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The oxidative dehydrogenation of n-butane on supported
vanadium catalysts has been studied. Al,O;, sepiolite, hydrotal-
cite (Mg/ Al atomic ratio of 3.0), and MgO were used as supports.
The vanadium content of supported catalysts was varied to
obtain dispersed vanadium species. The strength and number
of Lewis acid sites (determined by FTIR of adsorbed pyridine)
decreases in the following trend: V/AL,O; > V/Sepiolite > V/
hydrotalcite > V/MgO. 'V NMR spectroscopy indicates that
tetrahedral V5*-species (with different distortion degree and/
or environment) are the main vanadium species. Temperature-
programmed reduction results show that the reducibility of
catalysts, determined from the onset temperature of H,-con-
sumption, decreases in the order V/ALO; > V/MgO (first
peak) > V/Sepiolite > V/MgO (second peak) =~ V/hydrotalcite.
The catalytic activity for n-butane oxidation follows a trend
similar to that observed in TPR, concluding that the catalytic
activity is related to the reducibility of surface vanadium species
in the catalysts. However, the selectivity to dehydrogenated
products, as well as the distribution of C,-olefins, can be tenta-
tively related to the acid-base character of catalysts. Thus, the
selectivities to 1-butene and butadiene decrease in the order
V/MgO > V/Hydrotalcite > V/Sepiolite > V/ALO;, while the
selectivities to 2-butene and carbon oxides present the opposite
trend.

© 1995 Academic Press, Inc.

INTRODUCTION

Supported vanadium oxides exhibit interesting catalytic
properties for oxidation reactions (1-6). Differences in
their catalytic behavior are generally explained on the basis
of the nature and distribution of vanadium species, which
are influenced by the vanadium loading and the acid-base
character of the support (1-10). On supports with an acid
character, i.e., SiO,, a low interaction between vanadium
species and support exists and V,0s is formed at relatively
low vanadium content. However, on supports with basic
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character, i.e., MgQO, a high interaction between vanadium
species and support leads to the formation of metal vana-
dates.

MgO-supported vanadium catalysts have been shown to
be selective for the oxidative dehydrogenation (ODH) of
propane and n-butane (11) while a poor selectivity to ole-
fins is obtained on both unsupported (12) and supported
(8i10;,, AlL;Oj;, TiO,;) (13) vanadia catalysts. However, de-
pending on the alkane feeded, other vanadium-based cata-
lysts, such as V/sepiolite (14), V/S8iO; (15). V/ALO; (16—
18), V/Nb,Os (19), VAPO-5 (20), VMgAPO-5 (21), or V-
silicalite (22) are also selective catalysts in the oxydehydro-
genation reactions. In all these systems (14-16, 18-22),
including V/MgO catalysts (23), isolated tetrahedral V**
species have been proposed as selective sites for oxydehy-
drogenation of alkanes.

In this sense, V/S10; (24) and V/ALQ; (18, 25) catalysts
with low vanadium loading show a low selectivity for the
oxidative dehydrogenation of n-butane, while these cata-
lytic systems present high selectivities to ethene during the
oxidative dehydrogenation of ethane (15, 16, 18). On the
other hand, a high selectivity for the ODH of propane is
observed on sepiolite-supported vanadium catalysts (14),
but their catalytic properties for the ODH of n-butane are
strongly influenced by the vanadium content (26).

The aim of this paper is to study the influence of the
acid—base character of the support on the selectivity for
the oxidative dehydrogenation of n-butane on supported
vanadium catalysts free of V,Os crystallites. For this pur-
pose, MgO, hydrotalcite-type Mg-Al, silicate-type magne-
sium (sepiolite), and AL, O; have been used as supports,
since according to Noller et al. (27) they possess different
acid-base character. As the vanadium dispersion depends
on the nature of the oxide support, the vanadium content
in the catalysts were optimized to obtain highly dispersed
vanadium species. It will be shown that, although in all the
catalysts studied here tetrahedral V>* can be considered as
the main vanadium species, the differences in their catalytic
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properties can be explained by the influence of the acid-
base character of the supports and/or the catalysts on the
selectivity to C;-olefins.

EXPERIMENTAL

Catalyst Preparation

Commercial AlLO; (Gidler T126), natural sepiolite
(from Vallecas, Spain), prepared MgO, and heat-treated
hydrotalcite-type Mg—Al were used as supports and re-
ferred to as AL, SEP, MG, and HTH, respectively. MgO
was obtained from magnesium oxalate by calcination in
air at 700°C for 3 h (23, 28). Hydrotalcite, magnesium
aluminum hydroxy-carbonate, was obtained by continuous
coprecipitation of aqueous solutions of magnesium nitrate
and aluminum nitrate at a constant pH of 13 and at room
temperature (29). The hydrotalcite was calcined in air at
450°C for 18 h (HTH).

Supported vanadium catalysts were prepared by impreg-
nation of the support with ammonium metavanadate
(V/HTH and V/MG) or vanadyl oxalate (V/SEP) aqueous
solutions, according to the preparation procedure reported
previously (14, 21). V/AL catalyst was prepared by impreg-
nation of a nonporous y-Al,O; support with a vanadyl
acetylacetonate/methanol solution. Then, the solid was fil-
tered and dried at 80°C for 16 h. In all cases, the samples
were calcined at 600°C for 4 h.

Catalyst Characterization

The BET surface area of the samples, Sggt, was obtained
in an ASAP 2000 apparatus, following the BET method
from N, adsorption isotherms at 77 K and taken at a value
of 0.164 nm? for the cross section of N,.

X-ray diffraction (XRD) patterns were collected in a
Philips 1060 diffractometer, equipped with a graphite
monochromator, operating at 40 kV and 40 mA and using
nickel-filtered CuKa radiation (A = 0.1542 nm).

Solid-state 'V NMR spectra were recorded at ambient
temperature on a Varian VXR-400S WB spectrometer at
105.1 MHz, using a high-speed MAS Doty probe with
zirconia rotors (5 mm in diameter). The spectra were re-
corded with pulses of 1 us corresponding to a flip angle
of 7#/13, in order to avoid signal distortions of the I = §
nuclei. The use of Bloch decays against spin echos is the
preferred method here to avoid the complication arising
from varying degrees of excitation selectivity that became
important with the use of longer pulse lengths needed for
spin echoes. To obtain the MAS-NMR spectra, samples
were spun at 7 kHz. The 'V chemical shifts are referred
against liquid VOCl,, using a 0.16 M NaVO; aqueous solu-
tion, whose chemical shift is —574.3 ppm, as a secondary
reference. This same solution was used to calibrate the
radiofrequency power.
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Infrared spectra of adsorbed pyridine were obtained in
a Nicolet 710 FTIR spectrophotometer. Wafers of 10 mg
cm™2 were mounted in a Pyrex vacuum cell fitted with CaF,
windows. The samples were degassed at 400°C for 2 h
and then cooled at room temperature (RT) to obtain the
original IR spectra. Then, pyridine was admitted at room
temperature and degassed for 1 h to remove the phy-
sisorbed fraction, and the spectra were taken at room tem-
perature. Finally, pyridine was desorbed at temperatures
of 150 and 250°C.

Temperature-programmed reduction (TPR) results
were obtained in a Micromeritics apparatus. Samples of
10 mg were first treated in argon at room temperature for
1 h. The samples were subsequently contacted with an H,/
Ar mixture (H,/Ar molar ratio of 0.15 and a total flow of
50 ml min') and heated, at a rate of 10°C min~', to a final
temperature of 1000°C.

Catalytic Test

The catalytic experiments were carried out in a fixed-
bed, continuous stainless-steel tubular reactor (i.d. 20 mm,
length 400 mm), working at atmospheric pressure. The
reactor was equipped with a coaxial thermocouple for cata-
lytic bed temperature profiling.

Catalyst samples (0.3-0.5 mm particle size) were intro-
duced in the reactor and diluted with 8 g of silicon carbide
(0.5-0.75 mm particle size) to keep a constant volume in
the catalyst bed. The flow rate of the reactants was varied
(100-600 cm® min') to achieve different contact times
(W/F=2-40g., h molg4‘), and different n-butane conver-
sion levels. The feed consisted of a mixture of n-butane,
oxygen, and helium with a constant molar ratio of 5:20:75.
Experiments were carried out at 500, 525, and 550°C.

Reactants and reaction products were analyzed by on-
line gas chromatography, using a Hewlett—Packard appa-
ratus equipped with two columns in parallel: (i) 23% SP-
1700 Chromosorb PAW (30 X }in.) to separate hydrocar-
bons and CO; and (it) Carbosieve-Sg (8 X §in.) to separate
O, and CO.

Blank runs showed that under the experimental condi-
tions used in this work the homogeneous reaction could
be neglected.

RESULTS

Catalyst Characterization

The surface area and chemical composition of the oxide
supports and catalysts are shown in Table 1. XRD patterns
of V/AL and V/SEP samples are similar to those of the
corresponding support. XRD of the V/MG sample (Fig.
la) is attributed to MgO, while from IR and Raman spec-
troscopies (23) the presence of a poor crystalline Mg;V,Oq
phase has also been proposed. In the case of the VVHTH
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TABLE 1

Characteristics of Supports and Supported
Vanadium Catalysts

Atomic ratio (%)
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SBF,T v205

Sample (m2g ') (Wt%) \Y Mg Al Si
MgO 140 0 — 100 -
V/IMG 108 20.0 10.0 90.0 — —
HTH* 196 0 — 730 270 —
V/HTH 166 270 8.5 67.0 24.5 —
Sepiolite® 139 0 — 383 1.1 606
V/SEP 82.4 6.7 4.1 36.8 1.0 581
ALO, 188 0 — — 100 —
V/AL 160 7.0 44 — 95.6 —

“ Heat-treated hydrotalcite type.

® Natural Sepiolite. Chemical composition as in Ref. (12).

“ Chemical analysis of the elements was done by atomic absorption
spectrometry.

sample (Fig. 1b), a diffuse diffraction pattern of MgO is
observed. This spectrum is similar to pure hydrotalcite
calcined at 600°C (29), and it corresponds to the thermal
decomposition of hydrotalcite.

a. >'V NMR Spectroscopy. Previous 'V NMR studies
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FIG. 1. XRD patterns of V/IMG (a) and V/HTH (b) catalysts.
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FIG. 2. %'V wideline NMR spectra of V/IMG (a), V/HTH (b),
V/SEP (c¢). and V/AL (d) catalysts.

(30-34) have shown that the line shape of the (+% — —3
central transition in the static spectra are dominated by
chemical shift anisotropy. Thus, the combination of wide-
line and MAS experiments allows us to obtain reliable
information on the symmetry environment of V atoms.
Figures 2 and 3 show the wideline and MAS 'V NMR
spectra, respectively.

Figure 2a shows the °'V wideline spectrum of the
V/MG catalyst. The spectrum is constituted by a main line
at around —555 ppm slightly asymmetric. The absence of
a component in the region between —300 and —450 ppm
indicates that distorted octahedral species like in MgV,Oq
or square pyramidal like in V,0s are not formed (30-32).
Apart from this, no further details can be extracted from
the static spectrum. The MAS-NMR spectrum, shown in
Fig. 3a, can be interpreted, on the basis of previous works
(32, 33), as due to the superimposition of two signals at
—554 ppm (signal A) and at —570 ppm (signal B). A
spectrum similar to that shown in Fig. 3a has been reported
by Lapina ez al. (32), who attributed the peak at —554 ppm
to be magnesium orthovanadate, Mg,V,Oy, phase, and
the shoulder at —580 ppm to associated V** octahedra or
associated V°* tetrahedra (8, = —440 ppm, & = —-570
ppm and & = —700 ppm with g, = —570 ppm). However,
since the lineshape and -width of the wideline spectrum
shown in Fig. 2a strongly suggest the absence of major
amounts of octahedral vanadium and the relative intensity
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of signal B (8 ~ —570 ppm) decreases with the vanadium
coverage, we think that this signal must correspond to
distorted VO, units highly dispersed on the MgO surface.

Both static (Fig. 2b) and MAS (Fig. 3b) spectra for
the V/HTH sample resemble that of the V/MG sample
although with a broader linewidth, indicating that V-
species must be in a tetrahedral environment. The line-
shape suggests the presence of a broad range of V-environ-
ments, possibly with a different number of nonbridging
oxygen atoms. This heterogeneity of V-sites distribution
with different chemical shift anisotropy is also supported
by the fact that the separation between the side bands
maxima are not exactly the same (34) (see Fig. 3b).

The *'V-wideline and MAS-NMR spectra of the V-SEP
catalyst are shown in Figs. 2¢ and 3c, respectively. *'V-
wideline gives an unstructured line with little resemblance
to the spectra obtained for bulk binary magnesium vana-
dates (30-32). The spinning spectrum is formed by the
superimposition of a very broad band (signal C) and a
sharper one centered at around —600 ppm (signal D). Both
the spectroscopic parameters and the notation behavior of
this band C led to Occelli et al. (31) to attribute it to a

-700

-900
ppm

31V MAS-NMR spectra of V/IMG (a), V/HTH (b). V/SEP (c), and V/AL (d) catalysts. Right: corresponding enlarged spectra.

dimeric V,0% -group in the form of a disordered surface
phase. The characteristics of line D under static and spin-
ning conditions indicate that it must be due to some type of
tetrahedral V>*-species. Although its chemical shift value is
quite close to site 1 in a-Mg,V,05 (31), it is not clear if it
corresponds to monomeric or dimeric species. The rela-
tively broad lineshape of this peak must be related to the
presence of a variety of chemical shifts, i.e., tetrahedral
V3*.sites with somewhat different symmetry.

The wideline spectrum of the V/AL catalyst is consti-
tuted by three main components at around —300 ppm,
—540 ppm, and —800 ppm (Fig. 2d). Similar spectra are
observed by other authors (17, 30, 34). Under spinning
conditions, two lines are observed at —555 ppm and —575
ppm (Fig. 3d).

The peak at around —300 ppm (signal E) in the static
spectrum (Fig. 2d) clearly indicates the presence of octahe-
dral V3*-species (30, 34). However, the low intensity of
the octahedral species in the V/AL sample studied here
makes it difficult to establish further details on the vana-
dium coordination geometry.

The spectral parameters of a signal centered at —540
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Absorbance

FIG.4. FTIR spectra of pyridine adsorbed on V/MG (a), V/HTH (b},
V/SEP (¢),and V/AL (d) samples obtained at evacuation temperatures of
150°C (A) and 250°C (B).

ppm in the wideline spectrum of V/Al,O; has been attrib-
uted to VO, tetrahedron bonded to two other V-atoms
via oxygen atoms forming chains (30). Following the Q")
notation, where » is the number of bridging oxygen atoms
connecting two V-polyhedra, these VOq-tetrahedra would
be of Q® type. Lapina et al. (33) attributed the lines in
the chemical shift range between —520 ppm and —590 ppm
to VOg-species bound to the alumina surface via one or
two oxygen atoms and with H,O molecules in their second
coordination sphere, in a very regular tetrahedral environ-
ment. The MAS-NMR spectrum of our V/AL catalyst
shown in Fig. 3d presents two sharp peaks at —555 (signal
F) and —575 (signal G) ppm, which must correspond to
V3*-tetrahedra with a different geometry. Comparison
with model compounds suggests that the resonance at —555
ppm must be due to isolated V°* in a very regular tetrahe-
dral symmetry, in agreement with the assignment of Lapina
et al. (33). The chemical shift value of signal G under
spinning and the static spectrum (with two components
probably corresponding to & and 8; at —540 ppm and
—800 ppm, respectively) suggest its attribution to the for-
mation of VO,-chains (Q'®-type species) like in metavana-
dates NH,;VO; or NaVO; (30).
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b. Catalystacidity. Figure 4 illustrates the infrared spec-
tra of pyridine adsorbed on the supported vanadium cata-
lysts after evacuation at temperatures of 150°C (Fig. 4A)
and 250°C (Fig. 4B). Bands at 1450, 1493, and 1609 cm™!
(1620 cm ™! for the V/AL sample), characteristics of pyri-
dine retained on Lewis acid sites, are observed at an evacu-
ation temperature of 150°C. However, after evacuation at
250°C these bands are only present, with a low intensity,
in the spectra of the V/AL and V/SEP samples. Further-
more, the band at 1545 cm™ associated to pyridine adsorbed
on Brgnsted acid sites, is only observed in the spectra of
V/AL and V/SEP samples at an evacuation temperature
of 150°C.

As the intensity of the band at 1450 cm™' is related to
the number of Lewis acid sites, it can be concluded that:

(i) The number of Lewis acid sites decreases according
the following trend: V/AL > V/SEP > V/HTH > V/MG.
(ii) The strenghth of Lewis acid sites on V/AL or
V/SEP is higher than on V/HTH or V/MG catalysts.
(iii) Brgnsted acid sites are only observed on V/SEP
and V/AL catalysts.

¢. Temperature-programmed reduction. The tempera-
ture-programmed reduction profiles of supported vana-
dium catalysts are shown in Fig. 5. Except in the case of
the V/MG sample, in which two peaks are observed, the
TPR profiles of the catalysts exhibit only one prominent
maximum. The onset temperature, Ty, and the tempera-
ture of the maximum hydrogen consumption, Ty, are listed
in Table 2. In all cases the amount of hydrogen consumed
during the TPR experiment was approximately 1.0 mol-
H, mol! of vanadium.
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FIG. 5. TPR profiles of supported vanadium catalysts: V/MG (a),
V/HTH (b), V/SEP (c). and V/AL (d).
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TABLE 2

TPR Results of Supported
Vanadium Catalysts

Sample Tonsel (OC) TM (OC)
V/AL 300 465
V/SEP 410 535
V/HTH 421 585
VIMG 310 373
450 568

TPR results of monolayer and double-layer supported
vanadium catalysts indicate (35) that the reducibility de-
creases in the sequence V/TiO, > V/AL,O; > V/SiO; >
V/MgO. In addition, it was observed that the T\, i.c., the
temperature of the maximum, increases with the vanadium
loading for V/MgO catalysts. However, Iwamoto et al.
(36) observed four peaks in the TPR profile of a MgO-
supported vanadium sample, which were attributed to two
types of vanadium species reduced in two step, ie.,
V.05 — V.0, and V>0, — V,0;. Two different vanadium
species have also been proposed in MgO-supported vana-
dium catalysts prepared by impregnation of magnesium
oxalate with an aqueous vanadyl oxalate solution (26).
These V-Mg-O catalysts present TPR patterns similar to
that shown in Fig. 5a and they are associated to (26): (i)
isolated V>*-species in a distorted VO, tetrahedral envi-
ronment on the catalyst surface and (ii) isolated V>*-spe-
cies in a Mgy V,Og-structure in the bulk of the catalyst. We
must note that the presence of two different vanadium
species is only observed on catalysts with vanadium con-
tents lower than 30 wt%, while the number of isolated V>*-
species in a crystalline Mg;V,04-phase increases with the
vanadium content. In addition, from the comparison be-
tween catalyst characterization and catalytic properties, it
has been proposed that the catalytic activity of the V/IMG
sample is mainly related to isolated V3*-species with high
reducibility (26).

According to the results shown in Table 2 it can be
concluded that the T, increases in the order V/AL =
V/MG (first peak) < V/SEP = V/HTH < V/MG (second
peak), while the Ty increases in the order V/IMG (first
peak) < V/AL < V/SEP < V/MG (second peak) <
V/HTH. Since the temperature at which the maximum
hydrogen consumption is observed depends on the V-con-
tent and probably on the dispersion, the reducibility of the
catalysts can be better reflected by the onset temperature.

d. Catalytic Study. 'The catalytic results obtained during
the oxidative dehydrogenation of n-butane on supported
vanadium catalysts are shown in Table 3. C,-Olefins (in-
cluding 1-butene, cis-2-butene, trans-2-butene, and butadi-
ene), CO, and CO, are the main reaction products, while
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C;- or Cs-hydrocarbons are obtained as minority ones.
Oxygen-containing products other than carbon oxides
were not observed.

Figure 6 shows the variation of the conversion of n-
butane with the contact time (W/F). From these results
it can be concluded that the catalytic activity per gram
of catalyst decreases in the order: V/AL > V/Mg >
V/HTH > V/SEP. A similar trend is obtained when
specific activities (calculated per square meter of surface)
are considered.

However, because the catalysts have a different vana-
dium content, their catalytic activity per mole of vana-
dium were calculated and they are shown in Table 3.
It can be seen that the activity of vanadium atoms
decrease in the following trend: V/AL > V/MgO =
V/SEP > V/HTH.

In Table 3 it can also be seen that at low reaction
temperature and a conversion of n-butane about 10%,
selectivities to Cs-olefins higher than 50% are obtained
on all the catalysts. On the V/MG, V/HTH, and V/SEP
catalysts it can be seen that both the conversion of n-
butane and the selectivity to oxydehydrogenated products
increases when increasing the reaction temperature, while
for the V/AL sample the higher the reaction temperature
the higher the n-butane conversion and the lower the
selectivity to dehydrogenated products.

Figures 7 and 8 show the variation of the selectivities
to C;-olefins with the conversion level of n-butane ob-
tained at 500 and 550°C, respectively. Some of these
results are also summarized in Table 4, in which the
selectivities to each of the reaction products have been
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FIG. 6. Variation of the conversion of n-butane with the contact
time, W/F, obtained at a reaction temperature of 550°C. (O) V/IMG; (O)
V/HTH; (A) V/SEP; (@) V/AL.
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TABLE 3
Oxidative Dehydrogenation of n-Butane on Supported Vanadium Catalysts

Catalytic Selectivity (%)
T Conversion activity TOF
Sample W/F¢ (°C) (%) (mol C4 h! gy {mol C; h™! mol-V-1) ODH* CO CO, Others®
VIMG 4.1 500 11.2 273 124 58.6 9.7 294 23
525 17.6 4.29 19.5 62.0 9.9 26.1 20
550 25.7 6.27 285 61.2 10.7 26.2 19
V/HTH 10 500 109 1.09 3.63 50.4 128 332 36
525 16.6 1.66 5.53 535 13.0 29.8 37
550 22.7 227 7.57 549 12.7 29.1 33
V/SEP 20 500 10.6 0.53 14.3 49.1 221 26.0 29
525 14.0 0.70 18.9 52.3 209 24.1 27
550 19.0 0.95 257 48.5 239 24.6 29
V/AL 23 500 9.9 4.30 113 53.7 21.8 21.8 27
525 16.1 7.00 184 45.2 28.6 240 22
550 26.0 113 297 349 36.4 26.6 2.1

@ Contact time, W/F in g, h (mol C4)™'.
b Selectivity to Cs-olefins (1-butene, 2-butenes, and butadiene).
¢ C,- and Cj-hydrocarbons.

included. It can be seen that, independently of the
reaction temperature, the selectivities to 1-butene on
V/MG and V/HTH catalysts are higher than on V/SEP
and V/AL catalysts. In all the cases, 1-butene can be
considered as a primary and unstable product (Figs. 7
and 8).

The selectivity to 2-butenes (cis- and trans-2 butene)

decreases with the n-butane conversion. For this reason,
2-butenes can be considered as primary (unstable) prod-
ucts (Figs. 7 and 8). At low reaction temperature, i.e.,
500°C, the selectivity to 2-butene on V/SEP and V/AL
is higher than that on V/MG and V/HTH catalysts.
However, at higher reaction temperatures, similar selec-
tivities are obtained on any catalysts. It is noted that
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FIG. 7. Variation of the selectivities to 1-butene, 2-butenes, and butadiene with the conversion of n-butane obtained at a reaction temperature

of 500°C. (O) V/MG; (@) V/HTH; (O) V/SEP; (®) V/AL.
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FIG. 8. Variation of the selectivities to 1-butene. 2-butenes, and butadiene with the conversion of #-butane obtained at a reaction temperature

of 550°C. Symbols as in Fig. 7.

trans-2-butene/cis-2-butene molar ratios higher (V/AL
and V/SEP) or lower (V/MG and V/HTH) than 1 were

obtained (Table 4).

The variation of the selectivity to butadiene with the
n-butane conversion on supported vanadium catalysts

can be seen in Figs. 7 and 8. For V/MG and V/HTH
catalysts, the selectivity to butadiene increases when
increasing the n-butane conversion, reaching a maximum
for a value of 40%. However, for V/SEP and V/AL
catalysts the selectivity to butadiene decreases when

TABLE 4

Variation of Selectivity to C,-Olefin with the Reaction Temperature and Conversion of n-Butane

Selectivity
Temperature Conversion
Sample W/F? (°C) (%) 1-C4Hy 1-2-C,Hy ¢-2-C4Hy C4He CcO CO, Others®

VIMG 4.1 500 11 21.6 9.2 11.2 16.6 9.7 294 23
10 500 22 184 7.2 8.8 20.3 10.5 33.0 1.8

27 550 21 201 7.5 93 28.0 9.6 233 22

10 550 43 109 33 4.0 318 13.7 34.9 1.4

V/HTH 10.0 500 11 20.6 9.3 10.6 9.9 12.8 332 3.6
22.0 500 17 17.9 7.6 8.7 11.8 14.1 37.0 29

10.0 550 23 19.2 79 89 19.9 12.7 291 33

39 550 43 11.0 37 4.4 20.3 16.4 41.6 2.6

V/SEP 20 500 11 13.6 14.1 1.0 10.3 221 26.0 29
40 500 18 9.4 10.6 82 8.8 283 325 22

20 550 19 13.7 12.1 9.9 12.9 23.9 246 29

39 550 31 8.4 7.8 6.3 10.0 315 335 2.5

V/AL 2.3 500 10 15.0 14.6 12.5 11.6 218 218 27
5.4 500 18 8.7 9.1 7.5 8.5 321 321 2.0

1.8 550 20 9.5 82 6.9 10.2 369 26.6 1.7

5.4 550 39 5.6 5.3 4.4 7.2 443 311 2.1

“ Contact time, W/F in g., h (mole,) ™"

# C,- and C;-hydrocarbons.
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increasing the conversion of n-butane. Thus, on V/SEP
and V/AL catalysts butadiene can be considered a pri-
mary and unstable product, while on V/MG and V/HTH
catalysts butadiene can mainly be considered a secondary
and unstable product.

In general, the selectivities to CO and CO, decrease when
increasing the reaction temperature, except for the V/AL
catalysts in which the selectivity to CO increases with the
reaction temperature (Table 4). In addition, it can also be
observed that the CO/CQ; ratio increases in the following
trend: V/IMG < V/HTH < V/Sep < V/AL

DISCUSSION

Nature of Vanadium Species

The final surface vanadium concentration on supported
vanadium catalysts depends on the vanadium content but
also on possible modifications of the support during the im-
pregnation and/or calcination steps. In this way, MgO is
transformed into Mg(OH), when the impregnation is car-
ried out in the presence of water (23,28). As a consequence,
vanadium is partially occluded in the bulk of the catalyst
after calcination, resulting in a lower surface vanadium con-
centration, as concluded from the differences
between surface and bulk V/Mg atomic ratios (23). In
the sepiolite-supported vanadium catalyst, the initial
Mg,Si;;O: (OH), crystalline phase is transformed into
MgSiO; to a degree that depends on the vanadium content
and calcination temperature (14, 26). This process is accom-
panied by a decrease on the surface area (Table 1). For the
hydrotalcite-supported catalyst the formation of a low-crys-
talline MgO after calcination can be proposed.

The vanadium dispersion and the formation of V,Os and/
or metal vanadates on supported vanadium catalysts de-
pend on the chemical properties of the metal oxide used as
support. In general, it has been observed (7-10) that the
degree of interaction between the vanadium atoms and the
support, as well as the vanadium content required to form
crystalline V,0s, increase when decreasing the acid charac-
ter of the support. The four supports used in the present
publication possess different acidic properties. Calcined hy-
drotalcite has been reported (39) to be less basic than MgQO,
while their acid sites, attributed to AI** located in a MgO
lattice, are weaker thanin alumina. These results are in good
agreement with those reported by Noller et al. (27), who
found that the acidity of pure and mixed metal oxides in-
creases in the order MgO < hydrotalcite-type Mg-Al <Mg
silicate (as Sepiolite) < Al;O;. Taking into account these
considerations and in order to obtain high vanadium disper-
sion, lower amounts of vanadium were supported on SEP
and AL than on MG and HTH supports.

The *'V NMR results indicate that the vanadium coordi-
nation is predominantely tetrahedral (four coordinated) in
all the catalysts, although the type of V¥ -species formed
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depends on the characteristics of the support. On the most
basic catalysts studied here, i.e., V/IMG, two types of V°*-
species without bridging V-O-V oxide ions (Q" type) are
observed: well-dispersed VO,-tetrahedron and Mg, V,Oy
like (26). The V?"-species formed on MgQO can be under-
stood on the basis of the strong interaction between the V-
atoms and the support leading to highly dispersed vanadium
species at low converages and to the formation of crystalline
V-Mg vanadates when the vanadium content increases.

On the most acid catalyst in the present work, i.e., V/AL
catalyst, we observe the presence of isolated V**-tetrahedra,
chains of V3~ -tetrahedra (Q®-type species), and small
amounts of octahedral V~-species. These results are in
agreement with those previously reported for V/Al,O; cata-
lysts with vanadium loading under the monolayer (30, 34).
In fact, it has been observed that for V/Al,O; catalysts, the
V-environment goes from tetrahedral at low coverages to
octahedral at high coverages (30) and finally to the forma-
tion of crystalline V,0s above 60% of the theoretical mono-
layer (10). This suggests amuch weaker interaction between
the vanadium atoms and the oxide support than on V/MgO
catalysts, due to the higher acidity of the Al,O5,which favors
the association of the vanadium atoms.

An intermediate degree of vanadium aggregation can be
expected in V/HTH and V/SEP with intermediate acid
character. Although the characteristics of the V/HTH cata-
lyst resemble that of V/MG catalyst, the *'V NMR spectra
of the former suggest a higher heterogeneity of vanadium
sites. In fact, tetrahedral V°*-species with different number
of bridging oxygen seem to be present in the V/HTH sam-
ple. On the other hand, dimeric V¥*-species are detected
mainly on the V/SEP catalyst, in agreement with previous
studies (31).

Tosummarize, in accordance with previous works (14, 26)
it can be concluded that the degree of association of vana-
dium species on V/SEP or V/HTH is higher than that on V/
MG and lower than that on V/AL, in agreement with the
acid character of the oxide support. The presence of Mg-
O-Al and Mg—O-Si pairs, in addition to Mg-O-Mg pairs,
in calcined hydrotalcite (37) and sepiolite (14), respectively,
modifies the interaction of the Mg sites with the vanadium
atoms leading to V3~-species different than those observed
on MgO. Since the Mg/Si atomic ratio in sepiolite is lower
than the Mg/ Al atomic ratio in hydrotalcite, the number of
Mg-O-Mg sites must be higher in the latter. According to
this, the higher concentration of heterogeneous (Mg—O-Si)
pairs in V/SEP favor the formation of V-O-V dimers that
are not the majority in V/HTH.

Catalytic Activity

It is known that a correlation between catalytic activity in
oxidation reactions and reducibility of catalysts exist (5,
10, 38-40). However, the factors determining the reducibil-
ity of vanadium species are still unclear. Haber et al. (39)
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concluded that the structure of the vanadium-oxygen spe-
cies determines the number of removable oxygen for each
vanadium atom. More recently, Deo and Wachs (40) have
proposed that the strength of the bridging V-O-support
bond controls the reducibility and reactivity of the sup-
ported vanadium catalysts.

Since the ODH reaction must involve redox sites, the ca-
talytic activity must be related with the reducibility of the
V3*-species. When the onset temperature of the TPR pat-
terns are considered, the catalysts’ reducibility decrease in
the order V/AL > V/MG (first peak) > V/SEP > V/HTH
=~ V/MG (second peak) (Table 2). On the other hand, when
the vanadium loading is considered, the catalytic activity
(mol C;/mol V) of catalysts decreases in the order: V/AL >
V/MG ~ V/SEP > V/HTH. Thus, a parallelism between
reducibility and the catalytic activity can be proposed.

The study of V,0s/MgO catalysts with different V-con-
tents (26) has shown a correlation between the area of the
low-temperature peak in the TPR patterns and the catalytic
activity for the ODH of propane and n-butane. Further-
more, it has been observed that on V-Mg-O catalysts the
high catalytic activity for the ODH reactions is associated
to the presence of the NMR peak at —570 ppm, signal B
(41). These results suggest that the higher catalytic activity
of V/MgO catalyst with respect to the V/HTH sample must
be due to the presence of highly dispersed tetrahedral V>+-
species (signal B) easily reducible, since these species are
less abundant, if present, on V/HTH. On the other hand,
the catalyst reducibility can also depend on the nature of the
support. In this way, the presence of Mg—O-Me sites (in
which Me can be Mg butalso Alinhydrotalcite or Siin sepio-
lite) modifies the acid—base character of the support and the
possible V-O-support interaction.

Inthecase of V/ AL, different vanadium species, with high
reducibility, are observed. A weaker interaction between
the V-atoms and the supportthanin V/MG, and then amuch
weaker V-O-support bond could favor the reducibility of
the vanadium surface species, in agreement with previously
reported data for selective oxidation reactions (40).

Takinginto account all these considerations, it can be pro-
posed that the catalytic performance of the supported-vana-
dium catalysts in the ODH of n-butane is determined by a
variety of factors, for example, the structure of vanadium
species or the V-O-support interaction, which are mainly
dependent on the nature of the support. To clearly establish
the nature of active sites and all the effects controlling the
catalyst activity, a more detailed study with different de-
grees of coverages for different supports is required.

Influence of the Acid—Base Character of the Catalysts on
the Selectivity to Oxydehydrogenated Products

The overall selectivity to dehydrogenated products at
low and high n-butane conversion (Fig. 9) follows the same
trend as the selectivities to 1-butene and butadiene, i.e.,
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FIG. 9. Selectivity to Cy-olefins for the ODH of n-butane on sup-
ported vanadium catalysts obtained at 500°C and an n-butane conversion
of 10% (QO), and 550°C and an n-butane conversion of 30% (@).

V/IMG > V/HTH > V/SEP > V/AL, while the opposite
is observed for the selectivities to 2-butenes and carbon
oxides. Since the number and strength of acid sites increase
in the sequence V/IMG < V/HTH < V/SEP < V/AL, it
seems reasonable to think that the distribution of C,-ole-
fins, as well as the influence of the reaction parameters
(such as temperature and conversion of n-butane) on the
selectivity to dehydrogenated products depend on the acid
character of the catalysts.

From the variation of the selectivities to C,-olefins with
the n-butane conversion (Figs. 7 and 8) two different net-
works for the oxidative dehydrogenation of n-butane can be
proposed depending on the acid character of the catalysts
(Scheme 1). On V/MG and V/HTH catalysts (Scheme 1a)
mono-olefins are directly formed from n-butane, while bu-
tadiene is mainly formed by consecutive reactions. How-
ever, on V/SEP and V/AL catalysts mono- and di-olefins
are directly formed, and their consecutive reactions pro-

a !

n-butane —————— butenes — butadiene

|

CO+CO,

-butane ——— butenes + butadiene

N

SCHEME 1. Possible reaction networks of the oxidative dehydroge-
nation of n-butane.
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duce carbon oxides (Scheme 1b). Therefore, the selectivity
to dehydrogenated products will be determined by the rate
of parallel and consecutive reactions.

According to the proposed mechanism (12, 42), n-butane
first reacts by dissociation of a methylene C—H bond to form
a secondary butyl radical. This step is generally accepted to
be the rate-determining step. After a second H-abstraction,
olefinic intermediates are formed and subsequently de-
sorbed as olefins:

n-butane —> [butyl species]

3 [butene intermediate] - butenes

In this way, it is obvious that if steps 2 and 3 are rapid, the
selectivity to olefins must be high. However, slow rates for
these steps can favor a deeper oxidation.

It has been previously proposed (12} that the high selec-
tivity to 1-butene on the oxidative dehydrogenation of »-
butane on V/MgO catalysts is related to the high rate of the
second hydrogen abstraction, producing a 1-butene/cis-2-
butene/trans-2-butene molar ratio closer to a statistical dis-
tribution (3/1/1) than an equilibrium ratio (1/1/1.1).

In the present work, a C,-olefin distribution similar to the
statistical ratio is observed on V/MG or V/HTH catalysts
while on V/SEP or V/AL catalysts the Cs-olefins distribu-
tion is similar to the equilibrium ratio. Assuming that the
rate of the second H-abstraction (step 2) is the selectivity-
determining step (43), the results obtained here suggest that
this is slower for acid catalysts, allowing the product distri-
bution to attain the equilibrium.

Another possible selectivity-determining step to be con-
sidered is the desorption of the olefinic intermediates (step
3), which will be mostly determined by the interaction of the
olefins with the catalyst surface. As previously proposed in
partial oxidation reactions (3), this interaction will depend
on the acid-base character of both the products and the cat-
alyst. According to Dadyburjor et al. (3), olefins (electron-
donating molecules) have a higher basic character than the
corresponding paraffins. Olefins will interact more strongly
with acid catalysts than with basic ones. This stronger inter-
action will decrease the desorption rate of the adsorbed ole-
fins (step 3) favoring, at low n-butane conversions, high se-
lectivities to 2-butene and butadiene and a Cy-olefins
distribution closer to equilibrium ratio, in agreement with
our results (Table 4).

For this reason, steps 2 and/or 3 can be proposed as selec-
tivity-determining steps at low conversion of n-butane.

At high n-butane conversion, consecutive reactions can
also depend on the acid—base character of the catalysts.
Thus, in addition to oxydehydrogenation reactions, isomer-
ization or deep oxidation of the olefins directly formed from
n-butane can also take place.
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The results of Table 4 suggest that the most important
consecutive reaction on V/SEP and V/AL catalysts is the
formation of carbon oxides, while on V/MG and V/HTH
catalysts the formation of butadiene by oxidative dehydro-
genation of the formed olefins is favored. This is in
agreement with previous results, since it has been reported
that 1-butene is transformed to butadiene with high selectiv-
ity on V/MgQO catalysts (44) while on V/AlLO; catalysts it is
oxidized to carbon oxides (on catalysts with low vanadium
content) or maleic anhydride (at high vanadium content)
(45).

The isomerization of 1-butene on V- (46) or Mo-based
(47) catalystsincreases when increasing their acid character.
In this way, it has been proposed that the presence of acid
sites are responsible for the isomerization (at low reaction
temperature) and extensive oxidation (at high reaction tem-
perature) of 1-butene (47). Recently, Busca et al. (48) have
studied the interaction of saturated and unsaturated C4-hy-
drocarbons on V/MgO, V/TiO,, or V-P-0. They found
that the catalytic properties of these catalysts depend on the
efficiency of the different active sites. The high selectivity in
oxydehydrogenation products obtained on V/MgO catalyst
is explained on the basis of its low activity in the successive
transformation of olefins and dienes.

From our results it can be concluded that the oxidative
dehydrogenation of n-butane and 1-butene is favored on
catalysts with a basic character. In this case, the weak hydro-
carbon-catalyst interaction proposed by Busca er al. (48)
can explain the high selectivity to olefins and dienes and the
low selectivity to carbon oxides.

On the other hand, a strong hydrocarbon—catalyst inter-
action is expected on acid catalysts (48). If, as on V/TiO,, V/
Al,O; (with high vanadium content), or V-P-O catalysts,
oxygen-insertion sites, i.e., vanadyl species (V = ( double
bonds), are present, partial oxygenated products are ob-
tained. But if, as on the catalysts studied here
(V/AL or V/SEP), vanadyl species are not present, butenes
are initially formed but, due to the strong hydrocarbon—
catalyst interaction, they transform to carbon oxides at high
butane conversions.

CONCLUSIONS

In conclusion, tetrahedral V** are the main vanadium
species on all the catalysts studied here, with a dispersion
degree that depends on the acid character and/or the heter-
ogeneity of the support. The catalytic activity is related to
the ease reduction of supported vanadium oxide catalysts.
However, the C;-olefins distribution and the selectivity to
dehydrogenated products strongly depend on the acid-
base character of the catalyst surface. Catalysts with a basic
character, i.e., V/MG and V/HTH samples, favor both the
initial formation of 1-butene and its further conversion to
butadiene. In opposition, on catalysts with an acid charac-
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ter, butenes and butadienes are initially formed (with a
high content of 2-butenes), but then carbon oxides are
formed mainly by consecutive reactions.

In this way, the importance of the acid-base character
of the catalysts on the type of both parallel and consecutive
reactions during the oxidative dehydrogenation of n-bu-
tane has been shown. The second H-abstraction and/or
the desorption of olefinic intermediates can be considered
as the selectivity-determining steps. The desorption rate
of olefinic intermediates from catalysts with acid character
must be lower than that from catalysts with basic character,
and then, one must expect a Cy-olefin distribution near
equilibrium (2-butenes/1-butene molar ratio higher than
1) on acid catalysts and high selectivity to 1-butene on
catalysts with basic character. Furthermore, on catalysts
with acid character, olefins are strongly adsorbed favoring
its oxidation to carbon oxides which are the most important
products, while on catalysts with basic character, butadiene
is the main product formed from consecutive reactions.
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