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Abstract

A series of vanadium containing mesocellular silica foams (MCF) featuring a well-defined three-dimensional (3D) mesoporosity with ul-
tralarge mesopores were studied with regard to their performance in the oxidative dehydrogenation (ODH) of propane. Catalysts supported on
two-dimensional hexagonally ordered siliceous SBA-15 and MCM-41, as well as conventional amorphous silica, were also examined. The dis-
persity and the nature of the vanadium oxide species were characterized by means of DRIFTS, Raman spectroscopy, DR UV-vis, and Hp-TPR.
Textural, SAXS, and TEM results indicate that the characteristic mesocellular structural features of MCFs are preserved after the vanadium in-
corporation. Spectroscopic measurements show that vanadium exists mainly in a tetrahedral environment in dehydrated V-MCF catalysts with V
content <4.2 wt%, indicating that a very high surface concentration of isolated or low-polymeric VO, species could be achieved on the present
V-MCEF systems. The MCF-supported vanadia catalysts exhibit much higher propane conversion and propylene productivity than their conven-
tional V-SBA, V-MCM, and V-SiO, counterparts in the ODH of propane, demonstrating that apart from the active redox sites, internal molecular
transport in mesopores of the catalyst also plays an important role in the gas-phase selective oxidation reactions.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction The catalytic oxidative dehydrogenation (ODH) of propane
is an attractive alternative route for the production of propylene
that is thermodynamically favored at much lower temperatures
and usually does not lead to the formation of coke and smaller
hydrocarbons [4]. But this selective oxidation is particularly
challenging, given the high reactivity of propylene toward fur-
ther oxidation [5,6]. Recent literature has focused on the design
and development of selective catalysts that can allow the effec-
tive transformation of propane at lower temperatures. The most
selective catalysts reported in the recent literature consist of V-
Mg-0O, V-Nb-O, V-Zr-Si-O, NiMoO4, K-Mo-Si-Ti-O, and
V-silicate [7—14]. In particular, promising results have been ob-
tained when vanadia-based catalysts are promoted or dispersed
on various supports with a high surface area [8,14].
* Corresponding author. Fax: +86 21 65642978. Recently, the new discovery of the family of siliceous
E-mail address: yongcao@fudan.edu.cn (Y. Cao). mesostructured materials, generally denoted as M41S, has

Propylene is a major building block of the petrochemical in-
dustry and is used for the production of diverse products, rang-
ing from solvents to plastics. Currently, propylene is produced
mainly by steam cracking or direct dehydrogenation (DH) of
various hydrocarbon feedstocks at high temperatures, where
intensive energy consumption and coking present serious prob-
lems [1,2]. With the propylene market growing at 4-5% per
year [3] and fuel costs constantly rising, considerable research
efforts have been focused on the development of less energy-
intensive processes for the production of propylene [4-6].
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opened new and exciting opportunities in the field of separa-
tion and catalysis [15,16]. These mesoporous materials usu-
ally exhibit great versatility in terms of both chemical nature
and structural properties, and thus the synthesis, characteri-
zation, and catalytic properties of V-containing mesoporous
silica have been extensively reported. Pefia et al. [17] and
Buyevskaya et al. [18] developed various synthetic methods,
including one-pot synthesis and grafting, for the synthesis of a
range of V-containing mesoporous MCM-41 and MCM-48 cat-
alysts with controlled site isolation for the selective oxidation of
propane to propylene. Solsona et al. [19] showed that the con-
ventional impregnation method is more convenient and practi-
cal for obtaining the highly active and selective VO,/MCM-41
catalysts with a higher concentration of isolated VO, species.
Compared with the conventional amorphous SiO;-supported
vanadia catalysts, these V-containing MCM materials were
found to be more active and selective for the ODH of propane
[19,20]. The notable difference in propane ODH behavior has
been explained by taking into account that the higher surface
area of MCM materials can allow better dispersion of active
V species on the mesoporous supports [18-20]. However, to
the best of our knowledge, single-pass propylene yields >20%
have rarely been achieved over these V-containing MCM mate-
rials [17-20].

In an effort to develop more suitable ODH catalysts, we have
recently reported that using mesoporous SBA-15 silica as a sup-
port can allow the generation of a new type of highly efficient
V-containing SBA-15 catalyst exhibiting high selectivity (80%)
to olefins at high propane conversion (42%) in the ODH of
propane, which is found to be more active and selective with
respect to V-MCM catalysts [21-23]. The enhanced propylene
selectivity at higher propane conversion achievable over the
V-containing SBA-15 catalysts has been attributed to the larger
pore diameters and the lower surface acidity of the SBA-15 ma-
terials, which can provide more favorable conditions for mass
transfer, thereby leading to enhanced performance for ODH
of propane compared with their conventional MCM counter-
parts [23]. However, the catalytic results in terms of propylene
productivity (i.e., the space-time yield for propylene produc-
tion) achieved over the highly active V-SBA-15 catalysts are
still far from being of industrial interest.

Unlike MCM-41 and SBA-15, which have two-dimensional
mesopore structures, mesocellular silica foams (MCF) is a new
class of three-dimensional (3D) hydrothermally robust materi-
als with ultra-large mesopores (up to 50 nm) [24-26]. In terms
of the textural and framework structure, the MCF materials re-
semble aerogels and are composed of uniform spherical cells
interconnected by windows with a narrow size distribution [24].
Given their 3D mesopore system with pore sizes substantially
larger than those of any other mesostructures, MCF materials
are known to have advantages over their more ordered coun-
terparts MCM-41 or SBA-15 in terms of better diffusion of
reactants and products, allowing them to better overcome mass
transfer limitations [26,27]. Despite MCF’s important potential
uses in catalytic applications, reports in the literature dealing
with the catalytic utilization of transition elements incorporat-
ing MCF-type materials are rare [28—30].

Olefins

Scheme 1. Oxidative dehydrogenation of propane over highly dispersed vanadia
supported on mesostructured cellular silica foam (MCF).

In this study, we report the development of a new efficient
mesoporous V-containing MCEF silica catalyst system featuring
a well-defined 3D, continuous, ultra-large mesopore structure
(Scheme 1) exhibiting very high propylene productivity for
the ODH of propane. The effect of vanadium loading and im-
pact of the silica support structure on the performance of the
V-containing materials are discussed in the light of detailed
characterization of the physicochemical properties of the cat-
alysts by Nj adsorption, SAXS, TEM, DRIFTS, DR UV-vis,
Raman spectroscopy, and H>-TPR.

2. Experimental
2.1. Catalyst preparation

The purely siliceous MCF sample was prepared as de-
scribed previously [25] using a Pluronic P123 triblock copoly-
mer (EOoPO70EO;y, M,, = 5800, Aldrich) surfactant with
1,3,5-trimethylbenzene (TMB) as the organic swelling agent
with TMB/P123 = 0.5 (w/w). In a typical preparation, a solu-
tion of P123:TMB:1.6 M HCL: TEOS = 2:1:75:4.25 (mass ratio)
was prepared at room temperature, then heated to 40 °C. After
24 h at 40 °C, the milky reaction mixture was transferred to an
autoclave and aged at 100 °C for another 24 h. The solid prod-
ucts were filtered off and dried overnight at 100 °C under static
conditions. The occluded surfactant was removed by calcina-
tion at 600 °C for 5 h in air, yielding the final mesoporous MCF
material.

MCF-supported vanadia catalysts were prepared by an al-
coholic impregnation method as described previously [23].
A methanol solution of NH4VOj3 to achieve a final V content of
1.4-5.6 wt% of V atoms was contacted with the MCF carrier at
60 °C, and the methanol was rotaevaporated until complete dry-
ness. Then the catalysts were dried overnight in air at 120 °C,
followed by calcination at 600 °C for 4 h in air. The impreg-
nated samples, denoted by numbers (representing the V content
in the calcined catalysts) followed by MCEF, are summarized in
Table 1. For example, the sample designated 2.8V-MCF is an
MCEF-supported catalyst with 2.8 wt% of V atoms. For com-
parison, vanadia catalysts supported on SBA-15, MCM-41, and
amorphous silica (Shanghai Super Chemical Material Co. Ltd.,
B type, 320 m?> g~!) were also been prepared following the
same procedure.

2.2. Catalyst characterization

Nitrogen adsorption and desorption at 77 K were measured
using a Micromeritics TriStar 3000 after the samples were de-
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Table 1
Characteristics of the mesoporous silica supported vanadia catalysts
Sample V-density SBET Vo Dg? ch Dyw? Absorption edge
(VOy per nm?) (m2g—1 (em3 g™l (nm) (nm) (nm) energy (eV)
MCF - 660 1.54 24.5 22.1 7.3 -
1.4V-MCF 0.30 552 1.18 22.5 18.3 44 3.27
2.8V-MCF 0.66 504 1.14 21.1 18.1 4.1 2.94
4.2V-MCF 1.08 457 1.02 20.8 17.6 3.6 2.84
5.6V-MCF 1.61 412 0.94 20.8 17.2 33 2.33
2.8V-SBA 0.69 478 0.88 - 6.4 - 2.58
4.5V-MCM 0.65 820 0.46 - 2.5 - 2.28
1.8V-SiO, 0.71 300 0.67 - 16.1 - 2.32

4 Sphere diameter, Dg, determined from small-angle X-ray scattering analyses [36].
b Cell diameter, D¢, and window diameter, Dy, determined according to the BJH method.

gassed (1.33 x 1072 Pa) at 300 °C overnight. The specific sur-
face area was calculated using the BET method, and pore size
distribution was determined by the BJH method.

Small-angle X-ray scattering (SAXS) experiments were per-
formed on a Germany Bruker NanoSTAR U SAXS system
equipped with high-resolution pinhole chamber using Cu-K,
radiation (A = 1.518 A) and a 106-cm sample-to-detector dis-
tance. Transmission electron microscopy (TEM) images were
recorded digitally with a Gatan slow-scan charge-coupled de-
vice camera on a JEOL 2011 electron microscope operating at
200 kV. The samples were prepared by dispersing the powder
products as a slurry in acetone, which was then deposited and
dried on a holey carbon film on a Cu grid.

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) characterization of the catalysts was performed us-
ing a Bruker Vector 22 instrument equipped with a DTGS de-
tector and a KBr beam splitter [31]. The samples were placed in
a sample cup inside a Harrick diffuse reflectance cell equipped
with ZnSe windows and a thermocouple mount that allowed di-
rect measurement of the sample temperature. All spectra were
collected in dry air atmosphere at 200 °C.

In situ laser Raman spectra were obtained using a confo-
cal microprobe Jobin Yvon Lab Ram Infinity Raman system
equipped with both visible and UV excitation lines. The visi-
ble Raman measurements were carried out using internal Ar™
excitation at 514.5 nm with a power of 10 mW. The sample
was loaded in an in situ cell and was pretreated in dry airflow
at 500 °C for 1 h for dehydration. All spectra were recorded at
200°C in N, gas flow with a resolution of 4 cm~!. The UV-
Raman measurements were carried out using the UV line at
325 nm from a Kimmon IK3201R-F He—Cd laser as the ex-
citing source, with a laser output of 30 mW and a maximum
incident power at the sample of approximately 6 mW.

Diffuse reflectance UV-vis spectra were collected on a Var-
ian Cary 5 spectrophotometer equipped with a “Praying Man-
tis” attachment from Harrick. The sample cell was equipped
with a heater unit, a thermocouple, and a gas flow system for in
situ measurements. The samples were dehydrated in situ in dry
air at 550 °C for 4 h. The spectra were recorded after cooling
to room temperature, with dry air flowed through the sample
to avoid rehydration. The absorption edge energy values were
determined from the energy intercept of a linear fit passing
through the near-edge region in a plot of [F(R) - hv]Y/2 vs

hv, where the first parameter refers to the Kubelka—Munk func-
tion and hv is energy of the incident photon [32-34].

Temperature-programmed reduction (TPR) spectra were ob-
tained on a homemade apparatus loaded with 100 mg of cata-
lyst [33]. The samples were pretreated in flowing air at 600 °C
for 2 h to ensure complete oxidation, and then the samples were
cooled to room temperature in argon. The samples were subse-
quently contacted with an Hy/Ar mixture (Ha/Ar molar ratio of
5/95 and a total flow of 40 ml min—!), then heated, at a rate of
10°C min~!, to a final temperature of 800 °C. H, consumption
was monitored using a thermal conductivity detector.

2.3. Catalytic tests

The catalytic properties of the samples were investigated in
a fixed-bed quartz tubular flow reactor (6 mm i.d., 400 mm
long) equipped with several gas flow lines with mass flow con-
trollers to supply the feed, consisting of a mixture of propane/
oxygen/nitrogen with a molar ratio of 1/1/8. The temperature
in the middle of the catalytic bed was measured with a coaxial
thermocouple. Catalyst samples (60—80 mesh) were introduced
into the reactor and diluted with 300 mg of quartz powder (40—
60 mesh) to maintain a constant volume in the catalyst bed.
In the present study, gas hourly space velocity (GHSV) and
space-time yield (STY) of propylene production are related to
the catalyst weight. To obtain different propane conversion lev-
els at constant reaction temperature (550 °C), the GHSV was
varied from 10,000 to 180,000 Lkg;& h~!. The feed and the
reaction products were analyzed on-line by a gas chromato-
graph (type GC-122, Shanghai). Permanent gases (O,, CO, and
CO,) were separated using a TDX-01 column connected to a
thermal conductivity detector, and other reaction products were
analyzed using a Porapak Q column connected to a flame ion-
ization detector. Blank runs showed that under the experimental
conditions used in this work, the homogeneous reaction could
be neglected.

3. Results
3.1. Catalyst characterization

The as-prepared MCF-supported vanadia samples were an-
alyzed using SAXS. X-ray scattering is observed if uniformly
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Fig. 1. Small-angle X-ray scattering patterns of calcined MCF-supported vana-
dia catalysts: (a) MCF; (b) 1.4V-MCF; (c) 2.8V-MCF; (d) 4.2V-MCEF; (e) 5.6 V-
MCF.

sized particles are present, as opposed to X-ray diffraction asso-
ciated with periodic structures [35]. Fig. 1 shows the recorded
SAXS data for the V-MCF samples with V loadings ranging
from 1.4 to 5.6 wt%. The scattering pattern of the parent MCF
material is well resolved and shows one strong primary peak
and two higher-order peaks with exponentially decreasing in-
tensities. The occurrence of the higher-order peaks is an indi-
cation of the narrow size distribution of the spherical cells [36].
The sphere diameters, Dg, determined from SAXS data, are

given in Table 1 for MCF samples with various V loadings. The
Dg values agree with the cell diameters, D¢, derived from ni-
trogen sorption, and with the cell sizes obtained from TEM. As
observed previously for V-SBA systems, on low-angle X-ray
diffraction [23], a slight shift of the primary peak to higher 26
values, with a corresponding decrease in the peak intensity with
increasing vanadium loading for the V-MCF samples, were also
noted. The shift of the primary peak to higher scattering an-
gles can be taken as an indication of a slight decrease in the
sphere diameters, possibly due to a contraction of their frame-
works with increasing vanadium loading during the calcination
procedure. The reduction of the scatterings may be caused by
a partial structural collapse of the MCF pores [35]. However,
the mesocellular arrangement of the MCF frameworks was still
well retained after incorporation of vanadia, as can be seen from
the TEM and N, adsorption data.

TEM images (Figs. 2a and 2b) of all MCF materials (in-
cluding the V-containing samples) revealed a disordered array
of silica struts composed of uniform-sized spherical cells (18—
24 nm) interconnected by windows with a narrow size distrib-
ution, which is the characteristic structural feature of the MCF
materials [24,35]. A schematic of the strutlike structure, given
in Scheme 1, shows the cells of the MCF structure framed by
the silica struts. Note that this strutlike structure of MCF ma-
terials resembles aerogels [35]. The cell sizes estimated from
TEM are consistent with the cell sizes as determined from ni-
trogen sorption (Dc), given in Table 1. The wall thickness of
the MCFs estimated by TEM is ~4—6 nm, in agreement with
the thick, robust framework walls observed in acid-synthesized
MCEF-type mesoporous silica as reported in the literature [35].
TEM analyses indicate that the continuous 3D pore structure of
the MCF is robust enough to survive the vanadium incorpora-
tion process and so offers an excellent matrix to support highly
dispersed vanadium species.

The maintenance of the well-defined MCF frameworks after
introduction of vanadium is further supported by the nitrogen

Fig. 2. Representative TEM images of (a) as-prepared parent MCF and (b) 2.8V-MCF showing an open mesocellular structure.
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Fig. 3. Nitrogen sorption isotherms for (a) as-prepared parent MCF; (b) 2.8V-
MCEF. Inset shows the pore size distribution (PSD) of the corresponding sam-
ples.

sorption data. The nitrogen adsorption/desorption isotherms
(Fig. 3) are of type IV and show steep hysteresis of type H1 at
high relative pressures. The pore size distribution of the sample
2.8V-MCF shown in the inset of Fig. 3b unambiguously reveals
that the 3D mesocellular structure of the support has been pre-
served. The Sggt of the vanadium-containing samples is lower
than that of the unloaded supports and decreases with increas-
ing VO, loading. This decreasing trend is also demonstrated by
the data for the cell and window sizes. The results in Table 1
also clearly indicate that the introduction of vanadium would
cause a continuous loss of the pore volume of the MCF mate-
rials, but nonetheless it would remain significantly higher than
the pore volume of V-containing materials prepared using SBA-
15 and MCM-41. Thus, it can be concluded that the ultra-large
mesoporous MCF catalysts with a high surface area and ex-
tremely high pore volume (>0.9 cm? g~!) could be obtained at
all V loadings in the present study.

DRIFTS was used to follow the variation behavior of the hy-
droxyl groups present on the surface of the V-MCF samples as
a function of vanadium loading. As shown in Fig. 4, the spec-
trum in the hydroxyl region of the pure siliceous MCF support
displays a narrow vibration band at 3740 cm™! attributed to
isolated terminal silanol groups and a broad absorption band
at 3700-3300 cm~! (centered at ca. 3660 cm™!) due to OH-
stretching vibrations of geminal and associated terminal silanol
groups located on the pore walls of the support [37]. The rapid
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Fig. 4. FTIR spectra of the V-MCEF catalysts containing different amounts of
vanadium: (a) MCF; (b) 1.4V-MCF,; (c) 2.8V-MCF,; (d) 4.2V-MCF,; (e) 5.6V-
MCF.

decrease in the intensity of the isolated terminal silanol groups
with increasing vanadium loading indicates that the anchoring
of vanadium oxide species on to the MCF surface is accom-
panied by a simultaneous consumption of the isolated termi-
nal silanol groups [22,23]. This observation is consistent with
results for the vanadium-immobilized MCM silica system re-
cently reported by Stucky et al. [38].

Fig. 4 also presents the DRIFTS spectra in the skeletal re-
gion of 2000-650 cm~! for the V-loaded MCF materials. As
shown in the spectrum of the parent MCF silica, the typical
bands due to siliceous Si—~O-Si material are observed: a main
band at 1070 cm™! with a shoulder at 1200 cm™!, due to asym-
metric Si—O-Si stretching modes, the corresponding symmetric
stretch at 810 cm™!, and Si—O- or Si-OH at 972 cm™! [39]. In
the spectra of the V-containing samples, an additional band at
ca. 915 cm™!, indicative of Si—-O-V species [38], is well devel-
oped for the samples with a V content up to 5.6 wt%. Coupled
with the significant spectral changes in the hydroxyl region,
these phenomena further confirm the perturbed silica vibrations
due to the incorporation of vanadium into the MCF silica frame-
work; other researchers have reported similar trends in the IR
spectra of their catalytic vanadia-silicas [40—42].

Laser Raman spectroscopy was used to elucidate the mole-
cular nature of the vanadium species dispersed on the MCF
materials. Fig. 5, spectrum a, shows the visible Raman spec-
trum of the pure siliceous MCF, which exhibits spectroscopic
features similar to those of amorphous SiO, [43]. As shown in
Fig. 5, spectra b—d, Raman bands at 214, 298, 490, 680, and
1036 cm™! are observed for the V-MCF samples with V con-
tent <4.2 wt%. When the vanadium content in the sample is
5.6 wt%, six additional bands, at 283, 405, 690, and 991 cm™!,
characteristic of crystalline V,0s, are detected. Bands at 214
and 480 cm~! are associated with the vibration of the silox-
ane rings of siliceous MCF [44]. The weak feature centered at
680 cm™! can be assigned to the stretching and bending modes
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Fig. 5. Visible Raman spectra of the V-MCF catalysts containing different
amounts of vanadium: (a) MCF; (b) 1.4V-MCEF,; (c) 2.8V-MCF; (d) 4.2V-MCF,;
(e) 5.6V-MCFE.

of V-0 bonds; a series of bands in this region has been iden-
tified for model complex OV[OSi(OtBu)s]3 [45]. The band at
~675 cm™! also may be attributed to stretching motions of
oxygen in a bridging position between three vanadium atoms
(OV3), in accordance with previous results [46]. These results
therefore suggest that the weak band at 675 cm~! observed
for the V-MCF samples with V content <4.2 wt% is related
to a small number of polymeric vanadia species. The band at
1034 cm~! is attributed to the symmetric stretching mode of
the V=0 bond of the isolated tetrahedral VO, species, as il-
lustrated in Scheme 1 [23,45,47]. The Raman bands at 905 and
1074 cm™! are characteristic of Si—-O- and Si(—O-), function-
alities [48], which have been assigned to perturbed silica vibra-
tions that are indicative of the formation of V-O-Si bonds [49].
The absence of a typical band at ca. 991 cm™! of V,0s in
Fig. 5, spectra b—d, implies that no crystalline V,0Os is formed
in V-MCF samples with V content <4.2 wt%. This suggests
that the vanadium species in V-MCF samples are isolated, or
at least highly dispersed, on the surface of the MCF materials
[22,23,49].

For the 5.6V-MCF sample, an additional shoulder band at
ca. 991 cm™! appears, indicating that at this loading (~5.6 wt%
of V), vanadium centers aggregate to form crystallites of V705
that can be observed by Raman spectroscopy. According to a
recent investigation by Iglesia et al. [50], the ratio of scatter-
ing cross-sections for bulk V205 and isolated tetrahedral VO4
has been estimated to be 10. Using this ratio of Raman cross-
sections and assuming that only V,0Os5 crystallites and isolated
VOyq species are present, the ratio of V,05:VOy for the 5.6 wt%
V-MCF sample is estimated to be 0.04. The VO, concentra-
tions at which V,0s is observed (>1.1 VO, nm~2; see Table 1)
are well below those required for a monolayer of polymeric
vanadia (~10 VO, nm~2), calculated on the basis of the lit-
erature value for the cross-sectional area of a VOs,, group of
0.103 nm? [51]. This indicates that the VO, surface species
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Fig. 6. Diffuse reflectance UV-vis spectra of calcined vanadia catalysts after de-
hydration at 550 °C in air for 4 h: (a) 1.4V-MCF; (b) 2.8 V-MCF, (c) 4.2V-MCF;
(d) 5.6V-MCEF. Inset shows the hydrated (—) and dehydrated (- --) spectra of
the 4.2V-MCEF catalyst.

tend to form larger clusters when a certain VO, concentration
is reached. Recently, similar behavior was observed for SBA-
15- and MCM-41-supported vanadia, although the formation
of crystalline V,0s5 was observed at even lower concentra-
tions (<0.69 VO, nm~2) than for VO,/MCF [19,23,37]. This
demonstrates that a much higher dispersion and isolation of the
active V species fully accessible to the reaction molecules can
be achieved on the V-containing MCF materials compared with
conventional silica supports.

Additional structural information on the surface VO, species
can be obtained from UV-vis diffuse reflectance measurements.
It is known that the energy of the oxygen — vanadium charge-
transfer (CT) bands serves as a good indicator for the coordi-
nation of the central V3T center. In general, with increasing
coordination number, a shift in the CT band to lower energy
(i.e., higher wavelength) is observed [49,52-54]. Fig. 6 shows
the diffuse reflectance UV-vis spectra of the dehydrated MCF-
supported vanadia samples, showing a red shift of the longest-
wavelength CT band with increasing vanadium content. As dis-
cussed later in the paper, a comparing the band maxima of the
present V-MCF samples or conventional V-containing siliceous
materials with those of vanadium reference compounds can en-
able more accurate assignment of the molecular structures of
vanadia on MCF. The absorption maximum of model com-
pound OV[OSi(OtBu)s3]3 was measured at 250 nm [45]. In
Mgz V,0g, the monomeric vanadium ion is tetrahedrally co-
ordinated with band maxima at 260/303 nm [55]. NH4VO3
and NaVO3 both consist of polymerized VO4 units and give
rise to band maxima at 288/363 and 281/353 nm, respectively
[56,57]. In crystalline V205, vanadium is located in the center
of a distorted octahedron, and the band maximum at 481 nm is
responsible for the orange color of the bulk oxide [58]. From
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these data, it becomes clear that the position of the longest-
wavelength CT band depends strongly on the coordination
number of the central vanadium ion. It is also evident that this
CT band shows a red shift when the coordination of the vana-
dium cation changes from tetrahedral to square pyramidal to
octahedral.

In the present study, a very broad band centered at ca.
280 nm is observed for V-MCF samples with V loadings of up
to 4.2 wt%. A deconvolution of this band reveals two main ab-
sorption features at 250 and 280 nm. On the basis of the Raman
band at 1034 cm™! (see Fig. 4), these features are assigned to
isolated V sites in tetrahedral coordination. Moreover, the posi-
tion of their band maxima is in good agreement with those of
reference compounds for isolated VO4. With increasing vana-
dium content, the intensity of the band at 280 nm increases with
respect to the absorption appearing at 250 nm, resulting in a
progressive shift of the overlapping band toward a higher wave-
length. A similar shift of the absorption band at ca. 250 nm for
mesoporous V-containing SBA-15 materials was reported ear-
lier by our group [23]. The V-MCF samples with V loadings
>4.2 wt% give rise to additional absorption bands at 300-
400 nm, indicating the presence of polymerized VO4 species. In
addition, a new feature at 450 nm appears for the MCF samples
with 5.6 wt% V loading, pointing to the presence of “bulk-like”
V,0s crystallites due to further polymerization of the V species
[19,37,40].

Comparing the UV-vis spectrum of the dehydrated 4.2V-
MCEF catalyst with that obtained in its rehydrated state (Fig. 6,
inset) shows that on hydration, a new band at 380 nm associated
with pseudo-octahedrically coordinated V3T species appears,
indicating that most vanadium species in sample 4.2V-MCF
are able to coordinate additional water molecules and thus are
located in easily accessible sites. To extract the exact nature
of different vanadia species and the symmetry environment of
vanadium sites in the vanadium-containing MCF catalysts, ab-
sorption edge energy measurements were also performed by a
procedure reported by Khodakov et al. [32]. The difference in
edge energy values has been reported to depend on the support
material and to the surface density of VO, species [34]. In gen-
eral, the edge energy values of the V4t are in the 4.5-5 eV
energy region, whereas the O>~ to V7 ligand to metal charge
transfer are in the 2—4 eV edge energy region [59]. From Ta-
ble 1, it is apparent that all of the edge energy values are in
the 2.3-3.3 eV range, and hence it is reasonable to assume that
the tetrahedral-like V>* species are the main surface vanadium
species for V-MCEF catalyst systems. Moreover, a careful exam-
ination of the four different V-silica systems shows that V-MCF
catalyst produce a higher edge energy value than the reference
systems supported on SBA-15, MCM-41, and conventional sil-
ica, thus pointing toward a decrease in the size or dimensional-
ity of VO, domains in the V-MCEF systems [23,32-34].

H,-TPR profiles of the catalysts taken at 200-800 °C show
that the reduction onset temperature (7opget), reduction tem-
perature maxima (7y), and the average oxidation state (AOS)
values vary considerably in the V-MCF and V-SBA, V-MCM,
and V-SiO; catalyst systems as given in Table 3 and illustrated
in Fig. 7. The TPR profiles of the V-MCEF catalysts exhibit only
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Fig. 7. H>-TPR results of the mesoporous silica supported vanadium oxide cat-
alysts: (a) 1.4V-MCEF; (b) 2.8V-MCF; (c) 4.2V-MCF; (d) 5.6V-MCF; (e) 2.8V-
SBA; (f) 4.2V-MCM; (g) 1.8V-SiO;.

one sharp reduction peak at 480-510 °C, except in the case of
the 5.6V-MCF sample, where an additional shoulder appears at
ca. 590 °C. Whereas a progressive shift of the reduction max-
ima (Ty1) of the main reduction peak to high temperature is
observed for the V-MCF samples with increasing V loadings,
an opposite trend for the onset temperature (Topger) is identified.
Obviously, the reducibility of the present V-MCEF catalysts can
be better reflected by the onset temperature, in good agreement
with a progressive formation of easily reducible high-polymeric
vanadium species at high V loadings [60]. By analogy with
previous studies on the reducibility of VO,/SiO, and other V-
containing mesoporous materials [20,23,37,52], the peak at low
temperature is attributed to the reduction of dispersed tetrahe-
dral vanadium species, whereas the peak at 590 °C is attributed
to the reduction of polymeric V> species V,Os-like.

In contrast, a close comparison of the profile for 2.8V-MCF
sample with the profiles for 2.8V-SBA, 4.5V-MCM, and 1.8V-
SiO; catalysts in Fig. 7b reveals that at the same V surface
density level, the reduction temperature maxima (7y1) is much
lower on the MCF catalyst than on its SBA-15, MCM-41, or
conventional SiO; counterparts. In contrast to the single reduc-
tion feature of V-MCF and V-SBA samples, the V-MCM and
V-SiO; catalysts show a distinct shoulder at ~590 °C, indicat-
ing the formation of less-reducible “bulk-like” vanadia species,
which may exist in a highly dispersed state on the support sur-
face [37]. Moreover, the reduction onset temperature (Topget) Of
the V-SBA, V-MCM, and V-SiO, materials is also significantly
lower than that of the V-MCF sample, further confirming that
the formation of highly dispersed vanadium species is favored
over the surface of MCF. This finding is consistent with the re-
sults of UV-vis and Raman measurements reported above.

3.2. Catalytic tests in the ODH of propane

The activities of the V-MCF catalysts were explored under
steady-state conditions at 450-650 °C with a constant GHSV
(72,000 L kgf1 h~!) and propane/oxygen/nitrogen ratio (1:1:8).

cat
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Fig. 8. Propane conversion as a function of temperature on V- MCF catalysts.
(Reaction conditions: C3Hg:0,:Np = 1:1:8; GHSV = 72,000 Lkgun h=1)

Fig. 8 plots the ODH of propane on the V-MCF catalyst sam-
ples with varying vanadium content, as well as on the parent
MCEF as a function of reaction temperature. The figure shows
that the catalytic activities of all of the V-MCF catalysts are
highly dependent on the reaction temperature, and that propane
conversion depends strongly on the vanadium content and in-
creases rapidly with temperature. A 100% initial “jump” in
conversion occurs when the V loading is increased from 1.4
to 2.8 wt%, and activity for the 4.2V-MCEF catalyst is enhanced
by 50%. This significant increase in conversion with loading
can be attributed to the presence of high concentrations of iso-
lated VO, species fully accessible to reactants on the surface of
4.2V-MCEF, as indicated by the characterization results. How-
ever, further increases in vanadium loading do not lead to in-
creased propane conversion. Obviously, this negative loading
effect on catalyst activity is due to the presence of polymer-
ized vanadium species on the surface of 5.6V-MCF, for which
a significant fraction of vanadium atoms is inaccessible to the
reactants. Moreover, the 4.2V-MCF catalyst exhibits the max-
imum values of propane conversion in the entire temperature
range studied, demonstrating the 4.2V-MCF sample’s excellent
performance for the oxidative transformation of propane.
Along with activity, selectivity to the corresponding light
alkenes is also of paramount importance for the evaluation of
ODH catalysts. Because selectivity is strongly related to con-
version, a second series of experiments was conducted at con-
stant temperature (550°C) and varying GHSV (from 12,000
to 120,000 Lkg,! h™1), to attain different conversion levels.
Propylene selectivity versus propane conversion is plotted in
Fig. 9. Significant differences in the selectivity to propylene
on the different V-containing MCF catalysts are observed. The
2.8V-MCF and 4.2V-MCF catalysts exhibit high selectivity
(>65%) in the 0-40% conversion range and a continuous drop
in selectivity for propylene with increasing conversion, due
to secondary reactions of the olefin product. In comparison,
a more pronounced decrease is seen for the 1.4V-MCF and
5.6V-MCF samples. It is also interesting that at all conversion
levels, the selectivity to propylene shows a maximum on the
catalyst with a vanadium content of 4.2 wt%. This finding is
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Fig. 9. Propylene selectivity as a function of propane conversion on V-MCF
catalysts. (Reaction conditions: T = 550°C; C3Hg:0,:Ny = 1:1:8.)

distinctly different from the results obtained over V-SBA-15
catalysts recently reported by our group [23], where the max-
imum selectivity toward olefin production was achieved with
the V-SBA catalyst with a lower vanadium content of 2.8 wt%.
Considering that the isolated surface vanadium species with
tetrahedral coordination are the active and selective sites in the
ODH reaction of propane, the present observation concerning
the unique behavior of the selectivity to the desirable olefins
products as a function of V loading clearly indicates that the
vanadium surface density is a quite important parameter for
tuning the reaction behavior of mesoporous supported vanadia
species in the selective oxidation of propane.

The remarkable propane ODH activity, selectivity to propyl-
ene, turnover frequencies (TOFs) for propylene formation, and
propylene productivity of the V-containing MCF catalysts are
further indicated in Table 2. For comparison, the table also
reports the catalytic results obtained on mesoporous SBA-15,
MCM-41, and amorphous SiO;-supported vanadia catalysts.
Propylene, ethylene, CO, and CO, were the main reaction prod-
ucts formed on the different catalysts studied in this work. In
addition, acrolein and trace amount of acetaldehyde were also
detected (at total selectivity to these products <5%) with very
minor differences among the samples studied. The results in
Table 2 indicate that propane conversion at 550 °C depends
strongly on the V content and the various supporting materi-
als. Propylene is formed with high selectivity over the MCF
catalysts with lower V content, and the propylene yield is much
higher there than over conventional V/SiO; catalyst [17]. Ta-
ble 2 also shows that the MCF catalysts with higher V con-
tent result in the formation of appreciable amounts of ethylene
through the oxidative cracking pathway over V-MCF. Similar
catalytic behavior was recently observed over V-catalysts sup-
ported on mesoporous silica, such as SBA-15 and HMS [23,24].
Note in particular that an excellent propene yield of 27.9%
with a high STYc,n, of 3.77 kg propylene per kg;al h=! was
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Table 2
Oxidative dehydrogenation of propane on the mesoporous silica supported vanadia catalysts at 550 °C
Catalyst C3Hg conv.?  Selectivity (%) C3Hg yield  Light olefins yield®  TOF x 1020 STYc,u, "
(%) C3Hg CpHy Oxygenates®  CO,° (%) (%) (umol-C3Hg V=171 (kg kg;l{ h=1)
MCF 2.8 68.8 11.5 - 16.3 1.9 22 - 0.26
1.4V-MCF 11.0 89.2 2.8 1.6 7.4 9.8 10.1 3.8 1.32
2.8V-MCF 27.6 81.4 5.7 1.7 11.2 22.5 24.0 4.3 3.04
42V-MCF  40.8 68.5 8.4 2.0 21.1 27.9 31.4 3.6 3.77
5.6V-MCF 34.9 57.5 10.3 1.6 28.9 20.1 23.7 1.9 2.71
2.8V-SBA 26.3 65.4 6.2 2.8 25.2 15.9 18.8 43 2.15
45V-MCM 242 55.3 5.3 3.1 36.3 134 14.7 2.3 1.81
1.8V-SiO, 12.7 57.1 4.9 2.5 33.2 7.3 7.9 3.1 0.99
4 Reaction conditions: W =0.05 g, GHSV = 72,000 Lkg&l h—1, C3Hg:07:Np = 1:1:8.
b Partial oxygenated products, i.e., acrolein and trace amount of acetaldehyde.
¢ COy products, i.e., CO; and CO; light olefins, i.e., C3Hg and CoHy.
d Rate of formation of propylene per unit mass of catalyst per time, STY c,, (space-time yield) in kg kgc_a% h~!
Table 3 100 ]
H,-TPR results of the mesoporous silica supported vanadia catalysts 904 °
~e
Sample Tonset® v H,-uptakeP AOSP <) ) P<g e °
o o - S 804 _ A T ~
0 (0 (umol-Hy g™7) ;’ V¢ \ O (]
1.4V-MCF 401 484 216 4.55 g 70] \ A\ \D \.
2.8V-MCF 397 490 375 4.36 ;:’ 60 ) V\ A
4.2V-MCF 393 510 462 4.12 o ] v \A
5.6V-MCF 361 516 542 3.99 e 50 - \ \ =
2.8V-SBA 340 504 352 4.28 Q. ] . A
4.5V-MCM 351 508 424 3.96 8 40 - X
1.8V-SiO, 337 512 160 4.02 ) 30 T ~__
= . v
4 The onset temperature (Topset) and the temperature of the maximum (Tyy) E ] |—@— 2.8V-MCF
hydrogen consumption. 8 204 |—O—2.8V-SBA
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(AOS) based on Hy consumption. (%) _ —v—1.8V-Si02
0 T T T
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obtained for the MCF catalyst with a V content of 4.2%, demon-
strating attractive possibilities for industrial operations.

Up to now, the highest propylene yield in propane ODH,
about 30%, was obtained with K-Mo catalysts highly dispersed
on SiO,/TiOy supports [7]. But this result was achieved with
a very diluted feed, which leads to extremely low propylene
productivity of no industrial interest. Generally, an industri-
ally interesting space-time yield (STYc,H,) is at least at 1 kg
propylene per kgc_a{ h~! [61]. Table 2 shows that the STYc,Hq
obtained with the present V-containing MCF samples is well
above this value, demonstrating the excellent performance of
the V-MCF materials in the conversion of propane to propylene.
The table also shows that the optimum performance in propane
ODH occurs for 4.2V-MCF, which exhibits the highest rate of
propylene production. Compared with the V-MCM and V/SiO,
catalysts reported in the literature [19,20], our V-MCEF catalyst
exhibits much better propylene productivity for propane ODH.

It is also clear from Table 2 that the MCF with a large pore
diameter and the interconnected 3D pore system is far superior
to two-dimensional hexagonally ordered SBA-15 and MCM-41
as a support. With a similar V surface density, the 2.8V-MCF
sample exhibited much higher C3Hg conversion and propyl-
ene yield than 2.8V-SBA, 4.5V-MCM, and 1.8V-SiO, cata-
lysts. The high selectivity to propylene on the former at higher
propane conversion levels can be related to the highly dispersed

Propane conversion (%)

Fig. 10. Propylene selectivity as a function of propane conversion on various
silica supported vanadia catalysts with a similar surface vanadium density. (Re-
action conditions: T = 550°C; C3Hg:0,:Ny = 1:1:8.)

and isolated V anchored on the large surface of MCF with a
much larger pore diameter and the well-defined 3D mesopore
system as described above. It should be noted that the opti-
mum V loading for the present V-MCF catalyst system is much
higher than the V-loaded SBA-15 materials previously reported
by our group [23]. In fact, a substantially lower V content of
ca. 2.8 wt%, corresponding to nearly one-theoretical monolayer
coverage (~0.69 VO, per nm?) of V atoms, is needed to attain
the best ODH performance for V-SBA catalysts [23]. Higher
surface density with high isolation of the active V species and
more favorable conditions for mass transfer in the ODH of
propane can be attributed to the enhanced catalytic performance
of the V-MCF materials in the ODH of propane to propylene.
To provide further insight into the effect of support structure
on the catalytic behavior of the V-containing silica materials,
Fig. 10 compares the variation of the selectivity to propylene
for the ODH of propane on various siliceous material-supported
vanadium catalysts at the same V surface density level (~0.69
VO, per nm?). Apparently, the selectivity to propylene at both
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low and high propane conversion levels decreases in the follow-
ing sequence: 2.8V-MCF > 2.8V-SBA > 4.5V-MCM > 1.8V-
SiO,. By correlation with the textural data given in Table 1, the
V-containing MCF catalyst with a well-defined 3D mesocel-
lular porosity and ultra-large pore diameters is more selective
than its SBA-15, MCM-41, and amorphous SiO, supported
counterparts. It has been suggested that the MCF materials have
an advantage over their more ordered counterparts MCM-41
or SBA-15 in terms of better diffusion properties, allowing
the guest molecules to more readily access reactive centers
that have been designed into the framework surfaces [26].
Moreover, a recent investigation of the ODH of propane over
V-containing SBA-15 catalysts experimentally demonstrated
that enhanced propylene selectivities at high propane conver-
sions can be achieved with the V-SBA samples by provid-
ing more favorable conditions for mass transfer as compared
with their MCM counterparts [23]. Taking into account all of
these considerations, the superior catalytic performance of the
present V-MCF catalyst can be reasonably attributed, in part,
to its favorable molecular transport properties rendered by the
unique mesocellular structure with ultra-large mesopore diam-
eters of the MCF material, which can allow better diffusion of
the produced propylene to the outside of the pore during the
ODH of propane, consequently preventing subsequent deep ox-
idation.

4. Discussion

This work has investigated the use of a novel type of meso-
porous siliceous MCF materials featuring a well-defined 3D,
continuous, ultra-large mesopore structure as new promising
support for the development of high-performance vanadium
supported catalysts in the ODH of propane. The vanadium-
supported MCF catalyst obtained by a simple alcoholic im-
pregnation of NH4VOs3 appears to be highly effective in the
activation and selective conversion of propane to propylene
at temperatures below 550 °C, offering propylene yields much
higher than those provided by conventional vanadium catalysts
in this reaction. Moreover, the excellent space-time yield, with
up to 3.77 kg propylene per kg;ﬁ h~! for propylene production,
makes the V-MCEF catalyst systems very attractive for the ODH
of propane from a technological standpoint, because the propy-
lene productivity should be at least at 1 kg of propylene per
kgc_a{ h~! in potential industrial applications of such a process.

Spectroscopic characterization of MCF-supported VO, as
a function of loading, using Raman and UV-vis spectroscopy,
revealed the presence of various VO, surface structures (mon-
omers, polymers, and crystals). At low vanadia loadings
(<4.2 wt%), the surface is exclusively covered by isolated tetra-
hedral VO4 species, whereas at higher loadings (4.2 wt%),
besides isolated tetrahedral, chains of linked tetrahedra are
present. At vanadia loadings >4.2 wt%, V,0s crystallites are
also observed. Previously reported results indicate that highly
dispersed vanadium oxides on SBA-15 silica prepared by a
novel alcoholic impregnation method can be generated with
vanadia loadings up to 2.8 wt%, much higher than that needed
for MCM-41 and conventional silica. In comparison, for the

present VO,/MCF samples prepared by the same alcoholic im-
pregnation technique, spectroscopic characterization indicates
the presence of polymeric species only at much higher loadings
(4.2 wt% of V) and in very small concentrations.

Recently, the OH concentration of SBA-15 material (cal-
cined at 500 °C) was determined to be 1.07 OH nm™?2 [62]. The-
oretically, this value can be considered a lower limit for the ac-
tual OH surface concentration in the present MCF samples used
for the anchoring of VO, because they were used at ambient
conditions without any temperature pretreatment. According to
Zhuravlev [63,64], the silanol concentration of a fully hydrox-
ylated silica surface amounts to 4.6 £ 0.5 OH nm™~2, which is
claimed to be independent of the origin and characteristics (e.g.,
specific surface area, type of pores, pore size distribution) of the
sample. DRIFTS spectra recorded for the V-MCF samples show
that surface Si~-OH hydroxyls are not fully consumed during
deposition of 4.2 wt% of V (1.1 Vnm~2). Anchoring of these
V atoms by formation of three-legged VO4 species requires an
OH surface concentration of (3 x 1.1 = 3.3) OHnm™2; there-
fore, it is reasonable that a higher amount of isolated and low-
polymeric vanadium species on the MCF is achievable com-
pared with the conventional silica support. However, the scis-
sion of some Si—O-Si siloxane bridges during the preparation
process may also contribute to some extent to the anchoring
of VO, onto the surface of MCF support, as evidenced by the
DRIFTS and Raman results.

In terms of catalytic performance, increasing the V load-
ing was beneficial and boosted propane conversion as a conse-
quence of a rise in the number of active VO, sites, whereas pro-
pylene selectivity levels remained high (~57%), even though
appreciable amounts of low-polymeric vanadium species were
formed on the catalyst surface. This indicates that both iso-
lated and low-polymeric vanadium species are active and selec-
tive. Keep in mind that catalysts supported on two-dimensional
hexagonally ordered siliceous SBA-15 and MCM-41, as well
as on nonporous silica gel, were also tested in the reaction. The
ODH performance of the 3D-structured V-MCF catalysts was
much better than that of their conventional hexagonally ordered
counterparts, inferring that apart from the active redox sites, the
mass transfer properties of the catalyst also plays an important
role in the gas-phase selective oxidation reactions.

Considering that the nature of the vanadium supported on
siliceous materials is highly moisture sensitive [23,40], to gain
a further insight into the impact of internal mass transfer proper-
ties on the adsorption or catalytic behavior of the V-containing
silica materials, the rehydration of several separately prepared
dehydrated V-silica materials was followed by UV resonance
Raman spectroscopy, as shown in Fig. 11. The dehydrated sam-
ples obtained by dehydration under dry air at 550 °C exhibited
Raman bands at 485, 1018, and 2036 cm™!, associated with
the vibration of the siloxane rings of siliceous support and
fundamental-, as well as overtone V=0 stretching of the iso-
lated tetragonal vanadium species [23,31]. The absence of a
typical band at ca. 990 cm~! for V,0s indicates that no free
V705 phase was present and that the V was highly dispersed
in all three mesoporous silica-based vanadia catalysts [65]. Af-
ter hydration, exposing dehydrated samples to ambient air for
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Fig. 11. In situ UV-Raman spectra of dehydrated (a, b, ¢) and rehydrated (d, e, f)
1.0V-MCM (a, d), 1.0V-SBA (b, e) and 1.0V-MCF (c, f) catalysts.

2 h led to two additional bands at 330 and 915 cm ™!, attributed
to the stretching mode of V-OH, and V=0 stretching coordi-
nated with the H,O molecule (H,O-V=0), respectively, in the
UV-Raman spectra [49]. Note that a variation in the relative in-
tensity for HO-V =0 stretching with respect to the tetrahedral
V=0 stretching band has been identified for the three hydrated
samples, demonstrating the varying degrees of hydration of dis-
persed vanadia species achievable over the various mesostruc-
tured siliceous materials. It is clear that the isolated tetrahedral
V species anchored on the pore walls of the siliceous MCF
structure is more easily accessible to the water molecules at
ambient conditions, as reflected by the more pronounced H,O—
V=0 stretching observed for 1.0V-MCEF, further demonstrating
that the 3D continuous ultra-large mesopores of the MCF ma-
terials can readily allow much faster molecular transport during
the ODH of propane.

Previous investigations concerning the use of vanadia-based
catalysts for the ODH of propane have shown that various pa-
rameters, including oxidation state, coordination number, ag-
gregation state and reducibility of vanadium species, distance
between active sites, and acid/base properties and vanadium
content of the catalysts, need to be considered to account for
the catalytic behavior observed for the selective oxidation of
propane [17-23]. Generally, catalysts with high vanadium dis-
persion show better performance in the selective oxidation of
propane [17,23]. The presence of isolated tetrahedral V ox-
ide species is essential for maintaining high conversion and
selectivity in the ODH of propane, whereas polymeric vana-
dium species could favor undesired combustion reaction path-
ways, leading to the formation of carbon oxides. Kaliaguine
et al. recently described the use of MCF materials as promis-
ing supports for preparation of a new type of TS-1 zeolite—
coated mesoporous materials that exhibit high specific activity
in the liquid-phase selective hydroxylation of a bulky mole-
cule 1-naphthol compared with their conventional TS-1 coun-
terparts [28]. In the present work, we have unambiguously
demonstrated the unique advantage of MCF materials as new,
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Fig. 12. Schematic illustration of the molecular transport effect on V-containing
mesoporous catalysts during the oxidative dehydrogenation of propane.

promising supports for the generation of novel V-containing
MCF materials with favorable molecular transport properties
for the ODH of propane (Fig. 12). Our results confirms that al-
though the creation of active redox sites is a prerequisite for the
gas-phase selective oxidation of propane, it does not completely
account for the observed changes in activity and selectivity; the
molecular transport properties of the catalyst must be taken into
account.

5. Conclusion

This study has demonstrated that MCF materials are new,
attractive supports applicable for the fabrication of promising
V-MCF catalysts that are highly active and selective for the
ODH of propane. The results show that the V-containing MCF
catalysts have a unique textural structure with high surface area
along with well-defined 3D mesocellular porosity and ultra-
large pore diameters. Comparisons with V-MCF, V-SBA-15,
V-MCM-41, and conventional V-SiO, catalysts demonstrate
that a much higher concentration of isolated V species easily
accessible to the reactants is readily achievable on the sur-
face of the MCF support. Moreover, a much weaker and lower
acidity of the surface acid sites are observed for the vanadium-
incorporated MCF catalysts. The superior performance of the
present mesoporous VO,/MCEF catalysts in the ODH of propane
has been attributed to the well-defined 3D mesopore systems
and the much larger pore diameters of the MCF materials. As
a result, the ODH of propane could proceed much more ef-
fectively over the V-containing MCF catalysts with a higher
concentration of isolated VO, species and favorable condi-
tions for internal mass transfer, thereby leading to the signif-
icant enhancement of their performance in the ODH of pro-
pane.
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