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The activity and selectivity of the catalysts used in oxidative
dehydrogenation of alkanes results from a combination of factors
related to the nature of the catalysts and to the operating conditions
under which these are used. In this work, the oxidative dehydro-
genation of alkanes (mainly butane) over V-Mg-0 and VO,/Al,03
catalysts has been studied. The investigation is focused on the ex-
amination of the oxidation and reduction processes that take place
on the surface of both catalysts. A combination of catalyst charac-
terization and kinetic measurements has been used, in an attempt
to relate the rate of these redox processes to the catalytic perfor-
mance observed under oxidative dehydrogenation conditions.
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INTRODUCTION

A number of catalytic systems have been reported re-
cently as active and selective for the oxidative dehydro-
genation (OXDH) of short chain alkanes, although only
a few show a relatively high yield to the corresponding
olefins (selectivities of at least 30-40% at alkane conver-
sions 0f 50%0) (1-6). VV-based catalysts are firmly established
among the most selective systems, although their selectiv-
ity to oxydehydrogenation products depends among other
factors on the specific alkane fed, on the vanadium con-
tent of the catalysts, and on the nature of the matrix and/or
support in which the vanadium atoms were incorporated
(2). A review of the recent literature shows that the best
performances in oxidative dehydrogenation of short chain
alkanes have been obtained with V-Mg-O mixed oxides
(4-12) and Al,Os-supported vanadia (13-17). However,
while V-Mg-O mixed oxides catalysts seem to be the most
active and selective catalysts in the OXDH of propane and
n-butane, they show a low selectivity to ethene during the
OXDH of ethane (6, 18, 19). In an opposite trend, Al,Os-
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supported vanadium oxide catalysts appear to be one of the
most active catalysts in the OXDH of ethane (14, 15) and
propane (13, 16) but their selectivity to C4-olefins during
the OXDH of n-butane is low (15, 20).

In both cases highly dispersed V°* in a tetrahedral envi-
ronment have been proposed as the selective sites, although
the nature of active and selective sites and the influence of
some characteristic of the catalysts used (acid-base, redox,
promoters, etc.) is still under discussion. Thus, it has been
recently proposed that the acid-base character of the cata-
lysts could influence the selectivity-determining step which
in turn is probably related to the adsorption/desorption of
the olefinic intemediates and the reaction products (1).

On the other hand, it seems reasonable that the cata-
lytic activity and stability are strongly influenced by the
redox properties of the catalyst. These depend not only
on the intrinsic characteristics of the solid, but also on the
specific conditions under which the catalyst is used. The
aim of this paper is to compare the redox properties of
selective catalytic systems, i.e., V-Mg-O and VO,/Al,O3;
catalysts, and relate the results of the study to the observed
behaviour during OXDH of n-butane. The catalytic results
obtained in the OXDH of ethane and propane will be used
as a reference in the discussion.

EXPERIMENTAL

Supported vanadium oxide catalysts (V-MgO or
VO,/AIl,O3) were prepared by impregnation of the cor-
responding support with ammonium metavanadate aque-
ous solutions (12, 15). Commercial Al,O3; (Gidler T126;
Sger = 188 m? g~1) and MgO (Sget = 140 m? g~1) prepared
in our laboratory (12) were used as supports. The catalysts
were dried at 80°C for 16 h and calcined at 600°C for 4 h. The
characteristics of catalysts are shown in Table 1. Chemical
analysis of Al, Mg, and V was carried out by atomic absorp-
tion spectroscopy.

Temperature-programmed reduction (TPR) results were
obtained in a Micromeritics apparatus loaded with 20 mg
of catalyst. The samples were first treated in argon at room
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TABLE 1

Characteristics of Vanadium-Based Catalysts

Normalized oxygen consumption
after reduction®

V-content SgeT Hj-consumption
Catalyst (Wt% V,05)? (m?g7Y) (10* mol g74)° AOS® 450°C 500°C 550°C
V-Mg-O 23.1 103 17.6 3.6 1.0 6.67 9.55
VO,/AIL,O3 7.14 137 6.65 3.1 1.0 1.02 1.06

2V-content of calcined catalysts.

b H,-consumption during TPR experiments.

¢ Average oxidation state after the TPR experiments.
9 Oxygen consumption at 450°C = 1.

temperature for 1 h. The samples were subsequently con-
tacted with an Hy/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.

The catalytic experiments in the oxidehydrogenation of
C,—C,alkanes were carried out in a continuous quartz fixed
bed reactor. The catalyst charge was 0.1-0.5 g mixed with
8 g of Norton silicon carbide. The premixed feed contained
an alkane, oxygen and helium, in a molar ratio of 5/20/75
(n-butane) or 4/8/88 (propane and ethane). The catalytic
tests were conducted at atmospheric pressure in the 400-
550°C temperature interval. The analysis of reactants and
products was carried out by gas chromatography, using a
dual-column arrangement (Chromosorb PAW and molec-
ular sieve 5A). Oxygenate products other than carbon ox-
ides were not observed in this work. Blank runs showed
that, under the experimental conditions used in this work,
the contribution of reactions taking place in the void spaces
of the reactor (homogeneous reactions) can be neglected.

The catalyst reduction tests were carried out at atmo-
spheric pressure in a C.1. Electronics MK2 thermobalance.
To this end, 150 mg of catalyst (particle size 100-250 m)
were previously oxidized at 550°C for 15 min, in a mixture
of O,/N; with a molar ratio of 17/83. After purging with
N, for 10 min, the solid was contacted with a premixed
H./N; stream (H; concentrations between 20 and 40%) at
the reaction temperature. Weight readings were registered
at 1-s intervals. The amount of oxygen consumed during a
given reduction process could also be measured in catalyst
reoxidation experiments. To this end, and after reduction,
pulses of known volume containing a measured amount of
O, in N, were sent over the sample, at the reoxidation tem-
perature. Between pulses, the sample was kept under inert
(99.999% He) atmosphere. An on-line quadrupole mass
spectrometer (HIDEN HAL 2/201) was used to determine
oxygen consumption by following the evolution of the sig-
nals corresponding to mass 32 (oxygen) and 28 (nitrogen,
which was used as an internal reference). Catalyst reoxida-
tion was considered complete when oxygen consumption

in the pulses sent over the catalyst could no longer be de-
tected.

The reoxidation kinetics were investigated in a quartz
reactor (i.d., 6 mm). Before the experiments, the samples
were degassed for 5 min and then reduced for 30 min at
550°C, using a mixture with a H,/N, molar ratio of 10 and
a total flow of 50 cm® min~!. The catalyst was then purged
with He and a gas mixture containing O, and N, was then
stepwise introduced in the reactor. The signals correspond-
ing to mass 28 (N, as a reference) and 32 (O;) were con-
tinuously monitored to calculate the instantaneous rate of
oxygen consumption during catalyst reoxidation. The ex-
perimental systems used for both catalyst reduction and
reoxidation kinetic experiments typically gathered several
thousand points in any given experiment (which consider-
ably increased the statistical reliability of the parameters
obtained from data fitting).

Pulsed reactant tests were also used to characterize the
behaviour of a progressively reduced catalyst. These were
unsteady-state reaction experiments, in which pulses con-
taining n-butane (typically 70 umol) were sent over the
catalyst, using a 12.5 cm® min~ flow of purified He as car-
rier. The catalyst samples (500 mg) were previously sub-
jected to reduction and then reoxidation at 550°C, using,
respectively, Ho/N; and O2/N, mass flow controlled gas
mixtures. The analysis of reactants (conversion) and prod-
ucts (selectivity) was carried out by on-line mass spectr-
ometry.

RESULTS AND DISCUSSION

The catalyst characterization results, previously re-
ported, indicate that tetrahedral \V°* species are the main
vanadium species. However, it is know that while iso-
lated VO, tetrahedron in both amorphous and crystalline
(Mg3V,0g) phases are only present on the V-Mg-O catalyst
(9, 12), both isolated and polymeric tetrahedral V°* spe-
cies are observed on alumina-supported vanadia catalyst
(15, 17).
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FIG. 1. Temperature-programmed reduction patterns of V-Mg-O

and VO,/Al,Oj; catalysts. Conditions indicated in the text.

Catalyst Reducibility

Figure 1 presents the TPR patterns of V-Mg-O and
VO,/AI,O3 catalysts. It can be seen that the maximum for
H, consumption in the alumina-supported catalyst appears
at 110°C lower than in the V-Mg-O catalyst. This indicates
that the reducibility of V-species in the V-Mg-O catalysts
is lower than in the VO,/AIl,O3 catalyst.

Table 1 shows the H, consumption for both catalysts as
well as the average oxidation state (AOS) obtained after
the TPR experiments. It can be seen that V** species are
formed after the reduction on the V-Mg-O catalyst. How-
ever, V3t are formed after the reduction of the VO,/Al,O3
catalyst. From these results, it can be concluded that V-
species in VO,/Al,O3 catalysts are more easily and more
strongly reduced than those in a V-Mg-O catalyst.

Reduction degree

time, min

FIG. 2.
The continuous lines indicate the best fit by Eq. [1].
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In order to study the reduction rate of both catalysts,
kinetic experiments were carried out at different tempera-
tures and Hy/N, molar ratios. Figure 2 shows the progress
of the reduction process for both V-Mg-O (Fig. 2a) and
VO,/Al,O3 (Fig. 2b) catalysts at hydrogen partial pressures
of 0.2-0.4 and 550°C. Similar experiments (not shown) were
performed at other temperatures. The kinetic parameters
of reduction were calculated from the weight loss of 150 mg
samples and transformed into the reduction degree (Xreq)
taking as Xeq = 0 the initial state of the catalyst (which was
previously oxidized at 550°C) and as Xeq = 1 the state of the
catalyst at the maximum weight loss observed. At 550°C,
the total weight loss observed was 3.1 mg for V-Mg-O
and 2.0 mg for the VO,/Al,O3 catalyst, which corresponds
to a final oxidation state of +4 or +3 for V-Mg-O and
VO,/Al,O3, respectively. Oxidation states of +4 (V-Mg-
0O) and +3 (VOL/AI,O3) at X,.q=1 are in good agreement
with the results of TPR experiments.

An increase in the partial pressure of hydrogen increases
the reduction rate of both catalysts, although this is consid-
erably faster for VO,/Al,O3 at any of the compositions in-
vestigated (note the different x-axis scale in Figs. 2a and 2b).
Thus, at the lowest hydrogen partial pressure used (0.2 at-
mospheres), reduction of the VO,/AI,O3 catalyst is com-
pleted in about 13 min, while around 40 min were needed
for V-Mg-O.

The effect of temperature on the reduction degree of
V-Mg-O catalyst is presented in Fig. 3, where the curves
corresponding to VO,/Al,O3 at 300°C (only incipient re-
duction) and 550°C (the fastest reduction rate in this work)
are also shown for comparison. The effect of temperature
is remarkable: 50% reduction of V-Mg-O can be achieved
in less than 5 min at 550°C, which increases to about 13 min
at 500°C, and to nearly 50 min at 450°C. For both cata-
lysts, the curves in Figs. 2 and 3 show a fast initial reduc-
tion rate, followed by a considerably slower reaction; the
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Degree of catalyst reduction as a function of time on stream at 550°C for different hydrogen concentrations: (a) V-Mg-0; (b) VO/Al,O3.
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FIG. 3. Effectoftemperature onthe variation of the degree of catalyst
reduction with time on stream; P, =0.40 atm.

shape of the curves suggests that the reduction of the crys-
tallites could be described according to the contracting core
model. Equations corresponding to this model were in fact
used previously by Sloczynski (22) to describe reduction
and reoxidation of vanadia-titania catalysts. The contract-
ing core model is consistent with a process in which a very
fast nucleation occurs initially on the external surface of the
crystallites, which results in a total reduction of the exposed
V-atoms and the reduction process then progresses toward
the crystallite center (21).
For both catalysts, the experimental data were fitted to

(1 — Xre)* = — (t/B) [1]

which is the same previously used by Sloczynski (22) to
describe the reduction of TiO,-supported vanadia catalysts
with propane. When « = 1 this equation is coincident with
the contracting sphere model. The results of data fitting
are given in Table 2, and fitting lines are shown along with

TABLE 2

Kinetic Constants for Reduction and Reoxidation of V-Mg-0 and
VO,/Al,O3 Catalysts at 550°C

Reduction? Reoxidation®
Catalyst Y2 o B r Yo2 B r
V-Mg-O 0.2 0.954 45.2 0.998 0.050 2.010 0.997
0.3 0.940 37.0 0.998 0.075 1.127 0.996
0.4 0.946 275 0.998 0.100 0.714 0.999
VO,/Al,O3 0.2 1.002 10.9 0.998 0.500 0.291 0.998
0.3 1.018 9.0 0.999 0.750 0.236 0.999
0.4 1.005 7.2 0.998 0.100 0.178 0.996

2 according to Eq. [1] in text.
b according to Eq. [3] in text.
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experimental data in Fig. 2. Table 2 shows that Eq. [1] gave
a good fit of the experimental data for both catalysts. The
calculated value of « was in all cases close to 1. g is inversely
proportional to the intrinsic reaction rate. In addition, the
B values given in Table 2 indicate that the reduction rate
of VO,/Al,O3 catalysts at 550°C is approximately 4 times
faster than that of the V-Mg-O catalyst.

Some discrepancy between experimental and predicted
values appears at high values of X4, especially for the
VO,/Al,O3 catalyst (Fig. 2b). This corresponds to the re-
duction of the V atoms close to the centre of the crystallite,
and the discrepancy can be explained as a consequence
of increasing diffusion resistances through the external
V-layers already reduced, which is not taken into account
by Eg. [1]. The importance of this resistance would be
greater for those catalysts where the intrinsic reduction rate
is faster, which is consistent with the greater discrepancy
observed for VO,/AI,O3 catalysts in this case. For large
grain sizes, it might be necessary to take into account this
resistance which can be easily achieved by the introduction
of a supplementary parameter, the effective diffusivity
through the reduced layer, D.. However, in our case Eq. [1]
was able to predict reduction data up to conversions of at
least 90% for both catalysts, and the introduction of an
additional parameter was not deemed necessary.

On the other hand, the dependency of 8 with the par-
tial pressure of hydrogen was very similar for both catalysts
(Table 2), although 8 is also strongly dependent on temper-
ature. Figure 4 shows the variation of g8 with temperature
for different values of the hydrogen concentration during
the reduction of V-Mg-O catalysts. An increase of temper-
ature from 450 to 550°C reduces 8 roughly by a factor of
23 in the experiments carried out with 20% hydrogen con-
centration. The apparent activation energy calculated from
the values in Fig. 4 was 145 kJ/mol, (R =0.997), similar to
that observed in other supported vanadia catalysts (22).
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FIG. 4. Variation of g with reaction temperature and hydrogen con-
centration on the V-Mg-O catalyst.
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continuous lines indicate the best fit by Eq. 3.

Catalyst Reoxidation

Figure 5 shows the evolution of the degree of oxidation,
Xox, at 550°C for both V-Mg-O (Fig. 5a) and VO,/Al,O3
(Fig. 5b) catalysts, respectively. In both cases, reoxidation
experiments were carried out after reducing the catalyst at
the same temperature used for reoxidation. As in the case
of reduction, it can again be observed that the reoxidation
of VO,/Al,Oj catalysts takes place at a considerably higher
rate than that of V-Mg-O. The kinetic data gathered during
reoxidation were fitted to a kinetic equation similar to that
proposed by Sloczynski for the VO,/TIiO, catalyst (22):

!
= —
B

Our data could not be fitted with this equation within the
range of values with physical meaning (« should have null
or positive values). However, a good fit was obtained by a
modification of this expression, resulting in the following
empirical equation:

(1= X8 — 1] [2]

t

B

The goodness of fit can be assessed from the statistics in
Table 2 and the fitting lines in Fig. 5. It can easily be ob-
tained that, in Eqgs. 2 and 3, 8 represents the time necessary
to obtain Xex = 0.875. In this way, and from the comparison
of the results obtained on both catalysts (Table 2) it can
be concluded that reoxidation on the VO,/Al,O3 catalyst is
4-7 faster than on the V-Mg-O catalyst. Also, for any of the
two catalysts investigated, the reoxidation rate is 5-7 times
faster than the corresponding reduction rate. Although
some reports in the literature suggest that catalyst reoxi-
dation is rate limiting (11), our results indicate that catalyst
reduction rather than reoxidation could be rate limiting.

(1= Xp) 5 —1= 3]
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Degree of catalyst oxidation as a function of reaction time at 550°C for different oxygen concentrations: (a) V-Mg-O; (b) VO,/Al,O3. The

Table 1 compares the oxygen consumption during the
reoxidation of catalysts that had previously been reduced
at the same temperature used for reoxidation. In order to
facilitate comparison, the amount consumed by each cata-
lyst at the lowest temperature used (450°C) was taken as
unity. Al,Os-supported vanadia catalyst showed an almost
constant oxygen consumption throughout the temperature
range investigated while, for V-Mg-O catalyst, the oxy-
gen consumption increased strongly with the reoxidation
temperature (increasing 10-fold when the temperature was
raised from 450 to 550°C). These results could be explained
as a consequence of either the low reduction rate or the low
reoxidation rate observed for the V-Mg-O catalyst. How-
ever, we have shown above that the reoxidation of V on
reduced V-Mg-O catalysts is considerably faster than its
reduction. Since the TPR patterns indicate that the reduc-
tion of the V-Mg-O catalyst occurs significantly at temper-
atures of 500°C and above, a low catalyst reduction rate
can be considered responsible for the formation of a low
number of reduced V-species, which leads to a low oxygen
consumption during reoxidation.

Figure 6 shows the variation of the n-butane conversion
and the selectivity to C4-olefins with reaction temperature
during the OXDH of n-butane on V-Mg-0O and VO,/Al,O3
catalysts. In the experimental conditions used in Fig. 6 both
catalysts show a similar n-butane conversion. However,
it must be remembered that the V content of V-Mg-O
catalysts is about 3 times that of VO,/Al,O3, and the
catalytic results were obtained at a contact time (W/F) on
the V-Mg-O catalyst two times higher than on VO,/AI,Os.
Thus, it can be concluded that the intrinsic activity of
V-atoms in VO,/Al,O3 is higher than those in V-Mg-O.
However, the advantage of the V-Mg-O catalyst is not
on the activity but on the selectivity to OXDH products
(Cs-olefins, including 1-, 2-cis-, and 2-trans-butene and
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FIG. 6. Variation of the conversion of n-butane (M, (1) and the selec-
tivity to oxidehydrogenation products (A, A) with the reaction tempera-
ture during the OXDH of n-butane on V-Mg-O (OJ, A) and VO,/Al,O3
(M, A) catalysts. Experimental conditions: W/F =10.7 (V-Mg-O) or 5.4
(VOL/AI,O3) geat h mol-C4 72,

butadiene) which is more than 30 percentage points higher
over that temperature interval.

Figure 7 shows the distribution of C;-olefins, at approxi-
mately isoconversion conditions, obtained on both catalysts
at 500 and 550°C. The formation of butadiene and 1-butene
was favored on V-Mg-O, while the formation of 2-butene
was favored on VO,/Al,Os. In fact, a 1-butene/2-butene ra-
tio between 1.1 and 1.3 was obtained for V-Mg-O in the
experiments carried out in this work, while this ratio ranged
between 0.5 and 0.6 on VO,/AI,Os.

Figure 8 shows the variation of the selectivity to OXDH
products with the conversion of n-butane for both catalysts,
at three different temperatures. It can be seen that, in ad-
dition to the usual pattern of decreasing selectivity as the
n-butane conversion is increased, which is typical in OXDH
reactions, the selectivity to OXDH products also depends
strongly on reaction temperature. Thus, at the same con-

B 1-butene; [ 2-butene; butadiene

3 X,=20% X,= 40%

@ 60 - T=500°C T=550°C
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A

(&)

2

2

2

k7]

Q2

Q

[}

VMgO VOx/ALO, VMgO VOx/ALO,
FIG. 7. Product distribution obtained during the OXDH products

with n-butane conversions over V-Mg-O and VO,/Al,O3 at 500 and 550°C
and n-butane conversions of 20 and 40%, respectively.

329

60

40

20

Selectivity to OXDH, %

o L 1 L L L 'l
0 20 40 60

Conversion, %

FIG. 8. \ariation of the selectivity to OXDH products with the n-
butane conversions over V-Mg-O (<, O, 0) and VO,/Al,O; (¢, ®, H)
catalysts at 500 ((J, W), 525 (V, V¥), and 550°C (O, @).

version, widely different selectivities can be obtained with
the same catalyst, depending on the operating temperature.
The beneficial effect of increasing the temperature seems to
be more significant for V-Mg-O where, for instance, with
an increase of temperature from 500 to 550°C the selectivity
could be maintained stable while the conversion increased
from less than 40 to over 60% (Fig. 8).

The results discussed in Figs. 6 to 8 correspond to ex-
periments carried out under steady state conditions, with
cofeeding of butane and oxygen to the reactor. It is also in-
teresting to compare the behaviour of these catalysts under
nonstationary anaerobic conditions, where the redox be-
haviour of the catalyst is more clearly displayed. This was
carried out by sending a series of pulses of butane over a
preoxidized catalyst and following the conversion of bu-
tane and the selectivity to the different products with pulse
number. The butane conversion results at three different
temperatures are displayed in Fig. 9. As could be expected,
the conversion of n-butane is highest in the first pulse and
then decreases for both catalysts as the amount of available
lattice oxygen diminishes. However, a small but noticeable
activity level was maintained even after 10 pulses of bu-
tane for V-Mg-O. Both results can probably be explained
as the consequence of the higher V-content in VV-Mg-O
catalysts, which are then able to extend the supply of lattice
oxygen for the reaction. The lattice oxygen reservoir on V-
Mg-O catalysts makes their use possible in continuous re-
dox reactors where the catalyst is continuously transferred
from reduction zones (where lattice oxygen is consumed
in the reaction) to oxidizing zones, where lattice oxygen is
restored (23, 24).

Figure 10 shows the relative variation of the selectiv-
ity to CO, (m/e=44) CO + C,H, (m/e=28), and butenes
(m/e=56). It can be seen that the selectivity to butenes in-
creases with the number of pulses. This seems to indicate
that a certain degree of catalyst reduction could be required
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tions: Catalyst sample, 500 mg (particle size 100-250 .«m); pulses, 70 wmol
of n-butane; carrier flow-rate: 12.5 ml min~! of He.

in order to obtain good selectivity. However, there is also
the possibility that adsorbed oxygen (which has a mainly
nonselective contribution) could remain on the V-Mg-O
surface. In this case, aselective catalyst surface would be ob-
tained only after the adsorbed oxygen had been consumed
by the first butane pulses.

The experiments presented in this work do not allow
confirming or rejecting the second hypothesis. However,
some indirect support can be gathered from recently pub-
lished oxygen isotopic-exchange experiments on a selective
V-Mg-O catalyst, which showed that significant isotopic-
exchange took place only at temperatures above 750 and
350°C on preoxidized and prereduced samples, respectively
(12). This means that, at the temperatures used in this work,
the incorporation of oxygen species on V-Mg-O catalyst
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FIG.10. Relative variation of the product distribution with pulse

number for V-Mg-O at 550°C. Experimental conditions as Fig. 9.
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should be carried out only on a reduced catalyst. However,
the presence of adsorbed molecular oxygen species on the
surface of an oxidized site cannot be ruled out.

According to the catalytic results presented above, the
oxidation of n-butane on both alumina-supported vanadia
and V-Mg-O catalysts can be represented by Scheme 1,
in which the formation of butenes and butadiene, via the
formation of an olefinic intermediate, would be achieved
through a redox mechanism (6, 11, 12). This has been re-
cently confirmed by using an in situ redox fluidized bed
reactor for the OXDH of n-butane (23, 24).

It has been proposed that the catalyst reoxidation step
could be rate limiting in the OXDH of propane on VMgO
catalysts (11). However, and according to our results (the
reoxidation can be 5-7 faster than reduction), only the cata-
lyst reduction could be considered as the rate limiting step
in the OXDH of n-butane. In fact, it is not casual that, on
VMgO catalyst high selectivities to OXDH products can be
only achieved at reaction temperatures higher than 500°C,
a temperature near to that in which the catalyst reduction
occurs with a relatively high reduction rate.

On the redox sites the mechanism would be initiated by
hydrogen abstraction forming a butyl radical, as proposed
by Kung et al. for V-Mg-O mixed oxides (6), which could
then interact with the vanadium species, forming an ad-
sorbed olefinic intermediate. The variation of the initial se-
lectivity to C4-olefins with the reaction temperature would
be mainly related with the reducibility of the catalyst, which
determine the rate of redox process and the k; /k; ratio.

On the other hand, the formation of carbon oxides would
take place via a different mechanism. Thus, Andersson
(25) proposed that the deep oxidation of propane on
VO,/AIPO, could occur on V-free sites, involving the for-
mation of acarbeniumion. The formation of deep oxidation
products in our case could be explained by a similar alterna-
tive mechanism involving the presence of adsorbed oxygen
(12, 26). Nevertheless, deep oxidation of olefins (k;, k; and
k, in Scheme 1) must also be considered at high butane
conversions.

According to this, the selectivity observed under a certain
set of reaction conditions would be given by the relative
rates of selective (redox) to nonselective processes (k;/k;
ratio; competitive reactions) as well as by the nature of
consecutive reactions. Operating conditions that facilitate
the redox activity of the catalyst should then result in a
higher selectivity to the desired products. In this way, it has
been shown that a higher reaction temperature results in
a higher selectivity to dehydrogenation products on both
catalysts, although this effect is more important over the
V-Mg-O catalyst (Fig. 8).

In previous works, it has been suggested that the bene-
ficial influence of the reaction temperature on the selec-
tivity to OXDH products could be a consequence of a
higher activation energy for the selective oxidation reaction
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Scheme 1. Reaction network for the OXDH of n-butane.

(27, 28). From the results presented here, a more fundamen-
tal explanation seems possible: a low reducibility and a low
catalytic activity of redox sites is expected at low reaction
temperature. However, under reaction conditions, a higher
temperature strongly increases the rates of the reduction
process, and thus it would result in an enhancement of the
redox capabilities of the catalyst.

It has been observed that the initial selectivity to olefins
during the OXDH of short chain alkanes over V-MgO cata-
lysts decreases when the number of carbon atoms of alkane
decreases (18, 19) while an opposite trend has been ob-
served in the case of VO,/AIl,O3 catalysts (15). In this case,
the variation of the initial selectivity, and the ratio between
selective (redox) and nonselective reactions on vanadium-
based catalysts, could be partially explained on the basis of
the alkane reactivity and the catalyst reducibility. Thus, it
is clear that the OXDH of ethane (which presents a low
reactivity) on V-Mg-O (which shows a low reducibility) is
not favoured.

Figure 11 shows the selectivity to OXDH products ob-
tained, under comparable conditions, during the oxidation
of C,—C4 alkanes on both V-Mg-O and VO,/Al,O; cata-
lysts. It can be seen that the selectivity to OXDH products

Alkane
E n-butane
[] propane
s D ethane
2 80
I
E 60}
o
2 40
2
2
D 20
@
]
(7] 0 /
V-Mg-O VO,/ALO,
FIG. 11. Selectivity to oxidehydrogenation products for V-Mg-O

and VO,/Al,O3 catalysts using different reactant molecules at
550°C and an alkane conversion of 30%. Experimental conditions:
alkane/oxygen/helium molar ratio of 5/20/75 (n-butane) or 4/8/88 (propane
and ethane).

in V-Mg-O decreases with the number of carbon atoms of
the alkane fed, but it increases in VO,/Al;Os.

Although the catalyst reducibility can determine the na-
ture of competitive reactions (k;/k; ratio), the selectivity
to OXDH and the nature of consecutive reactions depend
also on the nature of vanadium species (6-10, 19) and the
acid-base character of catalysts (1, 18, 20). Nevertheless,
these factors are also related to the alkane fed.

Michalakos et al. (19) proposed that the low selectivity
to butenes during the oxydehydrogenation of n-butane on
Mg, V,07-containing V-Mg-O catalysts is a consequence
of the simultaneous attack of contiguous vanadium species
(V-0-V) to terminal carbon atoms in butyl intermediates.
This concept could be used in the OXDH of n-butane but
not for the OXDH of ethane or propane.

CONCLUSIONS

The catalytic performance of OXDH catalysts is the re-
sult of a complex interaction involving a number of factors.
In a previous work (1) it has been shown that the acid-base
character of a catalyst in relation to the size of the alkane
fed molecule plays a critical role in determining the selec-
tivity to OXDH products. Also, the aggregation state of
V-atoms on the surface could have a direct influence on the
selectivity to Cy-olefins, since the length of V-O-V groups
could match the length between terminal C-atoms of the
alkane (6, 19).

This work attempts to bring an extra factor into consid-
eration. We have observed that the reducibility of the V-
atoms can influence the selectivity to OXDH products, and
we have suggested that this could be explained by its effect
on the rate of the selective redox processes involving V-
species on the catalyst surface. Thus, in the case of n-butane,
a higher reaction temperature accelerates redox exchanges
on the catalyst, which results in a notably higher selectivity,
especially on V-Mg-O whose reducibility is lower than that
of VO,/Al,O3. The same mechanism could be invoked in
reverse form to explain the low selectivity to ethene from
ethane observed on V-Mg-O. In this case, the relatively low
reducibility of the catalyst is coupled with an alkane with
low reactivity, resulting in a low activity in the transforma-
tion of ethane to ethene by a redox mechanism. This can
be partially offset by an increase in the reaction tempera-
ture, which effectively increases the selectivity (27). Thus,
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the rate at which redox processes take place on the catalyst
becomes another relevant factor in determining the cata-
lytic performance of V-based oxidative dehydrogenation
catalysts. Further work is needed to elucidate the strength
of this effect and its relationship to other factors affecting
catalytic performance.
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