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a  b  s  t  r  a  c  t

Two  V-SBA-15  and  V-MCF  materials  (containing  about  2.5  wt.%  vanadium)  were  prepared  by  direct
synthesis  and  tested  as  catalysts  in  the  decomposition  of the  most  stable  chlorinated-alkane,
dichloromethane  (a total  oxidation  reaction)  and  in  the  oxidative  dehydrogenation  (ODH)  of  propane
(a partial  oxidation  reaction).  Comparison  was  made  with:  (i) two  V-SBA-15  and  V-MCF  materials  pre-
pared by  “traditional”  impregnation  method  and  (ii)  a non-porous  V-SiO2 catalyst  prepared  by flame
pyrolysis.  All  catalysts  tested  had  a  vanadium  content  of  about  2.5  wt.%.  Samples  properties  were  inves-
tigated  by  means  of complementary  techniques  (TEM,  IR  and  DR  UV–vis  spectroscopies,  N2 sorption
at  −196 ◦C)  in  order  to find  possible  correlations  between  catalytic  properties  of the  studied  materials
-SBA-15
-MCF
irect synthesis
ichloromethane decomposition
ropane ODH

and  their  different  physico-chemical  features.  It is  shown  that  direct  synthesis  allows  a better  vanadium
dispersion  to  be  achieved,  a feature  that  positively  affects  catalytic  performances  in  both  total  and  par-
tial oxidations.  The  different  porous  networks  of  the  SBA-15  and  MCF  supports  also  play  an  important
role  on  catalytic  activity:  both  V-SBA-15  samples  gave  better  results  in  dichloromethane  decomposition,
whereas  both  V-MCF  samples  were  more  selective  in propane  ODH.  The  latter  findings  are  ascribed  to

ion  a
different  molecules  diffus

. Introduction

Vanadium-based catalysts are an important class of materials
ffective in many oxidation reactions, which can be kinetically
odelled according to a Mars–van Krevelen (MvK) mechanism

ased on reduction and subsequent re-oxidation of vanadium
1–3].  Vanadium oxides (VOx) are used in several industrial
rocesses, such as sulphuric acid production, oxidation of o-
ylene to phthalic anhydride, ammoxidation of alkyl aromatics
o aromatic nitriles and selective reduction (SCR) of NOx with
mmonia [4].  Many other reactions may  also occur over V-
ased systems, including dichloromethane oxidation (a probe
eaction for chlorinated volatile organic compounds decompo-
ition) [5],  methanol oxidation, carbon monoxide oxidation and
artial oxidation of hydrocarbons [6]. Furthermore, supported
Ox are well known to be both active and selective catalysts
n the oxidative dehydrogenation (ODH) of light alkanes, basi-
ally ethane and propane [7].  The latter reaction would offer an
ttractive alternative route to olefins (e.g. propene), because the

∗ Corresponding author. Tel.: +39 011 5644719; fax: +39 011 5644699.
E-mail address: barbara.bonelli@polito.it (B. Bonelli).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.06.028
nd  residence  time  inside  the  channels  of  either  SBA-15  or  MCF  networks.
© 2011 Elsevier B.V. All rights reserved.

overall reaction pathway is exothermic and the thermodynamic
constraints of non-oxidative routes are overcome [8,9]. On the
other hand, the need for olefins is progressively growing, espe-
cially as far as propene is concerned, leading to the necessity of
alternative production processes [7–9]. V-based catalysts mostly
consist of a VOx phase deposited on oxide supports, like SiO2,
Al2O3, TiO2 and ZrO2 [4].  The support itself is known to play
an important role during catalytic reactions, since it affects not
only the dispersion of the active phase, but also the nature of
active centres (i.e. reactivity, acidity, accessibility, etc.) as well
as mass/heat transfer phenomena [5,6,8–10]. After the discov-
ery of ordered mesoporous materials with large surface area
and wide pores in the early 1990s, an important research line
has concerned the widening of pores in the mesoporous range,
in order to favour both active phase dispersion and molecu-
lar diffusion inside the support framework [11]. In this respect,
SBA-15 and MCF  (Mesocellular Foams) materials, which are char-
acterized by wide and uniform pores size, thick walls and high
surface area, allow a large concentration of accessible, isolated

and well defined vanadium active sites to be obtained [12,13].
Although V-based catalysts are usually prepared by impregnation,
it has been observed that both V-SBA-15 [5,13,14] and V-MCF
[12,13] materials prepared by direct synthesis exhibit larger surface

dx.doi.org/10.1016/j.cattod.2011.06.028
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:barbara.bonelli@polito.it
dx.doi.org/10.1016/j.cattod.2011.06.028
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rea, better dispersion and reducibility of V species, and so offer
uperior catalytic performances in oxidation reactions. In the
resent paper, the effect is studied of both V dispersion (highly
ispersed VOx species versus micro-crystalline V2O5) and sup-
ort properties (surface area, structure, etc.) as it concerns both
ichloromethane conversion (i.e. total oxidation) and propane ODH
i.e. selective oxidation). Two V-SBA-15 and V-MCF mesoporous
atalysts (containing ca.  2.5 wt.% V) were prepared by direct synthe-
is; their catalytic performances and physico-chemical properties
here compared with those of other materials with similar V con-

ent, but prepared by different ways: (i) two impregnated samples
referred to as V-SBA-15-i and V-MCF-i, respectively) and (ii) a
on-porous sample obtained by flame pyrolysis (V-SiO2), a high
emperature synthesis technique allowing superior V dispersion to
e achieved [8].

. Experimental

.1. Materials preparation

Unless otherwise specified, all ACS grade reagents were from
igma–Aldrich S.r.l. (Milan, Italy).

V-SBA-15 sample was prepared by adding a proper amount of
-precursor during SBA-15 hydrothermal synthesis [5],  in order

o favour entrance of vanadium into silica walls. More specif-
cally, 4 g EO20PO70EO20 (Pluronic P123) and 0.227 g CTMACl
cetyltrimethylammonium chloride) were dissolved into 150 mL
ater and hydrochloric acid (2 M)  to prepare “solution I”; “solution

I” was prepared by mixing 0.14 g V2O5, 30% H2O2, and H2O (molar
atios H2O2:V:H2O = 1.7:0.06:106), and stirring at 70 ◦C until the
olution turned orange-brown. Afterwards, “solution II” and 9.1 mL
EOS (tetraethoxysilane) were added to “solution I”, then stirred at
oom temperature for 5 h; the solid was recovered by filtration,
ashed with distilled water, dried overnight and calcined at 500 ◦C

or 6 h.
V-MCF sample was obtained by a novel direct synthesis method

12] by controlling the pH during the synthesis, otherwise V incor-
oration inside silica does not occur: 4.0 g Pluronic P123 and 2.0 g
MB  (1,3,5-trimethylbenzene) were dissolved in 30 mL  water and
tirred at room temperature for 5 h. Afterwards, 9.0 g TEOS and
.18 g NH4VO3 (ammonium metavanadate) were added to the solu-
ion. A 0.20 M HCl aqueous solution was then added drop-wise to
he mixture until pH reached a value close to 3.0. After stirring
t 40 ◦C for 24 h at constant pH, the solution was transferred into a
eflon autoclave and aged at 100 ◦C for 24 h. The obtained solid was
ltered off, washed with bi-distilled water and dried overnight at
00 ◦C under static conditions. Finally, the occluded organic phase
as removed by 5 h calcination at 600 ◦C in air.

For comparison, two samples with similar V-contents (V-SBA-
5-i and V-MCF-i) were synthesized by impregnation with NH4VO3
queous solution of SBA-15 and MCF  supports, respectively, fol-
owed by drying and calcination at 600 ◦C. Impregnation was
arried out in water, although better vanadium dispersion may  be
btained with alcohols [15], in order to use the same solvent as the
irect synthesis procedure.

A non-porous catalyst (V-SiO2) was prepared by flame pyrolysis
ethod [8].  Further detailed description of the synthesis pro-

edures and of the effect of the main operating parameters on
atalysts properties can be found in Refs. [5,8,12].

.2. Materials characterization
V-content was determined by energy dispersive X-ray spec-
roscopy (EDS) analysis onto 10–50 nm diameter spots (Oxford
353 probe on a LEO 1450 VP microscope).
ay 179 (2012) 140– 148 141

BET (Brunauer–Emmett–Teller) specific surface area (SBET) was
measured by N2 adsorption/desorption isotherms at −196 ◦C on
ca. 30 mg  sample previously outgassed at 150 ◦C for 5 h in order
to remove molecular water and other atmospheric contaminants
(Quantachrome Autosorb 1). Pores size distributions (PSDs) were
evaluated by either applying the Barrett–Joyner–Halenda (BJH)
algorithm to isotherms desorption branch (SBA-15 materials) or
according to the modified Broekhoff de Boer (BdB) method by using
the Hill’s approximation for the adsorbed layer thickness (MCF
materials) [16].

Samples morphology was  investigated by Transmission Electron
Microscopy (TEM, JEM 2011 operating at 200 kV).

For H2-TPR (Temperature Programmed Reduction) experi-
ments, ca. 100 mg  sample was  placed inside a quartz micro-reactor,
then contacted with the reducing flowing gas (5% molar H2 in
Ar, 40 mL  min−1) and heated in the 20–1000 ◦C temperature range
(heating rate: 10 ◦C min−1), while recording H2 consumption by
using a TCD (Thermal Conductivity Detector); a gas condenser oper-
ated at −196 ◦C and placed prior the TCD was used to remove the
water possibly formed during reduction.

For infra-red (IR) measurements in the low wavenumbers range,
powder samples were mixed with optical-grade KBr and Fourier
Transform IR (FT-IR) spectra were collected at 2 cm−1 resolution
on a Bruker Equinox 55 FT-IR spectrophotometer, equipped with a
MCT  detector.

Diffuse reflectance (DR) UV–vis spectra were recorded on
ca. 200–300 mg  powder samples pre-outgassed for 2 h at 300 ◦C
(CARY-500 UV–vis–NIR spectrophotometer equipped with an inte-
grating sphere, Varian Instrument).

2.3. Catalytic activity tests

2.3.1. Dichloromethane decomposition
Catalytic tests were carried out in a continuous quartz tubu-

lar reactor (7 mm i.d.) heated by an electric furnace [13]. In a
typical experiment, ca. 70 mg  sample was activated at 500 ◦C for
1 h in air (41 mL  min−1) before each run. The gas flow was then
switched from air to the reactive mixture (1000 ppm CH2Cl2 in
air, VVH = 21,000 h−1) and catalytic activity was  measured in the
200–500 ◦C temperature range. The outlet gas composition was
analyzed by an on-line gas chromatograph (PERICHROM, PR 2100)
with two detection lines: (i) that for analysis of organic compounds
was  equipped with a capillary column and a flame ionization detec-
tor (FID); (ii) that for COx detection was  equipped with a succession
of a Porapak-Q (for back-flush) and a MS-5A columns, and a ther-
mal  conductivity detector (TCD). Dichloromethane conversion (%)
was calculated as moles of CH2Cl2 converted over moles of CH2Cl2
fed. The selectivity to each ith product was calculated as the ratio
between moles of produced ith species and moles of converted
CH2Cl2, normalized to the respective stoichiometric coefficients.

2.3.2. Oxidative dehydrogenation of propane
ODH catalytic tests were carried out in a continuous U-type

quartz reactor (10 mm i.d.). Prior to each run, ca. 0.1 g catalyst was
activated for 1 h in He (30 mL  min−1) at 550 ◦C (2 ◦C min−1), after-
wards temperature was  decreased to 375 ◦C. The composition of
reactants mixture was  as follows: 6.6% C3H8 and 2.3% O2 in He; total
flow rate 15 mL  min−1. After the reaction mixture was contacted to
the catalyst at 375 ◦C, temperature was increased stepwise up to
550◦ (25 ◦C per step) and maintained constant for 1 h at each reac-
tion step. The outlet gas composition was  analyzed by means of
a Varian 4900 �-GC (Micro Gas-Chromatograph) using three dif-

ferent columns (5A molecular sieve, Poraplot-Q and CPSil-5) for
complete detection of the effluent products. Carbon and oxygen
balances were found to be 100 ± 2%. The propane conversion lev-
els were estimated on the basis of the disappearance of propane:
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Table 1
Catalytic data of dichloromethane decomposition, as measured with V-containing
catalysts at 500 ◦C (time on stream = 10 min).

Sample CH2Cl2 conversion (%) CO2 selectivitya (%)

V-SBA-15 68 95
V-SBA-15-i 31 48
V-MCF 52 75
V-MCF-i 23 45
V-SiO2 43 65

a CO2 was  the only product measured in aerobic conditions with the adopted
experimental set up; the “missing products” could involve coke and/or adsorbed
c
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ferences of both vanadium content and amount of sample used for
ompounds.

 C3H8 (%) = (([C3H8]inlet − [C3H8]outlet)/[C3H8]inlet) × 100, where X
3H8, [C3H8]inlet and [C3H8]outlet are the conversion of propane and
he propane concentrations measured at the inlet and the outlet of
he reactor, respectively. The selectivity in propene was calculated
s SAi (%) = (ni [Ai]/(�ni [Ai]) × 100), where ni, [Ai], and SAi are the
umber of carbon atoms and the concentration in the Ai product,
nd the selectivity in the Ai product, respectively.

A blank experiment was run with quartz wool in the reactor,
n order to test thermal ODH: propane conversion was  0.4% at
00 ◦C and increased to 2.6% at 550 ◦C. In the same temperature

nterval, the highest selectivity to propene was reached at 550 ◦C
nd was, however, limited to 13%, the main products being COx.
bove 500 ◦C, traces of methane and ethane were observed, due to
ropane cracking.

. Results and discussion

.1. Catalytic activity towards CH2Cl2 oxidative decomposition

Fig. 1a and b reports the catalytic activity for the oxidative
ecomposition of dichloromethane in the 200–500 ◦C temperature
ange and Table 1 summarizes the values of both CH2Cl2 conversion
nd selectivity to CO2 as obtained at 500 ◦C. Both SBA-15 and MCF
ure silicas tested as blanks did not show any catalytic activity.
ll V-containing catalysts exhibited stable CH2Cl2 conversions in

he explored temperatures range (time on stream = 2 h) and almost
onstant selectivity. After reaction, the samples were reactivated at
00 ◦C and several reaction-cycles were performed: catalysts gave
ighly reproducible performances. In fair agreement with literature
17,18], by-products were mainly HCl, the most thermodynami-
ally favoured compound at high temperature and Cl2, the latter
nly at low temperatures. As expected, with all catalysts conversion
ncreases with increasing reaction temperature. However, differ-
nt conversion trends were observed: (i) above 350 ◦C, the two
ost active catalysts are V-SBA-15 and V-MCF, with conversions at

00 ◦C that are approximately twice as much those of V-SBA-15-i
nd V-MCF-i, respectively (Table 1). Furthermore, samples obtained
y direct synthesis showed higher activity than impregnated ones;
ii) above 400 ◦C, the non-porous V-SiO2 sample (with V species
ighly dispersed and incorporated into the silica framework [8])
xhibited higher conversions than samples obtained by impreg-
ation; (iii) below 350 ◦C, both V-SBA-15-i and V-MCF-i provided
lightly higher conversions. Such different catalytic behaviour has
o be ascribed to both different vanadium dispersion, depending
n the synthesis procedure, and different support features. More-
ver, it is noteworthy that above 350 ◦C V-SBA-15 yielded higher
onversions than V-MCF and, similarly, higher performances were
chieved with V-SBA-15-i with respect to V-MCF-i. The latter find-

ng is likely due to different diffusion phenomena occurring inside
he different porous structure of the two materials, as discussed
elow.
day 179 (2012) 140– 148

3.2. Catalytic activity towards propane ODH

Fig. 2a reports propane conversion in the 375–500 ◦C temper-
ature range: with all the tested catalysts, a temperature increase
led to higher propane conversion, mainly because of the additional
contribution of propane dehydrogenation. The highest propane
conversions were obtained at 500 ◦C with V-SBA-15-i, V-MCF-i and
V-SiO2 (Table 2), in which catalytically active sites are present at
external surfaces of silica particles so that mass-transfer limitations
are overcome [5,12,13]. Table 2 also gathers propene selectivity
in the same conditions of temperature and time on stream (after
10 min) showing that the two samples prepared by direct synthesis
were more selective at high temperature. As a whole, above 450 ◦C,
both samples obtained by direct synthesis exhibited better selectiv-
ity to propene as compared to impregnated ones and an increase of
temperature led to an increase of propene production (up to 62.0%
and 67.7% at 500 ◦C for V-SBA-15 and V-MCF, respectively).

Fig. 2b reports propene selectivity values at about 4% conversion
as obtained above 475 ◦C on the samples studied: V-MCF, V-SBA-15
and V-SiO2 catalysts are more selective than impregnated ones, as
consequence of the better V dispersion achieved by either direct
synthesis or flame-pyrolysis method [5,8,9,12,13]. It is accepted,
indeed, that isolated V species are beneficial in terms of selectivity
to propene, whereas the presence polymeric VOx groups can favour
consecutive propene combustion reactions [19]. On the other hand,
at low temperatures, consecutive oxidation of propene is more
favoured than direct activation of propane. Therefore, the highest
selectivity to propene can be obtained for systems mainly contain-
ing isolated V species and operating at high temperatures, although
radical pathways take place above 550 ◦C [21,22].

Moreover, higher selectivity to propene was obtained over V-
MCF  as compared to V-SBA-15 (a similar trend was observed with
impregnated samples). The latter results are likely related to the
different porous networks of the two  mesoporous systems. Further-
more, the non-porous sample (V-SiO2) exhibited lower selectivity
to propene, suggesting a key role of mesoporosity towards selec-
tivity. As acknowledged by literature, in this kind of processes
catalytic activity increases with V-content, but at higher V-loadings
V2O5 segregation occurs, forming inaccessible V active centres [19].
Higher catalytic activity is ascribed to the presence of vanadate
species, either isolated or polymerized up to the formation of a VOx

monolayer, whereas lower activity is usually due to the presence
of bulk V2O5 [8].  Furthermore, simulation studies revealed that
propane ODH reaction involve one-electron reduction of two V5+

centres to V4+ using one electron from each of two lattice oxygen
atoms, because this mechanism requires lower activation energy
than two-electron reduction (e.g. V5+ to V3+) [20].

As far as catalysts deactivation is concerned, after 60 min  on-
stream at 500 ◦C, all catalysts presented a slight decrease of activity
(such decline being more marked with impregnated catalysts), sug-
gesting a limited deactivation of the studied systems (details not
reported for brevity).

Table 2 shows that propene and COx were the main reaction
products formed. As expected, the increase of selectivity to propene
corresponds to a decrease of COx formation. In addition, traces of
CH4 and C2H4 were also observed at high temperatures (with minor
differences among the studied samples), whereas oxygenated com-
pounds such as acetone, propanal or acrolein were not detected in
the 400–500 ◦C temperature range. Table 2 also reports propene
yields at 500 ◦C, which are higher for impregnated samples, due
to higher conversions reached when low-polymeric VOx species
are present [8,9]. Finally, in order to take into account small dif-
the catalytic test, the production rate of propene normalized per
mol  of vanadium was calculated and reported in the last column
of Table 2: such values are larger for impregnated samples than for
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Fig. 1. Catalytic results of dichloromethane decomposition. Effect of reaction temperature on: (i) dichloromethane conversion (section a) and (ii) conversion values measured
at  500 ◦C (section b) with V-SBA-15 (�), V-SBA-15-i (©), V-MCF (�), V-MCF-i (�) and V-SiO2 (×) catalysts.
Adapted from Ref. [13].

Fig. 2. Catalytic results of propane ODH. Conversions values as a function of the reaction temperature on V-SBA-15 (�), V-SBA-15-i (©), V-MCF (�), V-MCF-i (�) and V-SiO2

(×) catalysts. Selectivity to propene (section b) at iso-conversion values (ca. 4% propane conv.) as measured at 500 ◦C.

Table 2
Catalytic data of propane ODH, as obtained at 500 ◦C after a time on stream of 10 min.

Sample C3H8 conversion (%) C3H6 selectivity (%) �CH4, C2H4, C3H4O
selectivity (%)

COx selectivity (%) C3H6 yield (%) C3H6 rate
(mmol/min mol V)

V-SBA-15 4.2 62.0 4.0 34.0 2.6 9.5
V-SBA-15-i 9.9 53.2 6.3 40.5 5.2 18.9
V-MCF 5.3 67.7 6.3 26.0 3.6 23.6
V-MCF-i 6.4 59.5 7.3 33.2 3.8 52.1
V-SiO2 6.7 50.7 6.2 43.12 3.3 –
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Fig. 4. Section (a): FT-IR spectra, in the 1500–600 cm−1 range, of samples in KBr
pellets at room temperature in air. Section (b): DR UV–vis spectra of same samples
ig. 3. H2-TPR profiles in the 400–900 ◦C temperature range of the samples studied.

amples prepared by direct synthesis, since the former gave higher
onversion and, furthermore, both V-MCF and V-MCF-i gave higher
ates, indicating that the 3D mesoporous framework of MCF  has a
eneficial effect on catalytic activity in propane ODH.

.3. Vanadium dispersion as studied by H2-TPR, IR and
R-UV–vis spectroscopies and TEM

Fig. 3 reports H2-TPR profiles in the 400–900 ◦C temperature
ange: V-SBA-15, V-MCF and V-SiO2 samples show a main peak
ith a maximum at about 560 ◦C, readily assigned to the reduction

f isolated (or at least low-polymeric) V-species. Both V-SBA-15-i
nd V-MCF-i profiles exhibit instead an additional reduction peak
t higher temperatures (in the 600–800 ◦C range), due to the pres-
nce of micro-crystalline V2O5, typically reduced above 650 ◦C
5,12].  Such assignments are in agreement with micro-Raman spec-
roscopy analysis reported elsewhere [5,8,12,13].

Fig. 4a reports the IR spectra of powder catalysts in KBr pellets
n the 1500–600 cm−1 range where vibrational modes of the solid
bsorb. The two broad bands at 1300–1100 cm−1 and 800 cm−1 are
eadily assigned to the asymmetric and symmetric stretch vibra-
ions of Si–O–Si (siloxane) groups of silica, respectively [23]. It is
oteworthy that with V-MCF, V-SBA-15 and V-SiO2 samples a weak
and appears at ca. 920 cm−1 (asterisk). Such band was previously
bserved in other V-containing silica materials (i.e. an amorphous
ilica and an all-silica zeolite incorporating V) [23,24] and it was
ssigned to the vibration of SiO4 groups strongly polarized by the
resence of framework vanadium [8].  Such band is very weak in
-MCF-i and absent in V-SBA-15-i: this confirms that a better dis-
ersion of V species inside silica walls may  be obtained if catalysts
re prepared either by direct synthesis or by flame pyrolysis.
Fig. 4b reports DR UV–vis spectra of samples dehydrated at
00 ◦C. Spectra of V-MCF, V-SBA-15 and V-SiO2 show a main band
t ca. 255 nm,  readily assigned to V5+-O charge-transfer (CT) tran-
itions of isolated V5+ species in tetrahedral coordination [5,16].
outgassed for 1 h at 300 ◦C. In both sections: V-SiO2 (curve a), V-MCF (curve b),
V-MCF-i (curve c), V-SBA-15 (curve d) and V-SBA-15-i (curve e).

With both impregnated samples, the band of isolated V5+ species
suffers a slight shift to ca. 260–270 nm,  probably due to small differ-
ences in V environments [5,12] and an additional shoulder is seen
at higher wavelengths (ca. 300–350 nm), especially with V-SBA-15-
i, due to the contemporary presence of micro-crystalline vanadia.
These results are in agreement with previous micro-Raman studies

[5,8,12,13] and with H2-TPR profiles discussed above.

A careful TEM analysis of SBA-15 and MCF  samples was carried
out and selected micrographs are reported in Fig. 5a–d. The typi-
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Fig. 5. TEM micrographs of V-SBA-15 (section a), V-SBA-15

al morphologies of the two mesoporous systems were observed:
-SBA-15 and V-SBA-15-i showed well-ordered hexagonal arrays
f mesoporous channels, whereas V-MCF and V-MCF-i showed
CF  characteristic disordered array of three-dimensional meso-

orous spherical cells. TEM images of the two samples prepared
y impregnation (Insets to Figs. 5b and 5d)  showed the occur-
ence of VOx clusters at the external surface of silica particles. As a
hole, TEM investigation of both V-SBA-15 and V-MCF (Fig. 5a and

, respectively) confirmed that a better dispersion and incorpora-
ion of vanadium into the silica framework was  achieved by direct
ynthesis.

In summary, V-SBA-15, V-MCF and V-SiO2 samples mainly show
solated V species well incorporated into silica walls, whereas

ith both V-SBA-15-i and V-MCF-i polymeric VOx groups and
icro-crystalline V2O5 [12] appear at the external surface of sil-

ca particles. These findings confirm the beneficial effect of highly
ispersed (isolated) V species in both oxidation reactions. Such

solated V sites are particularly active towards oxidative decompo-
ition of dichloromethane to CO2, especially at high temperatures,
lthough at low temperatures the stronger acidic properties of
icro-crystalline V2O5 may  have an effect on the catalytic activity,

s discussed elsewhere [5,12,13]. On the other hand, micro-
rystalline V2O5 may  interact with dichloromethane molecules,
ven at low temperatures, since mass-transfer limitations are
voided at the external surfaces of particles. Similarly, the best per-
ormances in propane ODH, in terms of selectivity to propene, were

btained with catalysts prepared either by direct synthesis or by
ame-pyrolysis, containing mainly isolated V active sites. Although
igher activity was achieved with impregnated samples, as conse-
uence of extra-framework micro-crystalline V2O5 on silica walls,
tion b), V-MCF (section c) and V-MCF-i (section d) samples.

these catalysts led to a smaller amount of propene in the prod-
ucts as measured at 4% propane iso-conversion. For both oxidation
reactions, the catalytic performances of the V-SiO2 sample were
worse than those of V-MCF and V-SBA-15, although V-SiO2 shows
V species highly dispersed into the silica framework. This effect is
probably related to the lower surface area of V-SiO2 (40 m2 g−1) as
compared to the other mesoporous samples.

3.4. Effect of the support properties on the catalytic activity and
on vanadium dispersion

Fig. 6a and b reports N2 isotherms measured at −196 ◦C on meso-
porous catalysts obtained by direct synthesis and impregnation,
respectively. V-MCF shows type IV isotherms with H2 hystere-
sis loops closing at about 0.45 P/P0, due to the empting of either
“ink-bottle” mesopores or “closed cell” foams interconnected by
windows and suggesting the co-presence of both MCF  and MLV
phases [12]. Similarly, V-SBA-15 exhibits type IV isotherms with
H1 hysteresis loops, typical of SBA-15 systems and a sharp increase
in the 0.4–0.5 P/P0 range corresponding to capillary condensa-
tion within mesopores. It is noteworthy that samples prepared
by direct synthesis exhibited significantly larger BET specific sur-
face areas as compared to impregnated ones (Table 3) in which
extra-framework VOx species occur, partially occluding the overall
accessible porosity. Zukal et al. [25] clearly demonstrated that the
grafting of alumina on SBA-15 brings about a gradual filling of the

corona surrounding the mesopores, with a consequent smoothing
of mesopores surface, and a decrease of both, mesopores and exter-
nal surface areas. Although in the present paper we did not carry
out such a detailed porosity characterization as in Ref. [25], where
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Table 3
Textural properties of the prepared samples as derived from both EDS analysis and N2 isotherms at −196 ◦C.

Sample V-contenta (wt.%) Synthesis method SBET (m2 g−1) D (nm) V-density (VOx nm−2)

V-SBA-15 2.4 Direct synthesis 820 3.5b 0.35e

V-SBA-15-i 2.8 Impregnation 530 3.5b 0.63e

V-MCF 2.6 Direct synthesis 925 16c; 6d 0.33e

V-MCF-i 2.5 Impregnation 645 23c; 12d 0.46e

V-SiO2 3.0 Flame pyrolysis 40 – (8.89)e; 0.44f

a As measured by EDS analysis.
b Mesopores diameter as calculated according to the BJH method from isotherms desorption branch.
c Cells diameter as determined from adsorption branches of N2 isotherms (BdB-FHH method).
d Windows diameter as determined from desorption branches of N2 isotherms (BdB-FHH method).
e Vanadium dispersion as calculated by considering the vanadium content measured by EDS and the SBET.
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r
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f Vanadium dispersion at the surface of V-SiO2 nanoparticles, as obtained by con

ndeed several alumina loadings were studied, it can be inferred
hat also in the present case a similar phenomenon may  occur on
-SBA-15-i.

V-MCF-i sample exhibits similar type IV isotherms, with nar-
ower hysteresis loops shifted to a higher relative pressure
0.60–0.90 P/P0), indicating the presence of larger pores. The differ-
nt textural properties of V-MCF and V-MCF-i are probably related
o their different synthesis procedures, since the introduction of

anadium into silica walls requires less acidic conditions with
espect to the synthesis of MCF  silica [12].

a

b

ig. 6. N2 adsorption/desorption isotherms measured at −196 ◦C on V-MCF (�) and
-SBA-15 (�) samples (section a) and V-MCF-i (©) and V-SBA-15-i (�) samples

section b).
ng H2-TPR data.

Table 3 also reports vanadium densities (number of VOx species
per nm2) as calculated by considering: (i) the vanadium content
determined by EDS analysis and (ii) the SBET on the samples studied.
The obtained results clearly confirm that a better vanadium disper-
sion is obtained by direct synthesis, as compared to impregnation.
With V-MCF-i sample, however, the vanadium density is still low,
also due to the high specific surface area of this material. The result
obtained in this way with V-SiO2 sample is obviously overestimated
and should not be considered, for the following reasons: (i) flame
pyrolysis notoriously leads to the incorporation of vanadium inside
silica nanoparticles and not only at their surface [8];  (ii) the physico-
chemical characterization of V-SiO2 clearly showed that vanadium
in well dispersed (see for example, DR-UV–vis spectrum). There-
fore, we decided to estimate in a semi-qualitative way the amount
of surface vanadium or, at least, of accessible vanadium sites on
V-SiO2 from integrated area of the only peak in its H2-TPR profile
(Fig. 3), as compared to V-SBA-15 sample. A reasonable value of
0.44 VOx/nm2 was obtained, confirming that flame-pyrolysis leads
to very good vanadium dispersion [8] not only at the surface, but
also inside silica particles.

Fig. 7 reports both TEM images of V-MCF and V-SBA-15 samples,
showing their typical arrangement of mesophase: (i) V-SBA-15
exhibits a hexagonal array of mesoporous monodimensional chan-
nels that are ordered on the long range in two dimensions, as
confirmed by XRD [5];  (ii) V-MCF shows a disordered array of 3D
mesoporous spherical cells (ca. 20–25 nm)  typical of MCF. Both
mesoporous structures have also been schematized in the same fig-
ure, showing different diffusion of reactants and products during
catalytic reactions. Specifically, the structure of mesocellular silica
foams (MCF) featuring a 3-D network with large cells should favour
molecules diffusion, unlike cylindrical channels (with a diameter of
3–6 nm)  of SBA-15, occurring in one dimension mainly (axial diffu-
sion). Therefore, reactants and products can be much more retained
inside channels of SBA-15 as compared to ultra-large pores of 3-D
MCF  systems. SBA-15 structure may  favour longer residence times
of molecules, unlike the 3-D ultra-large pores that allow molecular
diffusion along each direction inside MCF. This is in fair agree-
ment with catalytic results obtained in both oxidation reactions
at 500 ◦C: higher activity in dichloromethane total oxidation was
obtained with V-SBA-15 as compared to V-MCF (a similar trend
was  observed with impregnated samples), since longer residence
time of molecules favours deeper oxidation; similarly, higher selec-
tivity to propene during ODH of propane was  obtained with V-MCF
and V-MCF-i, being a selective oxidation reaction. The present find-
ings are in agreement with previous studies [26] on V-containing
MCM-41 materials. The latter were demonstrated to be more active

and selective in the ODH of propane with respect to VOx catalysts
supported on amorphous SiO2, due to both higher surface area and
better V-dispersion. With respect to MCM-41 materials, the larger
pores of SBA-15 should favour molecular diffusion, thereby leading
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Fig. 7. TEM images and corresponding structures of V-SBA

o an enhanced performance in ODH of propane. Accordingly, MCF
aterials with ultra-large mesopores and 3D porous structure are

nown to further improve molecular diffusion and to avoid deeper
xidation, as compared to both MCM-41 and SBA-15.

On the other hand, at lower reaction temperatures (e.g. below
50 ◦C), hydrophilic properties of catalysts play a key role in oxi-
ation reactions. In particular, the richer hydroxyl population of
aterials prepared by direct synthesis and flame pyrolysis [12] may

lso explain their lower activity in both oxidation reactions, since
ater molecules produced during oxidation processes reduce the

ffectiveness of active centres.

. Conclusions

The catalytic performances in both dichloromethane decom-
osition (a total oxidation reaction) and propane ODH (a partial
xidation reaction) were studied for vanadium–silica materials
ith about ca. 2.5 wt.% vanadium prepared by different ways and
ith different structures.

Concerning SBA-15 and MCF  mesoporous samples, it was found
hat a better vanadium dispersion may  be obtained by direct
ynthesis, rather than by impregnation, and that such a feature
ositively affects the catalytic activity in both kinds of (total and
artial) oxidation reactions. Concerning the ODH of propane, a
igher selectivity to propene was obtained with V-MCF, as com-
ared to V-SBA-15, whereas higher dichloromethane conversions
ere achieved with V-SBA-15 (impregnated samples gave a sim-

lar trend). Such a different catalytic behaviour is assigned to
he different porous network of the two investigated mesoporous
aterials: SBA-15 has monodimensional mesoporous channels
hat may  favour longer residence times of molecules, finally pro-

oting their total oxidation, and so V-containing SBA-15 samples
ere found to be more active in dichloromethane conversion. MCF

[

[

[

ample (upper section) and V-MCF sample (lower section).

has instead 3-D ultra-large pores, a structure that does favour facile
molecules diffusion, this factor probably being responsible for the
higher selectivity to propene achieved with both V-containing MCF
catalysts in propane ODH. The important role of the mesoporous
structure of the support on the catalytic activity in oxidation reac-
tions was confirmed by the comparison with a non-porous sample
(V-SiO2) that, although containing well dispersed vanadium sites
incorporated into the silica framework, was less active that the
examined mesoporous samples.
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