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Catalytic behavior of vanadium-containing mesoporous silicas
in the oxidative dehydrogenation of propane
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Three series of vanadium-containing silica cataysts (2-7.6 wt% V) have been prepared by varying the synthesis method. In all
cases, conversion values in the oxidative dehydrogenation of propane increase with the temperature, vanadium loading and reducibility.
For impregnated and anchored catalysts, a relationship between the selectivity towards propene and the effective acidity, as determined

in the dehydration of 2-propanol, can be established.
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1. Introduction

The increasing need of upgrading low-cost feedstocks
has greatly prompted the research on the selective oxidation
reactions of light alkanes, as an alternative to the use of the
more expensive olefins. In this sense, much attention has
been recently paid to the oxidative dehydrogenation (ODH)
of alkanes, mainly from C, to C,4, to give the corresponding
alkenes [1-3], which can be carried out at an easier thermal
control than in the pure dehydrogenation, thus minimizing
the undesired collateral reactions.

Supported vanadium oxides have been extensively stud-
ied as selective catalysts in ODH reactions [4-8]. It has
been established that parameters such as the oxidation state,
coordination number, aggregation state and reducibility of
vanadium species, distance between active sites or the
acid/base properties of the catalysts have to be taken into
account in order to explain the observed catalytic behav-
ior. Furthermore, this also seems to be influenced by the
vanadium loading since the degree of aggregation of the
VO, units depends on this. The best catalytic performance
and selectivity for the ODH reaction of alkanes has been at-
tributed to the presence of isolated tetrahedral V (V) species,
whereas polymeric vanadium species could favor undesired
reactions, leading to the formation of carbon oxides.

Recently, the discovery of a new family of molecular
sieves [9], generically denominated as M41S, has opened
new and exciting possibilities in the catalysis and sorption
fields [10,11]. These mesoporous materials usually exhibit
a great versdtility in terms of both chemica nature and
structural characteristics. Thus, the synthesis, characteriza-
tion and catalytic properties of V-doped mesoporous silica
have been extensively reported [12-17].
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The present work is aimed to study the influence of
the vanadium incorporation method in a mesoporous sil-
ica framework, on the catalytic performance of vanadium-
containing mesoporous silica catalysts in the oxidative de-
hydrogenation of propane. Three synthetic strategies have
been used: (i) impregnation of silica MCM-41, (ii) anchor-
ing of vanadium species on silica MCM-41, and (iii) struc-
turally doping in the synthesis step. The catalytic results
will be rationalized in terms of acid properties of the cata-
lysts as well as the nature, dispersion degree and reducibil-
ity of vanadium species.

2. Experimental
2.1. Synthesis of catalysts

The synthesis of vanadium-impregnated mesoporous sil-
ica has been performed by treating a mesoporous sil-
ica MCM-41 support, synthesized according to the litera-
ture[9], with aVOSO, agueous solution by using the incip-
ient wetness method (1 g of calcined Si-MCM-41 support
and different amounts of VOSO;-5H,0 dissolved in 2 cm?
of H,O, in order to attain loading of 2, 3, 4.5 and 6 wt%
of V). After solvent evaporation, the V-impregnated silica
catalysts were obtained by calcination in air at 823 K, and
they will be hereinafter called V-2i, V-3i, V-4.5i and V-6i
catalysts.

A second method of vanadium incorporation has been
carried out by anchoring vanadium(V) species on a MCM-
41 silica previously dehydrated at 393 K in air for 24 h.
This support was soaked with VOCl3 dissolved in n-hexane
under a nitrogen stream. Thus, cataysts with 26 wt%
of V have been synthesized (1 g of calcined S-MCM-41
support and different amounts VOCI5 dissolved in 0.98 cm?®
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of n-hexane), rinsed with n-hexane in order to remove the
possible excess of VOCI3 and finaly treated at 823 K to
obtain the catalysts labeled as V-2a, V-3a, V-4.5a and V-63a,
respectively.

Finally, mesoporous vanadium-doped MCM-41 materi-
als were synthesized as follows: different volumes of a
vanadyl(1V) sulfate aqueous solution were added to a mix-
ture of cetyltrimethylammonium chloride (CTMACI) and
NapSiO3/Cab-O-Sil in order to attain Si/V atomic ratios
of 10 and 25. The pH was then adjusted to 11 by adding
a tetramethylammonium hydroxide (TMAOH) aqueous so-
lution. The resulting gel of molar composition 1.00SiO5 :
V205 :0.48CTMACI : 0.96N&0 : 3.70TMAOH : 222H,0,
with z = 0.02 (V25) or 0.05 (V10), was firstly stirred
at room temperature for 1 day, and then under hydrother-
mal conditions for 3 days. Finally, the solid was recovered
by centrifugation, washed with water and ethanol and air-
dried at 333 K. V10 and V25 catalysts were obtained after
removing the surfactant species by calcining the precursor
solids at 823 K.

2.2. Characterization methods

Chemical analyses of V were done by colorimetry (A =
460 nm) by the formation of the orange H3V,O; in acid
medium with KMnO, as oxidant. Catalystswere previously
treated with a HF aqueous solution [18].

X-ray diffraction patterns were collected with a Siemens
D501 diffractometer (Cu K, source) provided with a
graphite monochromator. UV-vis spectroscopy studies were
carried out in the diffuse reflectance mode with a Shimadzu
M PC 3100 spectrophotometer and BaSO, as reference. The
X-ray photoelectron spectra (XPS) were recorded with a
Physical Electronics 5700 instrument, the band-pass en-
ergy being 29.35 eV. The Mg K, X-ray excitation source
(hv = 1253.6 eV) was at a power of 300 W. The pressurein
the analysis chamber was maintained below 1.3 x 10~/ Pa
during data acquisition. The binding energies (BE) were
obtained with +0.2 eV accuracy and charge compensation
done with the adventitious C 1s peak at 248.8 €V.

N adsorption—desorption isotherms were determined in
a glass conventional volumetric apparatus at 77 K, out-
gassing previousy the samples at 473 K and 1072 Pa
overnight. Pore size distributions were calculated by using
the Cranston and Inkley method for cylindrical pores [19].

Temperature-programmed desorption of ammonia (NH3-
TPD) was used to determine the total acidity of the sam-
ples. The nature of acid sites was determined by pyridine
adsorption coupled to infrared spectroscopy. Both methods
have been described in detail elsewhere [20]. The effec-
tive acidity of the catalysts [21] has been studied by using
the conversion of 2-propanol as probe reaction, perform-
ing catalytic runs at 493 K in a fixed-bed quartz U-tube
microreactor working at atmospheric pressure, containing
ca. 0.03 g of catalyst without dilution.

Hydrogen temperature-programmed reduction (H,-TPR)
of the catalysts was carried out between 393 and 973 K,

using a flow of Ar/H, (40 cm®min—t, 10% of H,) and a
heating rate of 10 K/min. Water produced in the reduction
reaction was eliminated by passing the gas flow through
a cold finger (193 K). The consumption of hydrogen was
controlled by an on-line gas chromatograph provided with
aTCD.

The catalysts were tested in the oxidative dehydrogena-
tion of propane, using an automatic microcatalytic flow re-
actor working at atmospheric pressure. A fixed-bed quartz
U-tube reactor with a catalyst charge ranging from 0.015
to 0.120 g without dilution was used. Samples were previ-
ously treated at 773 K, under a He flow (30 cm®min—1) for
1 h. The gas reaction mixture was constituted of 7.06 mol%
propane in O,/N; (19.51/73.41 mol%) and a total flow rate
equal to 28.32 cm® min~1. The contact times (W/F) were
varied between 3.1 and 24.5 gex hmol-propane=t. Under
these conditions, both external and internal diffusional lim-
itations were absent. Analysis of the products was per-
formed using on-line gas chromatography with a Shimadzu
GC-14B provided with a column (7 m in length and 1/8”
internal diameter) filled with sebaconitrile and using aflame
ionization detector. The analysis of CO, was carried out
on line with a packed column Porapack Q (2.5 min length,
1/8” OD) and a TCD.

3. Results and discussion
3.1. Characterization of catalysts

The vanadium contents of the vanadium-based catalysts
(table 1) reveal that almost all vanadium isincorporated into
the inorganic framework, except for the anchored catalysts
with high vanadium content where the vanadium added
probably exceeds the number of available anchoring sites.
The powder X-ray diffraction patterns show, in all cases, the
characteristic low-angle diffraction peak (ca. 37 A), which
is attributed to the digo reflection assuming a hexagonal lat-
tice, typical of MCM-41 solids. The absence of diffraction
peaks at 20 angles higher than 10° seems to discard the
presence of V,0s crystallites, thus pointing to a homoge-
neous distribution of the vanadium species.

Diffuse reflectance electronic spectroscopy alows us
to shed light into the oxidation state and geometry of
vanadium species. By comparing the spectra of VOSQO,,
V,05 and as-synthesized and calcined V10 materials (fig-
ure 1), it can be inferred that V,Os is absent in this cat-
alyst, because the band at 510 nm, characteristic of oc-
tahedral vanadium(V) in the V,0s crystalites, is not ob-
served [22]. Moreover, the diffuse reflectance spectrum
of the as-synthesized V10 sample exhibits a weak absorp-
tion at 610 nm which can be attributed to V(IV) ions, as
confirmed by the green color of the as-synthesized V10
material, which is indicative of the presence of VO?* ions,
although in minor amounts. After calcination at 823 K
(catalyst V10), this band completely disappears and the DR
curve only exhibits two features associated to charge trans-
fer bands at 270 and 340 nm, assigned to V-O transfer



J. Santamaria-Gonzalez et al. /| ODH of propane on vanadium-containing silica catalysts

69

Table 1
Main characteristics of the vanadium-containing silica catalysts.

Catalyst \Y d%oo SBET Vo Reduction Total acidity Catalytic activity
wit%) (A) (Mm?g~1) (emPg~?!) temperature (mmol-NH3g~!) (2-propanol conversion)
(K) (pmol-C3Hs g~ts71)
S-MCM41 - 370 806 0.603 - 0.52 0
V-2i 18 372 804 0.509 792 0.72 0.77
V-3i 31 364 719 0.539 771 0.81 1.08
V-4.5i 44 360 647 0.713 742 1.00 2.63
V-6i 61 366 518 0.681 742 117 3.84
V-2a 19 386 714 0.543 788 0.93 0.70
V-3a 28 366 751 0.473 781 1.47 0.85
V-4.5a 42 - 652 0.509 727 152 1.89
V-6a 50 - 637 0.530 722 1.59 2.47
V10 76 367 714 0.584 822 178 1.87
V25 25 381 727 0.740 791, 821, 862 1.30 0.53
' 270 The XPS curvesin the V 2p region of the as-synthesized
vanadium-containing solids show, after O 1s satellite sub-
30 traction, an asymmetric peak which can be deconvoluted in
. two components. The maximaat 515.5 and 517.1 eV reveal
the coexistence of vanadium species in oxidation state IV
' e and V, respectively. After calcination, the peak at 515.5 eV
| 410 a remains, which could be due to a partial reduction of V (V)
when exposing the samples to the X-ray beam.
Nitrogen adsorption—desorption isotherms at 77 K are
d - almost reversible type 1V in the IUPAC classification, typ-

absorbance (a.u.)
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Figure 1. Diffuse reflectance UV-vis spectra of (8) VOSOy, (b) V20s,
(c) as-synthesized V10, (d) hydrated V10 and (e) dehydrated V10 catalysts.

7ty — e and 7wty — e, respectively, in tetrahedra V (V)
species [13]. If the V10 catalyst is exposed to humidity,
a new band at 410 nm appears, which can be attributed to
the absorption of water and the formation of square pyra-
midal V(V), a process which is accompanied by a color
change from white to yellow [13,15]. This coordination
of water molecules is completely reversible. The diffuse
reflectance spectra of impregnated and anchored vanadium
catalysts are quite similar to that of structurally vanadium-
doped catalysts.

ical feature of MCM-41 mesoporous solids. Sger values
are high and ranged between 518 and 727 m?g—?, being,
in general, lower than that found for the siliceous support
(806 m?g~1) (table 1). The vanadium-anchored catalysts
exhibit isotherms with some hysteresis loops, the existence
of which could be related to the process of vanadium in-
corporation, where evolved HCl can damage the structure.
Pore size distribution curves of the different catalysts show
a single peak corresponding to average pore radii ranging
between 11.2 and 16.2 A.

Hydrogen temperature-programmed reduction patterns
of the catalysts (table 1) indicate that impregnated and an-
chored catalysts with the similar vanadium loading have
almost the same reduction temperature, assigned to the re-
duction process of V(V) to V(1) [23]. But, in both series
of catalysts, the temperature of the maximum of hydro-
gen consumption decreases with the vanadium content (fig-
ure 2). This behavior has been also observed by Blasco
et a. in the VO,/Al,O3 system [24]. Regarding the struc-
turally vanadium-doped catalysts, they seem to be more re-
sistant to the reduction process since it takes place at higher
temperature and in a more large interval of temperatures,
which might reflect the existence of vanadium in different
environments. However, the formation of V,0s crystal-
lites, which can be monitored by a sharp peak at ca. 923 K,
has never been detected.

On the other hand, the comparison of the temperature-
programmed desorption curves of ammonia of the support
and the V10 catalyst (figure 3) allows us to indicate that
incorporation of vanadium provokes a moderate develop-
ment of acidity. Indeed, ammonia molecules are only re-
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Figure 2. TPR profiles of the hydrogen consumption (from top to bottom)
of V10, V25, V-6a, V-4.53, V-3a and V-2a catalysts.
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Figure 3. Curves of temperature-programmed desorption of ammonia cor-
responding to (a) Si-MCM-41 and (b) V10 materials.

moved from siliceous support at temperatures higher than
473 K, the total amount of desorbed ammonia until 873 K
being 0.52 mmol g—1. These acid sites could be assigned
to silanol groups, of which the O-H strength vibration is
observed in its infrared spectrum (figure 4) at 3751 cm™.
However, the total acidity found for the V10 catalyst attains
avalue of 1.78 mmol-NH3z g~*. The incorporation of vana-
dium species by structural doping leads to the appearance of
anew band in the NH3-TPD curve at ca. 433 K, which can
be due to the enhancement of acid strength of silanol groups
provoked by the presence of surrounding vanadium species.
Moreover, the infrared spectrum of the V10 catalyst (fig-
ure 4) shows a new band at 3664 cm~! which probably
corresponds to OH strength vibration of VOH groups. The
lower energy of this band indicates that these acid groups
are stronger than Si—OH groups, and they would be respon-
sible of the ammoniadesorption band centered at ca. 700 K.

a b
s
g
§ v (VO-H):
£ 3664 cm™
£
-
£
v (SiO-H): v (SiO-H):
3751 em™ 3752 em™
4000 3600 3200 4000 3600 3200
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Figure 4. Infrared spectra in the region 30004000 cm~1 of (@) Si-MCM-
41 and (b) V10 catalysts.

For the other catalysts, the total acidity ranges between 0.72
and 1.59 mmol g, the vanadium-anchored samples being
more acidic than those impregnated (table 1).

By pyridine adsorption coupled to IR spectroscopy has
been established that the mgjority of acid sites are of
Bransted type (absorption band at 1550 cm~1). However,
after outgassing at 493 K, the catalysts do not contain ad-
sorbed pyridine. The absence of Lewis acid sites con-
trasts with the observed capacity of the superficia vana-
dium species to absorb water to increase their coordination
number. Therefore, it could be possible that pyridine mol-
ecules are preferentially adsorbed on Bragnsted V-OH acid
sites and so impede their direct coordination to vanadium
atoms.

The acid characterization of these vanadium-containing
samples has been completed by evaluating their perfor-
mance in the catalytic reaction of 2-propanol conversion
at 493 K. This reaction has been chosen as a test reac-
tion in order to evaluate the effective acidity of the active
sites. It is well established that acid sites produce propene
(dehydration reaction), whereas basic and redox sites are
responsible for the production of acetone (dehydrogena-
tion reaction). The activity values (table 1) are low and
range between 0.53 and 3.84 pimol-propeneg—ts1, and,
in al cases, the unique reaction product was propene with
a selectivity close to 100%. Taking into account that the
pristine silica MCM-41 is completely inactive in this reac-
tion, the incorporation of vanadium species is responsible
of their observed catalytic activities.

3.2. Catalytic activity
The catalytic behavior in the ODH reaction of propane

for the three series of vanadium-containing catalysts. im-
pregnated, anchored and structurally doped, has been eval-
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uated between 723 and 823 K. Silica MCM-41 support is
also inactive in this reaction under al the experimental con-
ditions. The only products detected were always propene,
CO and CO;; nevertheless ethane, ethene and methane were
found as traces at high reaction temperature and high con-
version levels of propane.

In the case of vanadium-impregnated catalysts, from the
variation of propane conversion with the reaction tempera-
ture (figure 5), it can be deduced that propane conversion in-
creases with both the temperature, especially above 773 K,
and with the vanadium loading. Moreover, the easy reduc-
tion of vanadium species, as inferred from H,-TPR data
(table 1), might be considered to explain the trend of the
catalytic results. However, athough conversions increase
with the temperature, the yields of propene changein a dif-
ferent way along this group of catalysts, being very similar
for samples with vanadium loading higher than 3 wt% (ta-
ble 2). This is a consequence of a different evolution of
propene selectivity with temperature, which strongly de-
creases at high conversions for samples with maximum
vanadium loadings (figure 6). Only the sample with 2 wt%
of vanadium exhibits an always increasing selectivity with
temperature. Turnover frequency numbers, considering the
activity per atom of vanadium, also decrease with vanadium
loadings (table 2).
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Figure 5. Variation of the propane conversion as a function of the reaction

temperature during the ODH of propane on vanadium-impregnated silica

MCM cataysts: V-2i (o), V-3i (W), V-4.5i (o) and V-6i (x). W/F =
24.5ghmol-C;*.

The selectivities to CO and CO, for vanadium-impreg-
nated catalysts are very high for CO with values comprised
between 60 and 75%, while for CO, they increase with
the conversion, but they aways are lower than 25% (ta-
ble 2). This should be explained by considering that CO
is both a primary and secondary product, while CO, is
essentially a secondary product in the oxidative reaction
of propene. Furthermore, the evolution of the selectivity to
CO; with the vanadium loading matches very well with the
total acidity. Thus, while the total acidity increases from
0.72 to 1.17 mmol g~*, the selectivity to CO, goes from
2.3 to 20.3%. Therefore, the higher the acidity the higher
is the total oxidation, which can be justified by the strong
retention of the olefin intermediate on these acid sites and
its ulterior oxidation to CO, [25-27].

It is well known that selectivity of alkane dehydrogena-
tion in oxidative conditionsis afunction of the type of vana-
dium species present on the catalyst. Thus, it has been es-
tablished that isolated or polymeric tetrahedral V (V) species
are the most selective to akene formation [2,28]. On the
other hand, the nature of the vanadium species deposited
onto the surface of a given support depends upon the vana-
dium loading and the acid—base properties of such support.
In fact, the formation of V,Os crystallites on the silica sur-
face has been aready detected at a coverage degree only
higher than 10% of the theoretical monolayer. The weak
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Figure 6. Dependence of selectivity to propene on the reaction temperature
in the ODH of propane for vanadium-impregnated silica MCM catalysts:
V-2i (e), V-3i (W), V-4.5i (A) and V-6i (x). W/F = 24.5 ghmoI—Cgl.

Table 2
Catalytic results for ODH of propane over vanadium-based catalysts at 823 K.2

Catalyst  Conversion TOF x 10% Selectivity (%) Propene yield

(%) (umol-CsHgstat-V—1) Propene CO CO, (%)
V-2i 15.8 6.79 24.1 73.3 23 38
V-3i 42.0 6.74 155 710 124 6.5
V-4.5i 52.6 4.98 13.0 66.7 20.3 6.8
V-6i 57.9 3.27 10.8 701 191 6.2
V-2a 25.3 8.71 204 73.4 57 52
V-3a 28.1 5.52 17.2 731 9.3 4.8
V-4.5a 49.1 6.53 17.2 615 206 8.6
V-6a 56.5 4.79 132 61.0 245 75
V10 28.8 2.37 195 721 81 5.6
V25 40.3 8.12 15.7 674 153 6.3

AW/F = 24.5 ghmol-C3 .
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Figure 7. Propene selectivity as a function of the propane conversion on
V-4.5i catalyst at 798 K.
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Figure 8. Variation of the conversion of propane versus reaction temper-
ature for vanadium-anchored silica MCM catalysts: V-2a (e), V-3a (H),
V-4.5a () and V-6a (x). W/F = 24.5 ghmol-C; .

interaction between vanadium species and the support is
the origin of this lower dispersion degree [29]. For our im-
pregnated vanadium silica MCM catalysts, due to the high
surface area of the support, the coverage degrees attained
werevery low, between 0.035 and 0.08 of amonolayer, con-
sidering 4.98 x 10'® molecules of V,05 per square meter
as the amount necessary to form a monolayer on a support.
These data theoretically might lead to a good dispersion of
vanadium species, which in turn is supported by the charac-
terization results, where only tetrahedral V (V) species were
detected. Concerning the selectivities to propene, they de-
crease with conversion, as can be observed for the sample
with 4.5 wt% V (figure 7). This means that the forma-
tion of the secondary product, CO,, largely increases at the
expense of propene with conversion. In this way, the ex-
perimental data seem to indicate the formation of a large
number of V(IV) species at high conversion levels which
can be responsible of the low propene selectivity values, as
has been observed in the ODH of alkanes over supported
vanadium catalysts [24]. This assumption is quite proba-
ble taking into account the reducing atmosphere around the
active centers owing to the high percentage of CO formed
during the ODH of propane.

For vanadium-anchored catalysts, the variation of the
conversion and the selectivity to propene as a function of
the temperature (figures 8 and 9) exhibits a similar behav-
ior to that observed for impregnated samples. This fact is
expected by considering the strong analogies found in the
characterization between both groups of catalysts. How-
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Figure 9. Dependence of selectivity to propene on the reaction temperature
in the ODH of propane for vanadium-anchored silica MCM catalysts:
V-2a (e), V-3a (M), V-4.5a () and V-6a (x). W/F = 24.5ghmol-C;*.
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Figure 10. Variation of the conversion of propane (open symbols) and the

selectivity to propene (closed symbols) versus the reaction temperature

for structuraly vanadium-doped silica MCM catalysts: V10 (¢, ) and
V25 (B,0). W/F = 24.5 ghmol-C3 .

ever, the selectivity values and the propene yields are gen-
erally higher for anchored vanadium materials (table 2).
These differences could appear as a consequence of the
acidic properties of both groups of catalysts. Thus, al-
though the total acidity of anchored vanadium catalysts,
as determined from NH3-TPD, is higher than those of im-
pregnated analogs, the effective acidity as probed in the
dehydration reaction of 2-propanol is lower. The higher
effective acidity of vanadium-impregnated catalysts is well
correlated with the lower selectivity to propene in the ODH
of propane. This relationship has been already observed
in ODH of ethane on chromium-containing oxides pillared
zirconium phosphate materials [20]. In fact, the higher the
effective acidity, the higher the retention of propene mole-
cules, which leads to their total oxidation to carbon oxides,
thus giving rise to a lower selectivity to propene.
Concerning the catalytic behavior of the two structurally
vanadium-doped silica MCM-41 catalysts, with vanadium
contents of 2.5 and 7.6 wt%, the catalytic results indicate
that an increase in the vanadium content does not result
in a better performance in the ODH of propane (figure 10
and table 2). Furthermore, differences in conversion and
selectivity are found in comparison with anchored or im-
pregnated catalysts with similar vanadium content. This
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behavior is expected taking into account the structural, tex-
tural and acid characteristics of these catalysts, which dif-
fer from those of impregnated and anchored catalysts. This
difference could be explained by both, a more difficult re-
ducibility of these catalysts, because the peaks of hydrogen
consumption appear at higher temperature, and the exis-
tence of a fraction of vanadium atoms which are located
into the walls of the silica MCM-41 framework in sites of
difficult access to the propane molecules.

4. Conclusions

Impregnation or anchoring of vanadium species gives
rise to catalysts which exhibit similar textural and reduc-
tion features, whereas the structural doping in the synthe-
Sis step gives rise to more crystalline mesoporous solids
where vanadium centers are reduced at higher tempera-
ture. The catalytic performances in the ODH reaction of
propane seem to be relatively independent of the incorpo-
ration method of the active phase in the case of anchored
and impregnated samples, but different when vanadium is
structurally incorporated in the synthesis step. A plausi-
ble relationship between the selectivity to propene and the
effective acidity of catalysts can be proposed.
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