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Abstract

The synthesis and characterization of NbSBA-3 mesostructured materials — the first hexagonally ordered mesoporous molecular sieves without
extra framework Nb-oxide phase — are described in this paper. The effect of the synthesis medium (basic or acidic) and Nb source in the efficiency
of niobium incorporation is discussed. A higher Nb content in the final material is reached when Nb(V) chloride is used instead of Nb(V)
ammonium trisoxalate complex in the synthesis. All NbSBA-3 materials prepared in this work are very attractive catalysts in ODH of propane and
epoxidation of cyclohexene and more effective than the corresponding NbMCM-41 and NbSBA-15 catalysts.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Since the discovery of M41S mesoporous molecular sieves
[1], with MCM-41 as the main representative of this family,
various modifications in the synthesis of mesostructured
materials have been performed. Among others, Stucky et al.
[2] obtained materials denoted as SBA-3 by changing a basic
synthesis medium for an acidic one. From the catalytic point of
view the mesoporous solids are attractive if they are modified
with desired metal species. Such a modification can be carried
out in two ways, via an introduction of metal during the
synthesis or via a post-synthesis treatment. Following the first
route, up to now niobium has been incorporated into MCM-41
and SBA-15 structures [3-9]. However, for Si/Nb ratio 32 or 64,
in most cases Nb was located not only in the walls of
mesoporous channels, but also in the extra framework sites, as
Nb-oxides phases. Moreover, the efficiency of niobium
incorporation during the synthesis strongly depends on the
structure of the final material and it is much higher for MCM-41
[3] than for the SBA-15 [5]. The main differences in the
preparation of both mesoporous molecular sieves are the type of
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template used (ionic surfactant for MCM-41 and triblock
copolymer in case of SBA-15) and the synthesis medium (basic,
MCM-41 and acidic, SBA-15). Another parameter, which has
to be considered, is the niobium source, which also influences
the amount of metal included into the mesoporous material
[10]. The question arises if the preparation of hexagonally
ordered mesostructured solids with using of ionic surfactant as
a template but acidic medium instead of basic one can lead to
the high efficiency of Nb inclusion into the skeletal positions.
Looking for the mesostructured materials free from Nb extra
framework species we have followed Stucky’s preparation of
SBA-3 [2], introducing various Nb salts during the synthesis in
acidic media.

The aim of this study was to prepare NbSBA-3 solids
containing Si/Nb ratios between 32 and 128 (in the gel), to
characterize their textural/structural and surface properties, and
to test their activity in the gas and liquid phase oxidation of
propane (ODH process) and cyclohexene, respectively.

2. Experimental methods
2.1. Synthesis of the catalysts
All SBA-3 materials were synthesised following the

procedure reported originally by Stucky et al. [2]. Cetyl-
trimethylammonium bromide (CTAB, Aldrich) and tetraethyl
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orthosilicate (TEOS, Aldrich, 98%) were used as a surfactant
and silica source, respectively. The surfactant was mixed
with water and hydrochloric acid (37%, Prolabo). TEOS was
added dropwise to the acidic CTAB solution with stirring to
form a mixture with a molar ratio of: 1 Si0,:0.12 CTAB:9.2
HCI:130 H,0. The mixture was stirred at room temperature
(24 h) to gain homogeneous solution. The samples were
recovered by filtration, washed with a copious amount of water
and dried at 473 K for 3 h. After calcination at 823 K for 8 h in
air the mesoporous SBA-3 was finally obtained. In case of
niobium-containing samples heteroatom source (niobium(V)
chloride (Aldrich) or ammonium trisoxalate complex of
niobium (CBMM Brazil)) was dissolved in acidic medium
before adding CTAB.

The symbols of the catalysts are as follows: NbSBA-3-x(y)
where: x stands for Si/Nb ratio, y defines Nb source: (0x),
Nb(V) oxalate; (Cl), Nb(V) chloride; (Co), Nb(V) ammonium
trisoxalate complex.

2.2. Characterization techniques

2.2.1. Chemical analysis

The niobium content in the calcined NbSBA-3 samples were
determined by inductively coupled plasma emission spectro-
scopy (ICP) (AES-Flammes Perkin-Elmer M 1100) after
solubilization of the samples in H,SO4:HNO3:HCI solutions.

2.2.2. N, adsorption/desorption

The surface areas and pore volumes of the NbSBA-3 materials
were measured by nitrogen adsorption at 77 K using the
conventional technique on a Micromeritics ASAP 2010 appa-
ratus. Prior to the adsorption measurements, the samples were
degassed in vacuum at 573 K for 2 h. The specific surface area
was evaluated with the BET method, and the pore diameter from
the adsorption branch of isotherms using a corrected algorithm
(KJS-BJH) [11]. External and total surface area, mesopores and
total pore volume were calculated using ag plot method.

2.2.3. X-ray diffraction study

Powder X-ray diffraction (XRD) patterns were recorded
between 1° and 40° (20) on a Bruker (Siemens) D5005
diffractometer (Cu Ko radiation; A = 0.15418 nm) with a 0.02°
step size.

2.2.4. UV-vis spectroscopy

UV-vis spectra were obtained in a Perkin-Elmer Lambda 9
spectrometer equipped with a reflectance accessory and a
homemade sample holder containing 0.2 g solid powder.
BaSO, was used as a reference in the measurements.

2.2.5. FTIR acidity measurements

Infrared spectra were recorded with a Brucker Vector 22 FTIR
spectrometer (DTGS detector). Pyridine was used as basic probe.
The samples were pressed under low pressure, into a thin wafer
~10-15 mg cm ™2 and placed in the vacuum cell. The activation
was performed firstin a flow of O, at 723 K for 1 h. Next, O, was
evacuated at room temperature (RT). After that, the sample was

outgased at 673 K for 12 h. Pyridine was adsorbed at 373 K. The
desorption was carried out for 30 min at each of the following
temperatures: 373, 423, 473, 523, and 573 K. All spectra were
recorded at room temperature. The spectra shown in this paper
are recalculated for the same weight of the samples, 1 mg.

2.3. Catalytic tests

2.3.1. Gas phase oxidative dehydrogenation (ODH) of
propane

The reactions were carried out using a conventional fixed-
bed flow reactor (diameter 16 mm) working at atmospheric
pressure. One cubic centimetre of the catalyst was loaded into a
U-type reactor made of quartz tube and treated in flow of N,
(40 cm® min~") at 823 K for 4 h before the reaction. The
reactor was equipped with a coaxial thermocouple for catalytic
bed temperature profiling. The feed consisted of a mixture of
propane/oxygen/nitrogen with a molar ratio 7/13/80 and a total
gas flow of 17.5 cm® min ', Catalytic experiments were carried
out in the 753-823 K temperature range. In these conditions,
both external and internal diffusion limitations were absent.
The substrate and products were analyzed by Shimadzu GC-
14B gas chromatograph with FID detector equipped with three
columns: Durapak (for hydrocarbons separation), Carbowax
20 M and AT1200 (for oxygenates separation) and Delsi GC
121MB chromatograph with TCD detector using Tamis 5A (for
0,, N,, CO) and Porapak Q (for CO,, H,0O). Carbon balance
was kept within 5% or below.

2.3.2. Liquid phase oxidation of cyclohexene with H,O,

All prepared materials were tested in the oxidation of
cyclohexene with hydrogen peroxide. The reaction was
performed at 318 K in the liquid phase using acetonitrile as a
solvent. The catalytic reaction between cyclohexene and
hydrogen peroxide was carried out in a glass flask equipped
with a magnetic stirrer, a thermocouple, a reflux condenser, and a
membrane for sampling. 0.04 g of a calcined catalyst was placed
into the flask where the solvent was added. The oxidation was
conducted simply by efficient stirring of a mixture of a solvent
and a catalyst at 318 K. After stirring for 15 min, cyclohexene
(2 mmol) was added, followed by the dropwise addition of
~34% hydrogen peroxide (2 mmol). The first analysis was done
after 30 min from the beginning of the reaction. Samples were
taken at regular time intervals and analyzed by a gas
chromatograph GC 8000 Top equipped with a capillary column
of DB-1, operated with a heating program: 333 K for 15 min,
ramp 10 K min~" to 353 K (kept for 13 min), attached to a FID.

3. Results
3.1. Characterization of the catalysts

The composition of the materials indicated as assumed and
real atomic Si/Nb ratios is shown in Table 1. This table contains
also the data from our previous papers [3,5] concerning
NbSBA-15 and NbMCM-41 samples. The isomorphous
substitution of silicon in SBA-3 with niobium strongly depends
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Table 1

Catalysts, their compositions and number of LAS

Catalysts® Assumed atomic ratio Si/Nb Real atomic ratio Si/Nb Number of LAS (x10'7)° References
NbSBA-3-32(Co)° 32 113 - This work
NbSBA-3-32(Cl)¢ 32 24 222 This work
NbSBA-3-64(Cl)* 64 52 181 This work
NbSBA-3-128(C)¢ 128 107 93 This work
NbSBA-15-32(0x)® 32 73 41 [5]
NbSBA-15-128(0x)® 128 207 170 [5]
NbMCM-41-32(0x)* 32 26 158 [3]

? The last number in catalyst symbols denotes Si/Nb assumed ratio.

® Number of LAS calculated per 1 g of the catalyst from IR bands obtained after pyridine adsorption and desorption at 373 K (g1450 ~ 1.5 pumol’1 [12]).

¢ Nb(V) ammonium trisoxalate complex.
4 Nb(V) chloride.
¢ Nb(V) oxalate.

on the metal source, as evidenced from the data in Table 1 (see
the difference in Si/Nb assumed and real ratios). The use of
Nb(V) chloride allows the introduction of a little higher amount
of niobium in relation to silicon than assumed one. A similar
phenomenon has been also found in the preparation of other
metal containing mesostructured solids, e.g. NbMCM-41 with
rather high content of metal [3] or CoOMCM-41 [13]. Much
lower Si/Nb ratios in NbSBA-3(Cl) and NbMCM-41-32(ox)
than in the gels indicates that not all of siliceous atoms used in
the synthesis are located in the final samples. However, contrary
to NbMCM-41 materials (Si/Nb =32 or 64), all NbSBA-3
samples prepared within this work are free from the extra
framework niobium-oxide phases. XRD patterns in a high-
angle range do not show any crystalline phase in case of all
NbSBA-3 samples suggesting the location of niobium only in
the walls of mesoporous materials.

The other characteristic is noted in the case of NbSBA-3-
32(Co) prepared from ammonium trisoxalate complex used as
Nb source. The real Si/Nb ratio is much higher than that in the
gel, indicating that only a part of niobium atoms are included
into the walls (no extra framework Nb species was detected by
XRD). Interestingly, a similar feature was found earlier in
NbSBA-15-32(ox) and NbSBA-15-128(ox) synthesized in the
presence of niobium oxalate as Nb source [5]. However, in this
case extra framework Nb,Os phase was estimated from the
XRD patterns. These results suggest that bulky molecules of
niobium oxalate or ammonium trisoxalate complex do not easy
substitute silicon when the synthesis is performed in acidic
medium. Under an alkaline conditions used in the preparation
of NbMCM-41-32(ox) much higher isomorphous substitution
of silicon by niobium occurs.

3.2. X-ray diffraction and low-temperature nitrogen
adsorption

The textural properties of NbSBA-3 materials were estimated
on the basis of low-angle XRD patterns (Fig. 1A) and N,
adsorption/desorption isotherms (Fig. 1B). The data are
summarized in Table 2. All the NbSBA-3 solids exhibit a well
ordered 2d hexagonal mesoporous structure typical of SBA-3
materials deduced from XRD peaks. N, adsorption/desorption
isotherms are shown in Fig. 1B for the samples prepared from Nb

ammonium trisoxalate complex (isotherm a) and Nb chloride
(isotherm b) exhibiting Si/Nb = 32 assumed ratio. They are of
type IV according to the IUPAC classification. Only the first
material shows a small hysteresis loop, whereas the second one,
as well as all other samples (not shown in the figure) prepared
from Nb chloride, do not show any hysteresis loop. As the relative
pressure increases to c.a. p/py = 0.15 all isotherms show a sharp
step characteristic of capillary condensation of nitrogen within
uniform mesopores. Uniformity of mesopores is well visible in
pore size distribution (PSD) curves (Fig. 1C) which are almost
the same for all NbSBA-3 samples. The other textural parameters
differ more or less depending on the Nb content and Nb source
used in the synthesis. In case of NbSBA-3 samples prepared from
niobium(V) chloride BET surface area as well as external and
total surface area calculated from ag plots, mesopores and total
pore volume, and d; ( ( values increase with the decrease of Nb
content in the material (from Si/Nb = 32-128 as assumed). All
these parameters are slightly higher when the material is synth-
esized in the presence of Nb ammonium trisoxalate complex.

3.3. Metal location

UV-vis spectra (Fig. 2) allow the estimation of niobium
tetrahedrally coordinated and linked to a silica surface (a band
at c.a. 220 nm) and octahedral Nb,Os giving rise to a band at
c.a. 330 nm (Fig. 2 a) [5,14]. The UV band at c.a. 220 nm is
well distinguished in case of both samples exhibiting assumed
Si/Nb = 32 (Fig. 2b and c). It is shifted to the lower wavelength
when the Si/Nb is much higher (less niobium species). Only
NbSBA-3-32(CI) shows the tail at a higher wavelength (Fig. 2
b) which could cover the small band due to Nb,Os5 species (if
any). However, the presented UV-vis spectra do not show
clearly the presence of extra framework Nb,Os phase. For
comparison UV—vis spectrum of Nb,Os is included. Moreover,
NbSBA-3-32(Co) shows the lack of the mentioned earlier tail
indicating that the only position for Nb is its location linked to a
silica surface and tetrahedrally coordinated.

3.4. Acidity measurements

Pyridine adsorption on the catalyst surfaces followed by
FTIR measurements give an informative data concerning
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Fig. 1. (A) XRD patterns of calcined SBA-3 materials: (a) SISBA-3, (b) NbSBA-3-32(Co), (c) NbSBA-3-32(Cl); (B) low temperature nitrogen adsorption/desorption
isotherms: (a) NbSBA-3-32(Co), (b) NbSBA-3-32(Cl); (C) pore size distribution.

acidity of the solids. Using this method one can estimate the  band is related to the number of LAS taking into account that
nature of acidic centres (Brgnsted or Lewis) and their €1as0 ~ 1.5 wmol ™' [12]. The FTIR studies of pyridine
concentration. Pyridine (pK}, 8.8) interacts with Lewis acid adsorbed at 373 K followed by 30 min desorption at the same
sites (LAS) giving rise to characteristic IR bands at ~1610 (vg, temperature allow us to estimate Lewis acidity of the catalysts.
mode) and ~1445 cm ™! (v19p mode). The intensity of the v;qy Fig. 3 compares chemisorption of pyridine on NbSBA-3

Table 2

The textural properties of NbSBA-3 materials

Catalysts Surface area (m2 g’]) Vineso (cm3 g’l)b Viot (cm3 gfl)b PD (nm) dy oo (nm)
BET* Sext” Siot”

NbSBA-3-32(Co) 1139 107 1097 0.552 0.708 2.88 3.19

NbSBA-3-32(Cl) 1050 55 992 0.524 0.602 2.87 3.11

NbSBA-3-64(Cl) 1087 66 1093 0.541 0.648 2.86 3.12

NbSBA-3-128(Cl) 1137 75 1094 0.558 0.673 2.86 3.13

# Calculated in the range p/py = 0.05-0.15.
® Calculated using ag plot method.
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Fig. 2. UV-vis spectra of: (a) Nb,Os, (b) NbSBA-3-32(Cl), (c) NbSBA-3-
32(Co), (d) NbSBA-3-64(Cl), and (e) NbSBA-3-128(Cl).

samples with various niobium contents. The stability of
chemisorbed pyridine can be referred to the strength of Lewis
acid sites and can be estimated on the basis of FTIR spectra
after evacuation at various temperatures. It is clearly evidenced
that the higher niobium contents, the higher strength of Lewis
acid sites. The infrared band due to pyridine coordinative
bonded to Lewis acid sites diminishes at a lower evacuation
temperature when the concentration of niobium is low (Si/
Nb = 128), Fig. 3C. The growth of Nb content causes the
stronger interaction with pyridine resulting in the higher
temperature necessary for its desorption.

It is worthy of notice that no bands from pyridine adsorbed
on Brgnsted acid sites (lack of the bands at 1640 and
1546 cm™") are detected indicating the presence of only one
type of acidity Lewis one. The bands at ~1575 cm ™' origin
from weak Lewis-bounded pyridine whereas those at 1445 and
1596 cm™!' characterize hydrogen-bounded pyridine. Taking
into account an extinction coefficient (1450~ 1.5 meol_1
[12]) for an IR band at ~1450 cm ! one can calculate the
number of Lewis acid sites (LAS) (Table 1). The decrease of Nb
species results in the decrease of LAS. There is linear
relationship between the real Si/Nb atomic ratio and the number
of LAS in NbSBA-3 (Fig. 4). This phenomenon is not true in the
case of NbSBA-15 [5] in which a part of Nb species occupies
extra framework positions and this material contains also
micropores, which can limit the interaction of pyridine with
active species. Moreover, the presence of Nb extra framework
species in NbSBA-15 disturbs pyridine adsorption on the active
centres and therefore interferences the final value of pyridine
adsorption. One cannot distinguish pyridine adsorbed on Nb
framework species and that on extra framework one.

3.5. Catalytic tests

3.5.1. Catalytic activity in oxidative dehydrogenation of
propane

Catalytic data for propane ODH on NbSBA-3 samples and
the results from our earlier studies on NbMCM-41 and NbSBA-
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Fig. 3. FTIR spectra recalculated to 1 mg of the materials: (A) NbSBA-3-
32(Cl); (B) NbSBA-3-64(Cl); (C) NbSBA-3-128(Cl) after adsorption of pyr-
idine at 373 K (a) and desorption at 373 K (b); 423 K (c); 473 K (d); 523 K (e);
573 K (f).

15 are shown in Table 3. The results are compared for
approximately 6% propane conversion reached at various
temperatures (753—-848 K) depending on the catalysts. The
stability of the reaction is obtained after c.a. 1 h time on stream.
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Fig. 4. Relationship between Lewis acidity and real atomic ratio Si/Nb
(1450 ~ 1.5 wmol ' [12]).

Propene, CO, CO,, and slightly amounts of other hydrocarbons
denoted C,H, were registered in the reaction products. The
main product for all Nb-containing materials is propene
(resulted from oxidative dehydrogenation process). However,
SiSBA-3 material exhibiting high activity converts propane
with a high selectivity to CO, indicating that the totally
combustion of hydrocarbons mainly occurs. Therefore, there is
no doubt that niobium species is responsible for the selectivity
in the ODH reaction.

The highest selectivity to propene (>80%) was reached on
the following samples NbSBA-3-64(Cl), NbSBA-3-128(Cl),
NbSBA-15-128(ox). However, in the latter case the activity is
lower because for obtaining ~6% conversion of propane the
reaction temperature had to be much higher (803 K instead of
773 K for NbSBA-3 samples). Thus, it is clear that NbSBA-3
materials prepared with using niobium(V) chloride as Nb
precursor appears as the most attractive catalysts for the
propane ODH process among all other Nb-containing
mesostructured solids which have been applied for this reaction
up to now. Considering selectivity to propene obtained on
NbSBA-3(Cl) materials one can conclude that the decrease of
Nb species enhances the production of C3;Hg. The same
phenomenon was found in case of NbMCM-41 samples [3].

It is interesting to notice that two NbSBA-3 materials
prepared with using various Nb sources (NbSBA-3-32(Co) and

NbSBA-3-128(Cl)) and exhibiting similar Si/Nb real ratios
(113 and 107, respectively) show various activity and propene
selectivity. The most active and selective catalyst is that
prepared from Nb(V) chloride and containing the lowest
number of Nb species (i.e. NbSBA-3-128(Cl)). This observa-
tion clearly indicates the role of niobium source in the
formation of active mesostructured catalysts.

Taking into account the propane conversion at the same
reaction temperature on mesoporous molecular sieves prepared
in this work and those published elsewhere [3,5] and containing
assumed Si/Nb = 32 and 128 ratios one can consider the role of
the synthesis conditions on the activity of final materials
(Table 4). There is no doubt that NbSBA-3 type solids prepared
in acidic medium from niobium(V) chloride present the highest
activity. The other material synthesised at the same conditions
but with the use of Nb(V) ammonium trisoxalate complex
instead of chloride (hexagonal p6m NbSBA-3-32(Co)) is also
active, even more than micro-mesoporous structured NbSBA-
15 prepared also in acidic medium or 2d hexagonal p6m
NbMCM-41 sample synthesized in basic medium. One should
remember, that both NbSBA-15 and NbMCM-41 contained
niobium extra framework species contrary to NbSBA-3 solids.
Thus, not only reaction media and a type of template used
determine the activity of final materials but also the nature (type
of anion) of metal salt used as a precursor. A comparison of
propane conversion between the samples possessing similar Si/
Nb real ratios gives rise to the following relations: NbSBA-3-
128(Cl) > NbSBA-3-32(Co); NbSBA-3-32(Cl) > NbMCM-
41-32(ox); NbSBA-3-64(Cl) > NbSBA-15-32(0x).

3.5.2. Oxidation of cyclohexene

The reaction was performed in the liquid phase and
acetonitrile as the reaction medium. Approximately thiry-four
percent of hydrogen peroxide was an oxidising agent. Usually,
when the reaction is carried out in the liquid phase, the question
arises whether it is a homogenous or heterogeneous process. This
question was answered previously by performing special
experiments [3,15]. The reaction carried out under homogenous
conditions (by dissolving of the same amount of niobium salt in
acetonitrile, than that used for the catalyst preparation) proceeds
with very low activity and high selectivity to cyclohexanediol.

The results of cyclohexene oxidation with hydrogen
peroxide on the catalysts prepared within this work and those

Table 3

Propane conversion and selectivity to propene for propane ODH (after 1 h time on stream)

Catalysts Reaction temperature (K) C3Hg conversion (%) Selectivity (%) C;Hg yield (%) References
C;3Hg co CO, C.H,

SiSBA-3 753 6.1 26.9 0 71.1 2.0 1.6 This work

NbSBA-3-32(Co) 803 6.7 79.6 32 14.2 3.0 53 This work

NbSBA-3-32(Cl) 773 6.6 774 29 17.8 1.9 5.1 This work

NbSBA-3-64(Cl) 773 6.4 823 2.5 13.2 2.0 53 This work

NbSBA-3-128(Cl) 763 6.5 86.2 1.8 10.2 1.8 5.6 This work

NbSBA-15-32(ox) 848 6.0 56.4 21.3 18.2 4.1 34 [5]

NbSBA-15-128(ox) 803 6.0 87.4 0 8.9 3.7 52 [5]

NbMCM-41-32(ox) 813 6.6 55.1 13.2 31.7 0 3.6 [3]
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Table 4
Activity for ODH of propane at 813 K (after 1 h time on steam)
Catalyst Real atomic Propane References
ratio Si/Nb conversion (%)
NbSBA-3-32(Co) 113 9.8 This work
NbSBA-3-32(Cl) 24 15.3 This work
NbSBA-3-64(Cl) 52 9.8 This work
NbSBA-3-128(Cl) 107 13.8 This work
NbSBA-15-32(ox) 73 2.8 [5]
NbSBA-15-128(ox) 207 7.4 [5]
NbMCM-41-32(ox) 26 6.6 [3]

published earlier [3,5] are summarized in Table 5. Only in the
case of NbSBA-3 materials, in which Nb is located in the
skeleton of the samples with tetrahedral coordination, TOF
calculations made sense because in the case of other samples
various location and various Nb species were concluded.

Taking into consideration maximum conversion and epoxide
selectivity it is clearly seen the best performance of NbSBA-3-
32(Cl) sample. Although the number of Lewis acid sites, which
could recombine with water toward Brgnsted acid centres
(BAS), is the highest in this material, the selectivity to epoxide
is very high. It is known [15] that the presence of BAS causes
the ring opening in epoxide and transforms this product into
diols. However, the reaction curves plotted in Fig. 5 indicates
that the decrease of epoxide selectivity with the reaction time is
much slower than that for the other catalysts [3]. Thus,
considering the efficiency of the epoxidation process one
should propose NbSBA-3-32(CI) catalyst as the most attractive
one. Another point is the activity of the catalysts calculated per
number of active centres (TOF, turnover frequency). In other
words, the consideration of activity of single niobium species is
also important in the discussion of the reaction pathways,
optimisation of the catalysts, etc. Taking into account the
samples prepared from NbCls the TOF number increases with
the decrease of Nb atoms in the solid. It means that the higher
isolation of Nb species improve the efficiency of cyclohexene
oxidation. One should remember that the high concentration of
metal species could lead to the fast decomposition of H,O, [16]
not desired for the effective reaction between hydrogen
peroxide and cyclohexene.

Interestingly, NbSBA-3-32(Co) exhibits almost twice higher
TOF than that for NbSBA-3-128(Cl) in spite of the comparable

number of Nb species. This phenomenon stresses the role of
oxalate ions in the formation of oxidative active niobium
species. Previously, in case of MCM-41 materials, it was
indicated that niobium oxalate used in the synthesis is
responsible for the formation of defect holes, which play a
crucial role in the oxidative activity of the catalyst [3]. These
defects were registered by TEM, but only in case of high
concentration of Nb (NbMCM-41-32). In the case of this work,
a low concentration of Nb species in the final material does not
allow the detection of holes in TEM images. However, a small
hysteresis loop observed in the N, adsorption/desorption
isotherm of NbSBA-3-32(Co) (Fig. 1B) could suggest the
presence of a small amount of defect holes.

4. Discussion

Basing on our earlier experiences [3—5] in the preparation of
niobium-containing mesostructured catalysts addressed to the
gas and liquid phase oxidation processes we have looked for the
materials possessing the uniform type of niobium species,
which could allow us to correlate the activity and selectivity
with well defined location of metal and number of active
centres. For that purpose we have followed Stucky et al. [2]
procedure in the preparation of 2d hexagonal p6m mesoporous
structure denoted SBA-3, which is an analogue to MCM-41
materials. The difference in the preparation of both materials
consists in the use of various media. Acidic one replaces basic
media used in MCM-41 preparation. The results shown in this
paper indicate that the use of acidic medium in the synthesis of
NbSBA-3 materials increases the efficiency of niobium
introduction into the final material, and moreover, what is
even more important, the location of Nb species in the walls of
the solid. XRD as well as UV-vis spectra did not indicate the
presence of niobium species in the extra framework positions. It
is true for all NbSBA-3 samples independent of the Nb source
used in the synthesis. This feature has an important impact on
the catalytic activity. Contrary to the other niobosilicate
mesoporous solids, in case of NbSBA-3 materials the diffusion
in pores does not limit the liquid phase reaction rate because the
channels are free from extra framework phases. Thus, the
activity and selectivity can be easier related to the number of Nb
species in the walls, Lewis acidity and texture/structure
parameters. Because of the homogeneity of Nb species in

Table 5

Results of cyclohexene oxidation at 318 K after 40 h

Catalysts Maximum conversion (%) Selectivity (%) TOF (mol atm™ ' s~ 1) References
Epoxide Diol Others

SiSBA-3 10.3 7.8 70.7 21.5 - This work

NbSBA-3-32(Co) 72.5 55.8 44.2 0 20.98 x 1074 This work

NbSBA-3-32(Cl) 81.6 70.2 29.8 0 4.68 x 1074 This work

NbSBA-3-64(Cl) 53.3 50.4 49.6 0 7.41 x 107 This work

NbSBA-3-128(Cl) 45.4 45.0 55.0 0 11.53 x 1074 This work

NbSBA-15-32(ox) 33.5 35.5 64.5 0 - [5]

NbSBA-15-128(ox) 16.3 31.8 68.2 0 - [5]

NbMCM-41-32(0x) 75.5 57.6 24.1 18.4 - [3]
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Fig. 5. Activity of the catalysts in the oxidation of cyclohexene with hydrogen
peroxide (A) and selectivity to epoxide (B), and diol (C).

these materials, one can correlate the activity and selectivity
with the number, strength of active sites, as well as the isolation
of Nb species.

The highest strength of niobium species which play a role of
Lewis acid sites, determined from pyridine adsorption followed
by FTIR spectroscopy measurements (Fig. 3), was observed for

NbSBA-3-32(Cl) containing the highest number of niobium
species. The propene selectivity in propane ODH process
changes in a way different than the estimated acidity showing
that for this reaction much important feature is isolation of
metal active species. Therefore, due to the location of Nb only
inside the walls and the lack of Nb-oxide extra framework
species, NbSBA-3 materials are much more attractive for
oxidative dehydrogenation of propane than the other NbMCM-
41 and NbSBA-15 solids applied up to now in this reaction
[3,5]. The presence of extra framework niobium species in the
latter materials causes the increase of propane transformation to
CO and CO,. The comparison of the ODH results for all three
types of mesostructured materials (NbSBA-3, NbMCM-41 and
NbSBA-15) (Table 3) and taking into account the defined
textural/structural parameters, one can evidence that niobium
tetrahedrally coordinated and connected with siliceous-oxygen
species in the walls is responsible for the oxidative
dehydrogenation of propane towards propene, whereas
niobio-oxide species located in the extra framework sites are
responsible for the oxidation of hydrocarbons towards CO and
CO,.

The other interesting founding from this work is the
estimation of a role of niobium precursor in the generation of
active species. It is very probable that bulky Nb-precursor
molecules (like ammonium trisoxalate complex used for
NbSBA-3 or oxalate salt applied in the synthesis of
NbMCM-41 materials) cause the formation of defect holes
in the final materials. This action seems to be more evidence
when the synthesis occurs in the basic media. The role of defect
holes in the oxidative activity of NbMCM-41 was discussed
elsewhere [3].

The preparation of NbSBA-3 free from extra framework
niobium species allows the consideration of TOF number for
the activity in cyclohexene epoxidation. The obtained results
(Table 5) allow us to correlate the activity in this reaction not
only with the diffusion efficiency as it was shown in [3] but also
with the isolation of active metal species. This isolation avoids
too fast decomposition of oxidative agent (H,O,) and due to
that makes the epoxidation reaction more effective in relation to
the single active centre.

The results presented in this paper show the significant
activity of SiSBA-3 material (without niobium) in both oxidation
processes. This feature is on line with the literature data [17-19]
indicating oxidizing properties of dehydroxylated silica. Silica
activity is related to the surface defects (reduced sites) important
for the generation of active oxygen species, which initiates the
radical reactions [17] or to the formation of SiOO™Si species
involved in the radical type catalytic oxidation [18,19]. Thus,
the activity of SiSBA-3 in the cyclohexene oxidation with
H,0, confirms our earlier suggestion [15] that the radical
reaction pathway takes place in case of the use of mesostructured
solid catalysts for this process. Very high activity of SiSBA-3
in the propane oxidation (Table 3, reaction temperature 753 K
for 6.1% conversion) is accompanied by high selectivity to
CO, (the total combustion product). The presence of niobium in
SBA-3 material is necessary for steering the reaction toward
propene.
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5. Conclusions

To the best of our knowledge, this is the first report on the
preparation of Nb-Si-mesostructured solids (NbSBA-3) with-
out extra framework Nb-oxide phases located in the
mesoporous tubes or outside the walls and their successful
application in the gas and liquid phase oxidation. XRD, UV-vis
and IR studies allow us to conclude the isomorphous sub-
stitution of Si with Nb and the presence of homogeneous Nb
species inside the walls. Nb(V) chloride used in the synthesis of
NbSBA-3 gave rise to a higher Nb content in the final material
than the use of Nb ammonium trisoxalate complex. All
NbSBA-3 materials prepared in this work are very attractive
catalysts in both oxidative dehydrogenation of propane and
epoxidation of cyclohexene. Some of them are more effective in
both processes than the corresponding NbMCM-41 and
NbSBA-15 catalysts.
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