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The comparative study of catalytic performance of V-containing high-surface mesoporous siliceous mate-
rials (HMS, SBA-16,SBA-15 and MCM-48) in oxidative dehydrogenation of propane and n-butane (C;-ODH
and C4-ODH, respectively) was carried out. The aim of study was to investigate effect of silica support
texture on the speciation of vanadium complexes and its impact on catalytic behavior in both above men-
tioned reactions is reported. Prepared catalysts were characterized by XRF for determination of vanadium
content, XRD, SEM and N;-adsorption for study of morphology and texture, and H,-TPR and DR UV-vis
spectroscopy for determination of vanadium complex speciation. All prepared materials were tested in
propane and n-butane ODH reaction at 540 °C and obtained catalytic results were correlated with their
structural and surface characteristics. On the basis of obtained data we conclude that the structure of
mesoporous silica support plays decisive role in the case of application of catalysts in n-butane ODH reac-
tion, whereas catalytic performance of investigated catalysts in propane ODH reaction is comparable for
all investigated structures. Catalytic performance of investigated materials in C3-ODH and C4-ODH can be
correlated with population of all tetrahedrally coordinated VO, complexes and only isolated monomeric
VO, complexes, respectively.
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1. Introduction

Main task of today’s chemical industry is a production of a large
amount of organic compounds. Presently it is very important to
find alternative processes for production of these compounds from
more economically convenient raw materials and with smaller
impact to environment. As an example, we can use alkanes instead
alkenes because alkanes are cheaper compared with alkenes (e.g.
actual price of propane is 860€ per ton, while price of propene
is 1105€ per ton [1]) and they are easily available. Oxidative
dehydrogenation (ODH) of alkanes provides a thermodynamically
accessible route to the synthesis of alkenes from alkanes. A large
number of reviews dealing with the ODH of light alkanes have been
published since early 1990s [2-8]. A general feature of the most cat-
alytic systems in ODH is that the selectivity to alkenes decreases
with the increasing alkane conversion. In order to avoid the over-
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oxidation of the primary product of alkane activation, it is necessary
to develop highly structured materials with known and controlled
speciation of active components. Many catalysts investigated in the
ODH reaction are based on the vanadium oxides as the main com-
ponent [8-30]. Bulky vanadium pentoxide, in fact, is not a good
catalytic system for the selective oxidation of alkanes, but spread-
ing the oxide on the quasi-inert matrix such as a support with the
formation of centers with peculiar chemical-physical features and
reactivity, leads to selective catalytic systems. The vanadium oxides
supported on surface of micro- or mesoporous materials attract
great interest of scientific community due to the ability to com-
bine unique textural and acid-base properties of support with the
redox properties of vanadium oxide species which opens the new
possibility to activate alkanes at relatively low temperatures.
Considerable attention has been devoted to investigation
of effect of micro- and mesoporous support texture on the
oxidative dehydrogenation of propane (e.g. silicalite [31,32], MCM-
41 [12,14,18,33-35], SBA-15 [17,34-36], MCF [34,37] and HMS
[16,23,34,35]), but only few papers deal with ODH of butane over
VOx-mesoporous support of SBA-15 type [25,38,39]. Some authors
rated as best support for vanadia for ODH of propane SBA-15
[17,40,41], while others denoted HMS and MCM-41 [34] as the
best support. However, it must be noted, that differences were not
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significant and direct comparison of data from various studies is
very complicated due to different conditions applied to the cat-
alytic tests by various research groups. More significant differences
in the catalytic behavior could be expected in the case of n-butane
ODH due to higher sensitivity of this reaction to the population of
various types of VOy species, as was very recently reported [42].
However, according to the best of our knowledge, such study was
not published in the literature yet. Therefore, we report compari-
son of catalytic performance of V-containing high-surface siliceous
materials of HMS, SBA-15, SBA-16 and MCM-48 structure in ODH of
propane and n-butane in order to investigate effect of silica support
texture on the speciation of vanadium complexes and its impact on
catalytic behavior in both above mentioned reactions. Prepared cat-
alysts were characterized by XRF for determination of vanadium
content, XRD, SEM and N;-adsorption for study of morphology
and texture, and H,-TPR and DR UV-vis spectroscopy for deter-
mination of vanadium complex speciation. All prepared materials
were tested in propane and n-butane ODH reaction at 540°C and
obtained catalytic results were correlated with their structural and
surface characteristics. On the basis of obtained data we conclude
that structure of mesoporous silica support play decisive role in the
case of application of catalysts to n-butane ODH, whereas catalytic
performance of investigated catalysts in propane ODH reaction is
comparable for all investigated structures.

2. Experimental
2.1. Catalyst preparation

HMS was prepared according to procedure reported by Tanev
and Pinnavaia [43]. 13.6g of dodecylamine (DDA, Aldrich) was
dissolved in the mixture of 225 cm? ethanol and 200 cm3 double-
distilled H,0. After stirring for 20min, 56cm?3 of tetraethyl
orthosilicate (TEOS, Aldrich) was added dropwise and intensively
stirred. The reaction was performed at 25 °C for 18 h under stirring.
The solid product was filtered and then repeatedly suspended in
500 cm? ethanol and stirred at 25 °C for 1 hin order to remove major
part of DDA from obtained solid. Finally, the solid was calcined in
flow of air at 540°C for 8 h with heating rate 1°Cmin~!.

MCM-48 samples were prepared using a mixture of triblock
copolymer Pluronic P123 (Aldrich) and n-butanol (Aldrich, 99.4%)
as a structure-directing mixture and TEOS as the silica source [44].
In the typical synthesis 20g of Pluronic P123 and 33.5cm3 of
hydrochloric acid (37%) are dissolved in 720 cm3 of distilled water
to form a clear solution. Then 24.66 cm> of n-butanol was added;
afterwards the mixture was being stirred at 35°C for 3 h. It was
followed by addition of 46.1 cm? of TEOS and stirring at 35 °C for
2 h. The reaction mixture was afterwards aged without any stirring
for 24 h at 35°C and 24 h at 95°C. The resulting solid phase was
recovered by hot filtration, extensively washed out with distilled
water and dried at 95 °C in Biichner funnel overnight. Calcination
was carried out in air at 540 °C for 8 h with heating rate 1°Cmin~!.

Purely siliceous SBA-15 mesoporous molecular sieve were syn-
thesized as reported earlier [45] using a triblock copolymer,
Pluronic P123 (EO5¢P0O79EO,g, BASF/Aldrich) as a structure direct-
ing agent. TEOS was used as a silica precursor yielding a typical
synthesis molar ratio TEOS:HCI:P123:H,0=1:6.2:0.017:197. The
synthesis mixture was vigorously stirred at 35 °C for 5 min and sub-
sequently aged under static conditions for 24 h at 35°C and 48 h at
97 °C. The resulting solid was recovered by filtration, extensively
washed out with distilled water and ethanol, and dried at 100°C
overnight. The template was removed by calcination in a stream of
air at 540 °C for 8 h with heating rate 1°Cmin~1.

SBA-16 samples were synthesized using Pluronic P123 and F127
as templates [46]. In the typical synthesis 3.27 g of Pluronic P123,

10.21 g of Pluronic F127 and 91 cm3 of hydrochloric acid (37%) are
dissolved in 550 cm? of distilled water to form a clear solution.
After that 50 cm? of TEOS was added and the mixture was being
stirred for 5 min. The reaction mixture was afterwards aged with-
out any stirring for 24 hat 35°Cand 24 h at 95 °C. The resulting solid
phase was recovered by hot filtration, extensively washed out with
distilled water and dried at 95 °C in Biichner funnel overnight. Cal-
cination was carried out in air at 540 °C for 8 h with heating rate
1°Cmin~1.

Vanadium oxo-complexes were doped onto silica support by
standard wet impregnation procedure by appropriate amount of
ethanol/H, O solution of vanadyl acetylacetonate (Aldrich). Impreg-
nated samples were dried at 120°C in air overnight and then
calcined at 600 °C for 8 h in the dry air flow. The samples with vana-
dium loading 3.6 and 9 wt.% were prepared representing materials
with vanadium content close to monolayer and markedly exceed-
ing this level. Surface density of vanadium on silica surface at
monolayer is usually reported to be 0.7 V/nm? [47,48].

2.2. Catalysts characterization

The chemical composition of all investigated samples was deter-
mined by X-ray fluorescence spectroscopy by ElvaX (Elvatech,
Ukraine) equipped with Pd anode. Samples were measured against
the model samples (a mechanical mixture of pure SiO, and NaVO3)
granulated to the same grain size as catalysts.

The particle morphology of starting mesoporous silicas as
well as modified samples was evaluated by scanning electron
microscopy images using a JEOL JSM-5500LV instrument.

X-ray powder diffraction data were recorded on a Bruker D8
X-ray powder diffractometer equipped with a graphite monochro-
mator and a position-sensitive detector (Vantec-1) using Cu Ko
radiation (at 40kV and 30 mA) in Bragg-Brentano geometry.

Nitrogen was used as adsorptive and supplied by Messer
(Griesheim, Germany - purity 99.999 vol.%). Sorption isotherms of
nitrogen at 77 K were determined using an ASAP 2020 instrument.
In order to attain a sufficient accuracy in the accumulation of the
adsorption data, this instrument is equipped with pressure trans-
ducers covering the 133 Pa, 1.33kPa and 133 kPa ranges. Before
each sorption measurement the sample was degassed to allow a
slow removal of the most of preadsorbed water at low tempera-
tures. This was done to avoid potential structural damage of the
sample due to surface tension effects and hydrothermal alterna-
tion. Starting at ambient temperature the sample was degassed at
110°C (temperature ramp of 0.5°Cmin~!) until the residual pres-
sure of 1Pa was attained. After further heating at 110°C for 1h
the temperature was increased (temperature ramp of 1°Cmin~1)
until the temperature of 250°C was achieved. The sample was
degassed at this temperature under turbomolecular pump vacuum
for 8h.

The UV-vis diffuse reflectance spectra of dehydrated diluted
samples were measured using Cintra 303 spectrometer (GBC Sci-
entific Equipment, Australia) equipped with a Spectralon-coated
integrating sphere using a Spectralon coated discs as a stan-
dard. The spectra were recorded in the range of the wavelength
190-850 nm. The samples were diluted by the pure silica (Fumed
silica, Aldrich) in the ratio 1:100. All samples were granulated and
sieved to fraction of size 0.25-0.5 mm, dehydrated before the spec-
tra measurement and oxidized in the glass apparatus under static
oxygen atmosphere in two steps: 120°C for 30 min and 450 °C for
60 min and subsequently cooled down to 250 °C and evacuated for
30 min. After the evacuation the samples were transferred into the
quartz optical cuvette 5 mm thick and sealed under vacuum. For
additional details you can see Ref. [49]. This procedure guaranteed
complete dehydration and defined oxidation state of vanadium for
all catalysts. The obtained reflectance spectra were transformed
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Fig. 1. SEM images of parent mesoporous silicas.

into the dependencies of Kubelka-Munk function F(R.) on the
absorption energy hv using Eq. (1):

(1-Rw)
2R

where R, is the measured diffuse reflectance from a semi-infinite
layer [50].

All measured spectra were simultaneously fitted [49] by set of
Gaussian curve shaped bands using the Fityk [51] software. Because
all VO, species exhibit the same or similar absorption coefficients
[49] it is possible to make the semi-quantitative analysis of spectra.

Raman spectra of dehydrated catalysts were measured by a
Labram HR spectrometer (Horiba Jobin-Yvon) interfaced to an
Olympus BX-41 microscope. Spectra were excited by 514.5 nm line
of an Ar*/Kr* laser (Innova 70C series, Coherent). The Raman spec-
trometer was calibrated by using the Fyg line of Si at 520.5cm™!.
The spectra were recorded with resolution 2 cm~! by Peltier-cooled
CCD camera detector. The laser power impinging on the dry sample
was 1.2 mW. The dehydration and oxidation protocol was the same
as for DR UV-vis measurement (see above).

Redox behavior of VO, surface species was investigated by the
temperature programmed reduction by hydrogen (H,-TPR) using
the AutoChem 2920 (Micromeritics, USA). 100mg sample in a
quartz U-tube microreactor was oxidized in oxygen flow at 450°C
(2 h) prior to the TPR measurement. The reduction was carried out
from 100°C to 900°C with a temperature gradient of 10°Cmin~!
in flow of reducting gas (5 vol.% H, in Ar). The changes of hydrogen
concentration were monitored by the TCD detector.

F(Rx) = (1)

2.3. Catalytic tests in ODH reaction

The propane and n-butane oxidative dehydrogenation (C3-ODH
and C4-ODH, respectively) reaction was carried out using a plug-
flow fixed-bed reactor at atmospheric pressure in the kinetic
region (independently checked) and at steady state conditions of
the reaction. The activity and selectivity of catalysts were tested

at 540°C in the dependence on contact time (W/F 0.03, 0.06,
0.09, 0.12 and 0.15gc;; scm~3). The demanded weight of cata-
lyst (grains 0.25-0.50mm) was mixed with 2cm3 of inert SiC.
The catalysts were pre-treated in a flow of oxygen at 540°C
for 2h before each reaction run. The feed composition was
CxHy/02/He =5/2.5/92.5vol.% with a total flow of 100 cm? min~!
STP (CxHy — C3Hg or C4Hjp). The catalytic activity was analyzed at
steady state conditions and the products composition was analyzed
by on-line gas chromatograph equipped with TCD and FID detec-
tors. The feed conversion, selectivity to products and productivity
were calculated based on mass balance according to Sachtler and
Boer [52]. The turn-over-frequency (TOF) values per V atom were
calculated using Eq. (2):

0
nnian_cMV

TOFy =
X McatWy

(2)
where ngfc is molar flow of hydrocarbon (mols~1), X,,_¢ con-
version of hydrocarbon (%), My is atomic weight of vanadium
(50.94gmol~1), mcat is weight of catalyst (g), w, is mass fraction
of vanadium in catalysts.

3. Results and discussion
3.1. Physicochemical properties of the samples

SEM images of all four starting materials (Fig. 1) have revealed
regular particle morphology without any presence of other phases.
For comparison there are shown samples of SBA-15 containing dif-
ferent amounts of vanadium (Fig. 2) and it can be concluded that
as far as particle size and morphology is concerned, no effect due
to the presence of vanadium was observed.

XRD patterns of parent materials (Fig. 3A) exhibit well resolved
diffraction lines, which can be associated with well-ordered pore
structure of the mesoporous SBA-15, MCM-48 and SBA-16 as well
as the disordered wormhole-like pore structure of HMS. After
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OV-SBA-15

Fig. 2. SEM images of parent SBA-15 and its vanadium modified forms.

impregnation of parent materials with vanadium complex, the
same diffraction lines are observed, indicating the preserved order-
ing of mesoporous structure as demonstrated on 3.6 and 9V-SBA-15
samples (see Fig. 3B). However, substantial decrease of intensity
of diffraction lines was observed. The decrease in intensity of the
peaks after post-synthesis modifications demonstrates the partial
structural collapse of the mesoporous materials or the flexibility
induced in the silica framework due to the strain generated from
the functionalized groups [53,54].

Nitrogen adsorption isotherms of all starting and impregnated
samples of selected silica SBA-15 are illustrated in Fig. 4. It was
found that despite rather rough treatment of primary samples
the hysteresis loop of impregnated samples remains preserved. It
confirms that modification of parent samples did not significantly
change the structure of these materials. In addition isotherms are
characteristic of high quality of prepared materials. The BET sur-
face area was evaluated using adsorption data in a relative pressure
range from 0.05 to 0.25 (Table 1). The micropore volume (Vjy) was
determined using t-plot method. The mesopore volume (Vjg) and
mesopore distribution of silica materials were calculated using BJH
algorithm (Table 1) calibrated to accurately reproduce the pore
diameter and volume. In particular, the changes in Sggr illustrate
a pronounced reduction of the surface (mainly micropore volume)
which was accessible for nitrogen molecules due to the vanadium
impregnation. Samples doped with the highest concentration of
vanadium exhibited decrease of Sger from 60% to 75% related to

their parent samples. On the other hand the decrease of mesopore
volumes of the same materials was only in the range from 20% to
48%. Introduction of vanadium into mesopores also affected the
pore size distribution. This effect is shown on SBA-15 samples (see
Fig.5), where the higher concentration of vanadium, the lower is the
peak on the distribution curve. Moreover, the pore size distribution
was slightly shifted to lower values of pore diameter.

The diffuse reflectance UV-vis spectroscopy provides informa-
tion about the character and oxidation state of vanadium. The
obtained DR UV-vis spectra for both prepared sets of catalyst
are presented in Fig. 6. It can be noted that parent silica sup-
ports exhibited only very low intensity spectrum and therefore
are not reported here. All spectra were obtained by measure-
ment of one hundred times diluted dehydrated samples with
the purpose to obtain better resolution of individual bands and
the linear dependence area of spectra on the concentration of
vanadium (for more details see Ref. [49]). They are qualitatively
similar to spectra published previously for the vanadium oxide
system on the different siliceous supports [13,55,56] and con-
tain several absorption bands in region 1.46-6.5 eV (850-190 nm)
which are conventionally attributed to ligand to metal charge-
transfer (LMCT) transitions of the O— V*V type or to the d-d
transitions of V*IV [56]. The d—d absorption bands characteristic
for the vanadium(+IV) in the region 1.55-2.07 eV [57] were not
observed in our obtained spectra and this fact confirms that all
vanadium was successfully oxidized to oxidation state (+V) during
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Fig. 3. (A) XRD patterns of parent mesoporous silica supports: (a) SBA-15, (b) SBA-16, (c) MCM-48, (d) HMS. (B) XRD patterns of parent SBA-15 and its vanadium modified

forms: (a) SBA-15, (b) 3.6V-SBA-15, (c) 9V-SBA-15.
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Fig. 4. (A) Nitrogen adsorption isotherms of parent mesoporous silica supports: (a) SBA-15, (b) SBA-16, (c) MCM-48, (d) HMS. (B) Nitrogen adsorption isotherms of parent

SBA-15 and its vanadium modified forms: (a) SBA-15, (b) 3.6V-SBA-15, (c) 9V-SBA-15.

the pretreatment procedure. The samples with high concentra-
tion of vanadium exhibit absorption bands in the region 2-3 eV
with maxima at ca. 2.6 and 3.1eV and they are attributed to the
presence of 3D-octahedrally coordinated (group Oy, ) bulk-like VO,
units [13,49,57]. The low-loaded samples exhibit absorption only
above 3 eV evidencing VOy species with tetrahedral coordination.
Fig. 7 shows spectra of low-loaded samples together with spectra
of sodium ortho-vanadate Na3VO,4 and meta-vanadate NaVOs as
standard compounds containing only isolated monomeric tetra-
hedral units and linearly polymerized tetrahedrally coordinated
oligomeric units with V-0O-V bonds respectively. Our samples with
lower vanadium content exhibit edge energy 3.7-3.47 eV (obtained
accordingly to Ref. [58]), whereas edge energy of Na3VO, and
NaVOs is 3.82 and 3.13 eV, respectively. Taking into account this
observation, it is concluded that both isolated VO4 units and small
VOy aggregates that have V-0-V bonds are present on the sur-
face of our samples (effect of partial hydratation was excluded
on the base of checking measurement of overtones of OH group

Table 1

vibration on UV-vis-NIR spectrometer). For quantitative analysis
of all three types of surface vanadium complexes, the spectra were
deconvoluted into individual bands. Parameters of individual spec-
tral bands used in deconvolution procedure of the spectra were
taken from systematic study analyzing set of VOx-HMS samples
with wide range of vanadium concentration and vanadium species
distribution recently published [49]. Fig. 8 presents example of the
deconvolution of the experimental spectra for the samples with
low and high concentration of VOx species anchored on SBA-15
support. UV-vis spectra of all samples (with low and high concen-
tration) contain three absorption bands in the region 3-6.5 eV and
these bands can be attributed to the ligand to metal charge trans-
fers of Tq-coordinated species (group of symmetry Tq4). The band
with maxima position approximately at 4eV can be attributed to
Tq-oligomeric species [49,59,60]. The band at ca. 5.9 eV belongs to
Tq-monomeric species [49,59-61] and the band with maximum at
5eV is linear combination of the bands ascribed to both the Ty4-
monomeric and the Ty-oligomeric species. For more information

Chemical composition and results of physico-chemical characterization of investigated materials.

Sample name Va, wt.% Sger, m2g~! Vi ®, cm3 g1 Ve €, cm3 g1 Dye 9, nm VO, ¢, nm—2 Ximono | Xoligo | Xo, Tmax &,°C Aeh
HMS 879 0.010 0.189 6.9

SBA-15 780 0.060 0.820 6.7

SBA-16 710 0.073 0.510 3.9

MCM-48 820 0.068 0.770 7.0

3.6V-HMS 3.6 640 0.025 0.176 7.1 0.7 0.42 0.58 0 568 15
3.6V-SBA-15 3.6 600 0.030 0.730 5.6 0.7 0.82 0.18 0 555 1.8
3.6V-SBA-16 3.6 570 0.043 0.309 4.0 0.7 0.56 0.44 0 534 1.6
3.6V-MCM-48 3.6 670 0.045 0.678 6.0 0.6 0.55 0.45 0 562 19
9V-HMS 9.0 260 0.039 0.150 8.6 4.0 0.28 0.60 0.12 594 1.6
9V-SBA-15 9.0 300 0.011 0.571 6.1 34 0.53 0.43 0.03 572 1.7
9V-SBA-16 9.0 130 0.011 0.228 10.0 8.1 0.47 0.44 0.10 596 1.7
9V-MCM-48 9.0 350 0.018 0.545 7.0 3.1 0.46 0.47 0.07 587 1.6

2 Vanadium content determined by XRF method.

b Vi micropore volume determined by using the t-plot method.

¢ Vme mesopore volume determined by Barret-Joyner-Halenda (BJH) algorithm.
4 Dy mesopore diameter determined by BJH algorithm.

€ VO, surface density (VO, nm~2).

f Relative amount of Tq-monomeric, Tq-oligomeric and Oy, units.

€ Position of maxima of H,-TPR profile.

h" Average change of oxidation state during H,-TPR experiment.
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Fig. 5. Pore size distribution for parent SBA-15 and its vanadium modified forms:
(a) SBA-15, (b) 3.6V-SBA-15, (c) 9V-SBA-15.

about assignment see Ref. [49]. Relative amount of individual VOyx
species on the surface was determined from area of corresponding
bands and results are given in Table 1. The low concentrated sam-
ples contain only T4-coordinated VOy species with predominantly
Tq-monomeric units which are considered to be the most active
particles in the light alkane ODH reactions [5,62]. The highest rela-
tive abundance of monomeric Tq-coordinated units can be found on
the SBA-15 support, approximately about 85% relative amount for
lower concentration of vanadium. For other low concentrated sam-

FR,)

d

Fig. 6. Diffuse reflectance UV-vis spectra of diluted and dehydrated VO, catalysts
on different support with 3.6 (A) and 9 (B) wt.% of V: (a) SBA-15, (b) SBA-16, (c)
MCM-48, (d) HMS.
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Fig. 7. Diffuse reflectance UV-vis spectra of diluted and dehydrated low-loaded
VOy catalysts (colors are the same as in Fig. 6A), ortho- and meta-vanadate with
corresponding edge of absorption energy. (a) SBA-15, (b) SBA-16, (c) MCM-48, (d)
HMS.

ples the amounts of monomeric units are significantly lower (about
50%). On the basis of the supports tendency to generate the Ty-
oligomeric and octahedrally coordinated polymeric units we can
sort tested support materials in the following order SBA-15 < SBA-
16 ~MCM-48 <HMS. We can observe this influence in samples
with high concentration as well (see Table 1). High capability of
SBA-15 for accommodation of well dispersed isolated monomeric
vanadyl species can be given by the fact that SBA-15 silica repre-
sents mesoporous support with regular, well defined and uniform
pore system characterized by very narrow pore size distribution,
whereas other investigated supports exhibit worm-like (HMS) or
ink-bottle (MCM-48) type of pores with wider distribution of pore
diameters, which are less suitable for fine dispersion of source of
vanadium during the procedure of solvent evaporation. The more
regular pore system the more homogeneously is solvent removed
from inner space of pore system. The Raman spectra of the dehy-
drated VOy catalysts are shown in Fig. 9 (part A of Fig. 9 shows
the spectra of low-loaded samples, part B of Fig. 9 shows the spec-
tra of high-loaded samples). The catalysts possess Raman features
at 282, 301, 404, ~487, 520, 697, ~802, 993 and 1031 cm!. The

0.5
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Fig. 8. Deconvoluted UV-vis spectra of V-SBA-15 with (A) 3.6 and (B) 9wt.% of V.
Black points are experimental data, red line is fitted envelope curve and dark gray
lines are individual spectral bands. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Raman spectra of the dehydrated VOy-silica samples with 3.6 (A) and 9 (B)
wt.% of V: (a) SBA-15, (b) SBA-16, (c) MCM-48, (d) HMS.

bands at ~802 and ~487 cm~! have been assigned to the sym-
metrical Si-O-Si stretching mode and the D1 defect mode of silica
support, which have been attributed to tetracyclosiloxane rings
produced via the condensation of surface hydroxyls [63,64]. All
other bands can be attributed to vibration connected with presence
vanadium species. It has been generally agreed that Raman bands
in the range 800-1200cm~" are due to stretching modes and the
bands below 800 cm~! are due to bending/stretching modes of V-0
[65,66]. Assignment of the Raman band is complicated by strong
coupling of vanadyl stretching and silica modes, which are close
in vibration energy [66,67]. However, band at 1031 cm~! is usually
assigned to terminal V=0 stretching vibration. Shift of this vibration
band to slightly higher wavenumbers was frequently taken as evi-
dence of changes in the coordination and extent of polymerization
of the dehydrated surface VO, species on oxide supports as Al,03,
Zr0,, TiO, or Nb, 05 [47,68]. However, no shift of this Raman band
was observed on VO, /SiO, systems [47,68,69]. This is in agreement
with our observations. Position of this band is invariable notwith-
standing various population of oligomeric species determined from
UV-vis spectra. Recent theoretical and experimental papers dealing
with vibration of vanadium species on silica surface confirmed that
both monomeric and oligomeric vanadium complexes contribute
to this band [59,66,67,70]. Above mentioned strong coupling of
VO species vibration with silica skeletal vibration could be behind
observed no shift of this band with progressive polymerization of
VO, species. Set of bands at 282, 301, 404, 520, 697, and 993 cm™!
are ascribed to V, 05 crystallites. It is interesting to note that above
mentioned bands are present in all Raman spectra while typical
bands assigned to V,05 crystallites at 2.6 and 3.1 eV are detected
only in DR UV-vis spectra of samples with 9 wt.% of vanadium (cf.
Fig. 6). Therefore, Raman spectra prove the presence of very small
amount of V,05 crystallites, which cannot be detected by UV-vis

H, consumption, a.u.

idlis

300 400 500 600 700 800 900

Temperature, °C

Fig. 10. H,-TPR patterns of VOy-silica samples with 3.6 (A) and 9 (B) wt.% of V: (a)
SBA-15, (b) SBA-16, (c) MCM-48, (d) HMS.

spectroscopy or XRD, even in the low-loaded samples due to reso-
nant enhance effect.

H,-TPR curves of VOy catalysts are depicted in Fig. 10. It can
be noted that parent silica supports exhibited no reduction peaks
and therefore are not reported here for the sake of brevity. Vana-
dium catalysts exhibit distinct reduction peaks in the temperature
range from 350 to 900°C. The average change of oxidation state
(Ae) after the H; reduction has been calculated from the amount
of H, consumed during the reduction process and range from 1.5
to 1.9 (see Table 1) indicating incomplete reduction of V*V to v*IlI
or the presence of vanadium cations in lower oxidation states (V*IV
or even V') in the samples already before starting the TPR pro-
cess. The reduction peak centered at ca. 534-568 °C dominates the
TPR patterns of all investigated materials. This peak is distinctly
tailed on high-temperature side for samples with higher vanadium
loading, especially for SBA-16 support with 9wt.% of vanadium.
Existence of other peaks at about 650 and 735°C indicates, in
accord with spectroscopic results, certain heterogeneity of vana-
dium complexes on the inner surface of the prepared catalysts. In
previous studies reported in the literature, the low-temperature
peak was tentatively attributed to the reduction of highly dispersed
VOx units with tetrahedral-like coordination [12,71-73] and the
high-temperature peaks were attributed to the reduction of poly-
meric oxide-like VOy species with octahedral coordination [74-78].
We reported in recent study on VOx-HMS catalysts that presence
of high-temperature reduction peak in the H,-TPR curves of VOy-
HMS catalysts exhibited materials with presence of UV-vis bands
at 2.6 and 3.1eV in their UV-vis spectra ascribed to 2D-square
pyramidal and 3D-octahedrally coordinated vanadium species [42].
Therefore, the low-temperature reduction peak could be attributed
to both monomeric and oligomeric tetrahedral-like coordinated
VO species. Generally, reducibility of bulk vanadium oxides differs
from reducibility of surface species. Based on comparison of H,-TPR
and >V NMR characterization of VOx-SiO, materials with various
vanadium loading it was concluded that the reduction of bulk V,05
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Table 2

Results of catalytic tests in oxidative dehydrogenation of propane at 540 °C and iso-conversion of propane 13% (C3Hg /O, /He = 5/2.5/92.5 vol.%, total flow rate of 100 cm?® min—1).
Catalyst sample name Conv., % Selectivity, % Productivity® TOF, h-!

0, C3Hs G-G? Cco CO, C3Hs

3.6V-HMS 65 56 1 26 17 0.22 10
3.6V-SBA-15 59 60 3 23 14 0.21 12
3.6V-SBA-16 61 57 2 26 15 0.21 12
3.6V-MCM-48 63 56 2 26 16 0.17 13
9V-HMS 74 41 0 44 15 0.23 7
9V-SBA-15 62 48 0 38 14 0.38 13
9V-SBA-16 49 50 1 35 14 0.24 6
9V-MCM-48 75 44 0 42 14 0.36 11

2 Cy-C, =sum of C;-C;, hydrocarbons.
b Productivity = gprod gcar ' h.

occurred at much higher temperatures than silica supported vana-
dia due to increased diffusional limitations in bulk V505 [75]. On
the other hand, Banares et al. observed by in situ TPR-Raman exper-
iments formation of oxide species during heating and reduction of
these species at lower temperatures than reduction of monomeric
species. In addition, reducibility of individual types of vanadia
species can vary in dependence on the support as was experimen-
tally observed by systematic shifts of reduction peak position on
temperature scale [78-81]. On VOx-MCM-41 silica, investigation
of reduction kinetics of surface vanadia species in hydrogen atmo-
sphere by means of in situ UV-vis spectroscopy led to conclusion
that tetrahedrally coordinated polymeric vanadia species are more
reducible than monomeric species [82] similarly to VOx—Al,;03 sys-
tem [81]. However, position of reduction peak in our TPR curves of
low-loaded samples changes within interval of 30°C, but irrespec-
tive to population of monomeric species. Reduction of high-loaded
samples is shifted by about 30°C to higher temperature. This could
be caused by increase in population of polymeric species. However,
the shift of reduction peak can be influenced not only by nature of
species but also by thermodynamics or kinetics limitations (e.g.
changes in hydrogen and water concentration in the reduction gas
owing the reduction reaction course). Therefore, it is very diffi-
cult to attribute a particular surface structure to the individual TPR
peaks more reliably.

3.2. Catalytic tests of propane and n-butane ODH

Oxidative dehydrogenation of propane over investigated sam-
ples was studied at 540°C at various contact times realized by
changes of catalyst weight. Main results are presented in Table 2.
The main products of C3-ODH were propene and carbon oxides.
Traces of ethene and methane were detected as cracking products.
No oxygenates were detected. It is well-known that the selectiv-
ity is necessary to compare at the same degree of conversion for
parallel-consecutive reaction, such as the C3-ODH reaction. There-
fore the catalytic behavior of VOy-silica catalysts with different
vanadium loading and different texture of support was compared
under iso-conversion conditions at propane conversion of 13%.
In addition, catalytic performance of the samples only slightly
depended on time-on-stream (decline of propane conversion and
propene selectivity was 1 and 2%, respectively, within 4h in the
stream). Therefore, data after 2h in the stream were taken for
catalysts comparison. The iso-conversion selectivity to propene
only slightly varied in the range from 60 to 56% for lower vana-
dium content regardless of catalysts structure, whereas it reached
only 41-50% for materials with higher vanadium loading (see
Table 2). The decrease in propene selectivity was accompanied
by increase in selectivity to CO. The selectivity to CO, was rela-
tively constant and comparable for all catalysts (Sco, = 15 + 2%).
The activity of VOx-silica catalysts under these conditions was
expressed by so called turn-over-frequency (TOF), describing the

average number of catalytic cycles at one average vanadium atom
per time unit (h). The TOF factor was almost constant for cata-
lysts with lower vanadium content (TOF equal to 12h~1 except
VO,-HMS exhibiting TOF of 10h~1). The TOF for catalysts with
higher loading of vanadium depended on type of mesoporous sil-
ica support. The VOx-SBA-15 and VOx-MCM-48 catalysts exhibited
catalytic activity similar to low-vanadium ones (13 and 11h!
for SBA-15 and MCM-48, respectively), the HMS and SBA-16 sup-
ports exhibited TOF values significantly lower (7 and 6h~1 for
HMS and SBA-16, respectively). It must be noted that conversion
of oxygen did not exceed 75% in any case and therefore both selec-
tivity to product and activity of catalysts were not influenced by
lack of reactant. Significantly lower values of TOF of 9V-SBA-16
and 9V-HMS samples corresponded very well with the enhanced
population of octahedral VOx complexes in these samples evalu-
ated by means of deconvolution of UV-vis spectra (cf. Table 1 and
Fig. 6).

Oxidative dehydrogenation of n-butane was studied at 540 °C at
various contact times implemented by changes of catalyst weight.
The main reaction products identified in the reaction mixture
were: 1-butene (1-Cy4), cis- and trans-2-butene (c-C4 and t-Cy),
1,3-butadiene (1,3-C4), methane (C;), ethane and ethene (Cy),
propane and propene (C3), carbon oxides (CO and CO,) and traces
of acetaldehyde. The carbon balance was 98 3% in all the cat-
alytic tests and no coke deposit was observed on the catalysts. The
activity of catalysts only slightly depended on the time-on-stream
(TOS). Average decline of n-butane conversion was about 2% within
10 h in the stream. On the other hand this decrease of conversion
was accompanied by the increase of C4-ODH selectivity approx-
imately about 4%. This small change in catalyst performance can
be explained by partial redistribution of vanadium oxide species
under reaction conditions [56]. Therefore the catalytic performance
of VOy-catalyst on different support and with different vanadium
loading was compared under the iso-conversion conditions at n-
butane conversion of 13% after 2 hin the stream of reaction mixture.

The TOF value strongly depended on the concentration of vana-
dium and decreased with the increasing VO concentration (for the
samples with 9 wt.% of V was only 30-40% of the value obtained for
samples with 3.6 wt.% V). It can be explained with higher amount
of Td-oligomeric and mainly octahedral units on the support (cf.
data in Tables 1 and 3, see also Figs. 6 and 8). The value of the TOF
was in good agreement with relative concentration of monomeric
VOy units as it is shown in Table 1 and Fig. 11 shows TOF value
of low-loaded catalysts as a function of population of monomeric
VOyx units and reaction type (C4- and C3-ODH). The TOF values of
catalysts in C4-ODH linearly decreased with decreasing relative
population of Ty monomers obtained from UV-vis spectra decon-
volution, whereas TOF values obtained in C3-ODH were rather
constant irrespective of ratio between amount of T4 monomeric
and T4 oligomeric species. Considering this relation the monomeric
VO units should be taken as the most active species in the ODH of
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Table 3
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Results of catalytic tests in oxidative dehydrogenation of n-butane at 540°C and iso-conversion of n-butane 13% (C4H19/O2/He=5/2.5/92.5vo0l.%, total flow rate of

100 cm3 min—1).

Catalyst sample name Conv., % Selectivity, % Productivity®© TOF, h~!
0, 1-Cy4 c-Cy t-C4 1,3-C4 Ci-C3? Cco CO, Dehy.b Dehy.b
3.6V-HMS 70 23 10 12 8 5 24 19 53 0.32 16
3.6V-SBA-15 63 23 12 12 12 6 18 15 58 0.57 26
3.6V-SBA-16 63 22 11 14 11 5 20 18 58 0.41 19
3.6V-MCM-48 81 19 8 10 7 4 30 23 43 0.31 19
9V-HMS 95 11 8 10 6 3 42 22 34 0.16 5
9V-SBA-15 95 11 7 9 7 3 39 25 34 0.37 11
9V-SBA-16 87 14 7 9 5 3 37 25 35 0.16 5
9V-MCM-48 97 9 7 9 6 3 40 25 31 0.23 8

3 Cy-C3 =sum of C;-C5 hydrocarbons and acetaldehyde.
b Dehy.=sum of C4 alkenes.
¢ Productivity = gprod gcac ' h~ 1.

n-butane, while both monomeric and oligomeric species with Ty
coordination could act as active species in ODH of propane.

The iso-conversion selectivity to C4-ODH is given in Table 3.
They were almost independent on the structure of siliceous
supports (except 3.6V-MCM-48 exhibiting significantly lower
selectivity than other catalysts with 3.6 wt.% of vanadium), but they
are strongly decreasing from 58% to 34% with the increasing of
vanadium loading for samples with 3.6 and 9 wt.%, respectively.
The decrease in C4-ODH selectivity is accompanied by increase in
selectivity to carbon oxides, mainly selectivity to CO. This fact can
be explained by higher oxygen conversion over high concentrated
samples where it was almost 100%. The decrease of selectivity
with the increasing of VO, concentration was most probably due
to higher abundance of oligomeric species with Tq- and mainly
Oj,-coordination. These species contained the V-0O-V bridging oxy-
gen atoms and according to the mechanism introduced by Kung
[5] the presence of these units allows the formation of alkoxide
intermediates which are furthermore oxidized to the products of
total oxidation. Butenes selectivity dependence on the structure
of support material is not so distinct in contrast to the mentioned
different activity (TOF) discussed above and this effect is due to
the relatively complex mechanism of ODH of n-butane. The main
factors affecting the selectivity are the vanadium content, the vana-
dium surface density, the nature of the support (structure, acidity)
and the reactions temperature [11,55]. Acid character of siliceous
support (iso-electric point (IEP) is ca. 2) has probably major influ-

30
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Fig. 11. Dependence of TOF factors of VO, catalysts with 3.6 wt.% of vanadium on
population of monomeric VO, species determined by deconvolution of DR UV-vis
spectra. Red circles — C4-ODH, black squares — C3-ODH. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

ence on the selectivity. Increasing acidity of the catalysts extend
retention period of reaction intermediate on the surface of catalyst.
The alkenes (electron-donating molecules) are more basic than the
corresponding alkanes and they interact more strongly with acid
support [11]. This effect allows us to explain the occurrence of the
consecutive reactions with neighboring VO, species regardless on
type of T4-coordinated species. The distance of neighboring species
can be related to the surface density and it is similar for all struc-
tures of support with 3.6 wt.% of vanadium (0.6-0.7 V per nm?2). In
the case of high-loaded catalysts is problem more complex due to
presence of significant amount of vanadium pentoxide.

4. Conclusions

The above discussed data allow us to draw the following con-
clusions:

e Based on H,-TPR, Raman and DR UV-vis results, it can be con-
cluded that both monomeric and oligomeric species with Tq4
coordination exist in the all investigated samples. In addition,
condensed species with Oy, coordination are significantly formed
in the samples with vanadium loading of 9 wt.%. Population of
individual types of vanadium species is dependent on the type of
silica support structure and vanadium content.

¢ C3-ODH reaction is sensitive to the presence of condensed species
with Oy, coordination which caused lowering of catalytic activity
and selectivity to propene. Nevertheless, both monomeric and
oligomeric tetrahedral species are active and selective in C3-ODH
reaction as is documented by similar iso-conversion selectiv-
ity to propene and TOF factors of low-loaded catalysts without
condensed VOy species with O}, coordination, but differing in
population of monomeric and oligomeric VOx species with Ty
coordination.

On the other hand, C4-ODH reaction is very sensitive to isolation

of vanadium species, because monomeric units are much more

active and selective than all other species as can be documented
by differences in TOF values.

From comparison of catalytic results of both types of reaction and

from characterization of vanadium speciation it can be concluded

that SBA-15 support is the most suitable structure for deposition
of vanadium in the form of isolated monomeric species which are
beneficial for C3-ODH and necessary for C4-ODH reactions.
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