worm-like” structure (Fig. 3(b)). The pore
sizes were in range of 6–7 nm thus estimated to match
well with the average pore sizes calculated by BJH model
from N2 adsorption isotherm (Table I). It should be noticed
that the lattice fringes could be observed with a measured
spacing between adjacent lattice planes of ∼0.253 nm in
the HRTEM image (Fig. 3). Combined with the results
of XRD, it was supposed to be the (110) family of the
crystalline Fe2O3 particles in the sample of V(54)-Fe(13)-
SBA-15.

It was known to all that the status of the incorporated
heteroatoms was a key factor for their use as active species
in catalysis. However, it was difficult to prove the het-
eroatoms in the framework or on the surface of meso-
porous silicate directly due to the non-systematic method
in the literature. In fact, some indirect evidences such as
high angle XRD patterns, the increase of pore diameters,
the UV–vis absorbed bands, the red shift of IR absorbed
bands, and the synthesis method etc. were used to esti-
mate the incorporation of guest atoms in the mesoporous
materials.34

Some structure parameters of the samples were summa-
rized in Table I. The increase of a0 and D values could be
taken as indication of the incorporation of the metals in the
silica framework, probably due to the larger ion radii of
V5+ and Fe3+ than that of Si4+. Furthermore, the contents
of V and Fe were increased together in the samples, and
it seems that there was a relationship between these two
species. Considering the hydrolysis processes of V5+ and
Fe3+ in the aqueous solution, there have two equations at
pH = 2.2:35

�VO2�
+ ←→ �H2V10O28�

4− (1)

�Fe�OH�2+ ←→ �Fe2�OH�2
4+ (2)

As the concentration of V5+ and Fe3+ increased at
the starting solution, these two equations shifted to the
right hand and the reactions between positive and nega-
tive charge potentiated accordingly, which led to the easier
co-condensation of vanadium and iron species. Hence, the
higher contents of vanadium and iron at the final products
occurred.

A largest pore size (D= 6�68 nm) and thinnest pore wall
(� = 4�39 nm) were observed for sample V(11)-Fe(60)-
SBA-15. According to the equations above, the vana-
dium and iron species were mainly existed in the form of
�H2V10O28�

4− and [Fe2�OH�2
4+, which led to the charg-

ing neutrality of these two species. Meanwhile, consider-
ing the isoelectric point of silica was about 2, hence the
hydrolysis time was short at pH = 2�2 and the conden-
sation began only after a long delay due to the charging
neutrality. It could be suggested that the lowest degree of
condensation of hydrolyzed species caused the largest pore
size and the thinnest pore wall of sample V(11)-Fe(60)-
SBA-15.

J. Nanosci. Nanotechnol. 7, 4508–4514, 2007 4511
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Table I. Texture properties of V(x)-Fe(y)-SBA-15.

nSi/nV nSi/nFe
ABET

Sample Gel Product Gel Product d0 (nm) a0 (nm) (m2 ·g−1) D (nm) � (nm)

SBA-15 / / / / 9�02 10.42 555.08 5.91 4.51
Si/Fe = 100 Si/V = 50 50 190 100 190 10�03 11.58 798.15 5.88 5.70
Si/V = 100 Si/Fe = 50 100 185 50 105 10�26 11.84 750.68 5.93 5.91
Si/V = 50 Si/Fe = 50 50 81 50 110 10�5 12.12 898.47 6.56 5.56
Si/V = 10 Si/Fe = 50 10 11 50 60 9�59 11.07 539.22 6.68 4.39
Si/Fe = 10 Si/V = 50 50 54 10 13 10�76 12.42 746.86 6.17 6.25

The FT-IR spectra of V(x)-Fe(y)-SBA-15 samples were
presented in Figure 4. In the framework region (400 ∼
1600 cm−1), A broad band at about 1086 cm−1, with a
shoulder at 1200 cm−1, and a band at 808 cm−1, aris-
ing from the symmetric and asymmetric stretching vibra-
tion of the tetrahedral SiO4 units,36 were observed for all
samples. However, a band at ca. 960 cm−1, assigned to
a stretching vibration mode of a [SiO4] unit bonded to
heteroatoms,37�38 was only detected for heteroatoms substi-
tuted SBA-15. All these bands were shifted to lower wave
numbers as heteroatoms were introduced which might
be due to an interaction between heteroatoms and sili-
con [forming M(V, Fe) O Si bands]. The M O band
length was greater than that of Si O, and this led to a
decrease in the force constant (k) of the band. The atomic
weight of vanadium and iron were also greater than that of
silicon, and which caused the increase of the reduced mass
(�). Hence, the vibration frequencies according to the for-
mula � = �1/2�c�

√
k/� decreased, and a similar phe-

nomenon was observed and discussed by Kong et al.34�39
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Fig. 4. FT-IR spectra of samples: (a) SBA-15, (b) V(190)-Fe(190)-
SBA-15, (c) V(185)-Fe(105)-SBA-15, (d) V(81)-Fe(110)-SBA-15,
(e) V(11)-Fe(60)-SBA-15, and (f) V(54)-Fe(13)-SBA-15.

All these results suggested, in some extent, that the het-
eroatoms have been incorporated into the framework of
SBA-15.

The diffuse reflectance UV–vis spectra for V(x)-
Fe(y)-SBA-15 samples were shown in Figure 5. As
reported previously,19�40 UV–vis spectra of V-containing
and Fe-containing zeolites were characterized by intense
Mn+(V5+, Fe3+� ← O charge transfer bands, the position
of which provided information on the coordination and
degree of agglomeration. Thus, the isolated tetrahedral M
species gave rise to bands below 300 nm while signals
of small oligonuclear clusters appear between 300 and
400 nm and those of extended V2O5 and Fe2O3 particles
above 400 nm. As shown in Figure 5, spectra of all sam-
ples were clearly dominated by bands below 300 nm (ca.
270 nm) indicating that the majority of M sites was well
isolated obeying tetrahedral in the framework. Withal, a
shoulder was apparent at around 355 nm that would be
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Fig. 5. UV–vis spectra of V(x)-Fe(y)-SBA-15: (a) V(190)-Fe(190)-
SBA-15, (b) V(185)-Fe(105)-SBA-15, (c) V(81)-Fe(110)-SBA-15,
(d) V(11)-Fe(60)-SBA-15, and (e) V(54)-Fe(13)-SBA-15.
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Table II. Catalytic performances for phenol hydroxylation over V(x)-Fe(y)-SBA-15 samples.

Product distribution (%)

Catalysts nV/Fe Phenol Conv. (%) CAT HQ BQ Dipheonl

V(190)-Fe(190)-SBA-15 1 11.4 43.2 45.8 1�2 89.0
V(185)-Fe(105)-SBA-15 0�6 11.3 54.2 27.8 3 82.0
V(81)-Fe(110)-SBA-15 1�4 17.5 24.8 46.3 3�6 71.1
V(11)-Fe(60)-SBA-15 5�5 8.4 37.8 52.3 2�1 90.1
V(54)-Fe(13)-SBA-15 0�24 14.2 47.5 38.3 0�7 85.8
TS-141 6∼8

consistent with the presence of polymeric M–O–M species
in the framework of all samples. In addition to these peaks,
one extra shoulder peak around 500 nm was only detected
in the sample V(54)-Fe(13)-SBA-15 (Fig. 5-(e)), indicat-
ing the presence of Fe2O3 particles. This was consistent
with the XRD and Raman results.

3.2. Catalytic Activity of V(x)-Fe(y)-SBA-15 Samples
in the Oxidation of the Phenol

Catalytic activities of the materials with different vana-
dium and iron contents in phenol hydroxylation were given
in Table II. For comparison, the activities of the typi-
cal catalyst (TS-1) reported in the literature were also
presented.41 It was found that the catalytic activity of the
bimetallic modified-SBA-15 was higher than TS-1. The
lower conversion of phenol for all samples might be due
to the lower reaction temperature (313 K). The highest
and lowest conversions were 17.5% and 8.4% for sam-
ples V(81)-Fe(110)-SBA-15 and V(14)-Fe(60)-SBA-15,
respectively. As discussed above, a large amount of
polymeric vanadium species existed in the sample V(14)-
Fe(60)-SBA-15, which might be led to the lowest conver-
sion of phenol.42

It was noted that the selectivity for diphenol in the prod-
ucts was influenced by the relative contents of V and Fe in
the samples greatly, which was different from the results
reported elswhere.43�44 As nv/nFe (mol ratio) was lower
than 1, the (catechol) CAT was the principal product. As
nv/nFe was equal to 1, the productive rate of CAT and HQ
were equal accordingly. As nv/nFe was larger than 1, the
(hyfroquinone) HQ was the principal product.

Scheme 1. Proposed reaction mechanism for the formation of diphenol
in phenol hydroxylation.

As discussed elsewhere,45 the hydroxylation of phenol
by H2O2 was through a radical mechanism (Scheme 1).
There were two competitive reactions for OH·: decom-
posed (3) or reacted with phenol (2). High concentration
of OH· favored to generate H2O (3), in contrast, low con-
centration of OH· availed to reaction with phenol (2). The
concentration of OH· was determined by Eq. (1), which
was catalyzed by Fe species incorporated into the sil-
icate. As appropriate vanadium species was introduced,
the hydroxyperoxo complexes were formed due to the
interaction between the highly dispersed vanadium species
and H2O2,42�45 which enhanced the catalytic performance.
Simultaneously, as reported by Reddy et al.,46 for phenol
hydroxylation catalyzed, the hydroxyperoxo groups have
often been proposed as the active intermediate complex,
which trended to form the hydroquinone in phenol. Con-
sequently, it seems to be predicted that, for the higher
V-content samples (nv/nFe > 1), the H2O2 preferentially
interact with vanadium to form the peroxonium groups,
which led to the higher selectivity for the HQ in the prod-
ucts (4). For the higher Fe-content samples (nv/nFe < 1),
the relative higher concentration of OH· was mainly cat-
alyzed by iron species, which led to the higher selectivity
for the CAT in the products.

4. CONCLUSIONS

A series of bimetallic V and Fe incorporated SBA-15 sam-
ples have been synthesized, and the XRD, N2-sorption,
ICP, FT-IR, Raman and UV–vis results confirmed that
the materials are of a typical hexagonally structure, high
surface area and narrow pore distribution, and the two
heteroatoms could be in the framework of SBA-15. Cat-
alytic test indicated that the different selectivity for cat-
echol (CAT) and hydroquinone (HQ) might be due to
the different roles of V and Fe species in the V(x)-
Fe(y)-SBA-15 samples, and an appropriate nV/nFe mol
ratio in SBA-15 could approach the optimal catalytic
performance.
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