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NOTE

Selective Oxidative Dehydrogenation of Propane
over V-Mg-O Catalysts

Vanadium-magnesium oxides were found to be active and selective catalysts for the oxidative
dehydrogenation of propane to propene. A selectivity of up to 65% was obtained at 10% conver-
sion, but decreased with increasing conversion. No oxygenates were detected. The reaction rate
was 0.6 + 0.15 order in propane and zeroth order in oxygen. For comparison, the rate for butane
oxidative dehydrogenation was 0.85 * 0.15 in butane and zeroth order in oxygen. Both reactions
were believed to proceed primarily with the breaking of a methylene C-H bond to form an ad-

sorbed alkyl radical species.

INTRODUCTION

Selective conversion of alkanes to unsat-
urated hydrocarbons is a potentially impor-
tant process to utilize alkanes. The current
commercial process makes use of a chro-
mia—alumina catalyst (/) in which alkanes
are converted to unsaturated hydrocarbons
and hydrogen. For small hydrocarbons
(<Cg), the reaction temperature is high,
usually above 600°C, since the yield is lim-
ited by thermodynamic equilibrium at low
temperatures. At such a high temperature,
undesirable reactions such as cracking of
the hydrocarbons and coking of the catalyst
occur. In practice, the chromia—alumina
catalysts require regeneration every several
minutes.

Oxidative dehydrogenation in which
water is formed as a by-product instead of
hydrogen does not have the limitation by
thermodynamic equilibrium, and catalyst
deactivation is usually not a problem since
coke and its precursors can be efficiently
removed by oxygen. To date, however,
there are only a few reports on selective
oxidative dehydrogenation of alkanes (2—
5). Lunsford and co-workers have used
N,O as an oxidant for the selective oxida-
tion of ethane to ethene (3). Selective dehy-
drogenation using oxygen has also been re-
ported on Mo-Mg-0O, Ni-Mg-0O (4), and
Co-Mg-0 (5) catalysts. A selectivity for a
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mixture of butenes and butadiene from bu-
tane as high as 58% has been claimed (6).
Recently, we reported that a V-Mg-O
catalyst is a selective oxidative dehydro-
genation catalyst for butane to butenes and
butadiene using oxygen as the oxidant (7).
The conclusion from characterization of the
catalysts with X-ray diffraction, IR spec-
troscopy, Auger electron spectroscopy,
and scanning electron microscopy was that
the active phase is magnesium orthovana-
date. We report here the results for the oxi-
dation of propane on these catalysts and the
comparison of them with those of butane.

EXPERIMENTAL

The preparation of the catalysts was de-
scribed previously (7). Briefly, MgO was
prepared by precipitation from a magne-
sium nitrate (Fisher Scientific) solution
with ammonium carbonate (Alfa Products),
followed by calcination in air at 700°C. An
aqueous solution containing 0.5 wt% am-
monium vanadate and 1 wt% ammonium
hydroxide at 70°C was added to MgO pow-
der. The suspension was dried with stirring
to a paste. This step was repeated until
the appropriate amount of vanadium was
added. Then the suspension was dried
overnight at 80°C. The resulting solid was
calcined at 550°C for 6 h. The BET surface
areas and the actual compositions as deter-

463

0021-9517/88 $3.00
Copyright © 1988 by Academic Press, Inc.
All rights of reproduction in any form reserved.



464

TABLE 1

Surface Areas and Compositions of the Catalysts

Catalyst Surface area wt% wt%
(m?g) MgO V20s

MgO 28 100 0

V05 3.5 0 100
19V-Mg-O 46 81.1 18.9
24V-Mg-0O 74 76.3 23.7
40V-Mg-O 31 60.1 -39.8
60V-Mg-O 7 40.7 59.3

mined by atomic absorption spectroscopy
are listed in Table 1.

Reactions were run in a conventional
flow system with a quartz U-tube reactor at
close to atmospheric pressure. The conver-
sion of propane for an empty reactor in-
creased with increasing temperature, but
was negligible (<0.5%) even at 540°C. Un-
der the same conditions, a reactor with
quartz wool and silica gel showed lower
conversion than an empty reactor.

The catalysts were supported by quartz
wool. Except for MgO, the catalysts were
diluted with twice the weight of silica gel.
Under the standard conditions, the feed
was 4 vol% propane (Linde, CP grade), 8%
oxygen (Linde, hydrocarbon free), and the
balance He (Linde, high purity). The flow
rate was 100 ml/min at room temperature.
Products were analyzed by gas chromatog-
raphy. The experimental details were simi-
lar to those reported earlier (7).

TABLE 2

Conversion and Selectivity in Propane Oxidation
over V-Mg-O Catalysts

Catalyst Weight Conversion Selectivity %
® %
CO CO; C; C3Hg
CHg Oy

MgO 0.5 7.7 8.0 256 265 149 33
19V-Mg-O 0.3 358 529 189 364 23 424
24V-Mg-0O 0.1 289 466 19.0 37.2 1.4 424
40V-Mg-O 0.2 33.4 549 23.1 337 1.3 419
V705 0.4 22.0 413 648 172 0 18.0

Note. 540°C, propane/oxygen = 2.

NOTE

500°C  C5/0, = 172
v,
B s
nf \ o 24¥-Mg-0
¢ o 80V-Ng-0
60}
»
= ofF
£
=] 3
g
E 30F
20 4

1 \ J

A
0 10 20 30 40 50
PROPANE CONVERSION X

F1G. 1. Effect of conversion on propene selectivity
in the oxidation of propane at 500°C.

RESULTS AND DISCUSSION

Table 2 shows some typical results of the
oxidative dehydrogenation of propane on
V505, MgO, and V-Mg-O catalysts. The
major products were propene, CO, and
CO,. Small amounts of ethane and ethene
(which were not separated) were also pro-
duced, especially on MgO. The carbon bal-
ance in all the reaction runs was within 5%.
Thus little or no oxygenates were formed.

Results in this table show that V-Mg-0O
catalysts were active and selective for the
dehydrogenation of propane. Significantly
higher selectivity for propane was obtained
than that on MgO or V,0;s. This observation
was similar to that for the oxidative dehy-
drogenation of butane (7).

Figures 1 and 2 show the dependence of
selectivity on conversion for two V-~-Mg-O
catalysts and vanadium oxide at 500 and
540°C, respectively. It can be seen that the
selectivity decreased with increasing con-
version on all catalysts. However, the de-
crease was much more rapid on V,0s than
on V-Mg-0. Except at very low conver-
sions, the V-Mg-O catalysts were superior
to V,0s5. Comparison of the two figures
showed that the selectivity increased
slightly when the temperature was in-
creased from 500 to 540°C.
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F1G. 2. Effect of conversion on propene selectivity
in the oxidation of propane at 540°C.

The effect of changing the propane-to-ox-
ygen ratio in the feed was investigated us-
ing the 24V-Mg-0 catalyst at 540°C. De-
creasing this ratio from 1/2 to 1/1 resulted in
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F1G. 3. Comparison of the effect of conversion on
the selectivity for oxidative dehydrogenation of pro-
pane and butane. The dotted lines are from equations
in the text. The butane data are for catalyst 19V-Mg—
O, and propane data 24V-Mg-0.
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a decrease in propane conversion from 32.9
to 22.8%. The selectivity for propene in-
creased from 42.9 to 52.8%. However, this
increase could be accounted for almost to-
tally by the decrease in the propane conver-
sion.

Figure 3 compares the dependence of se-
lectivity on conversion for propane and bu-
tane at 540°C. For butane, oxidative dehy-
drogenation can produce either butenes or
butadiene. It can be seen that the selectivity
for butenes from butane was lower and de-
creased more rapidly with increasing con-
version than that for propene from pro-
pane. However, the selectivity for total
dehydrogenation (butenes and butadiene)
was higher and decreased much more
slowly than that for propene.

The partial pressure dependence of the
reaction rate was investigated at 540°C by
changing the pressure of either alkane or
oxygen while keeping the other constant.
The results are shown in Figs. 4 and 5. For
the oxidation of both propane and butane,
the rate was independent of oxygen partial
pressure. Thus it was zeroth order in oxy-
gen. However, the rate increased with in-
creasing partial pressures of alkane. The
orders were found to be 0.6 =+ 0.15 for pro-
pane, and 0.85 % 0.15 for butane. The rate
constants were 0.012 mol/g., min-atm®#
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FiG. 4. Effect of oxygen partial pressure on the reac-
tion rate at 540°C. Catalyst, 24V-Mg—0; P,y = 0.04
atm; and space velocity = 322 g—s/mol of feed.
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F1G. 5. Effect of alkane partial pressure on the reac-
tion rate at 540°C. Catalyst, 24V-Mg—0O; Poyygen = 0.08
atm; and space velocity = 322 g-s/mol of feed.

and 0.004 mol/g.,; min—-atm®® for butane
and propane, respectively.

The similarity between the results for
propane and butane suggests that the two
reactions proceed with a similar reaction
mechanism. Following our earlier sugges-
tion for butane, it appears that propane first
reacts primarily by breaking a methylene
C-H bond to form an adsorbed alkyl radi-
cal. Rapid breaking of a second C-H bond
at an end carbon then forms propene. A
methylene C-H bond is first broken instead
of a methyl C—H bond because it is weaker
by 15 kJ/mol. This suggestion is consistent
with the fact that under similar reaction
conditions and at low conversions, butane
reacts about 1.5 times faster than propane.
This can be interpreted by the fact that bu-
tane has more methylene C—H bonds than
propane.

Extrapolation of the results in Fig. 3 to
zero conversion shows that in butane dehy-
drogenation, the initial products consist of
approximately 55-60% butenes, 15-20%
butadiene, and the balance carbon oxides.
At higher conversions, butadiene is also
produced by subsequent dehydrogenation
of butenes. If we assume that after the first
step of the activation of the alkane, each
subsequent step of the dehydrogenation re-
action is first order in the reactant, and that

NOTE

for every molecule of butane reacted, 0.55
molecule of butene and 0.15 molecule of
butadiene are formed, and for every butene
molecule reacted, 0.7 molecule (the same
fraction of selective dehydrogenation as for
butane) of butadiene is formed, the rate ex-
pressions are

dp bulane/dt = —kl(P butane)o'ss
dp, butenes/dt = OSSkI(P butane)o'85 - kZP butenes

dpP, butadiene/ dt = 07k2P butenes
+ 0-lskl(Pbulama)o'85 - kBPbutadienea

where ki, k>, and k; are the rate constants
for the reaction of butane, butenes, and bu-
tadiene, respectively, and k; = 0.012. The
data in Fig. 3 can be reasonably well fit by
setting the ratio ky: ky: ks = 1:4.7: 1.

The data for propane can be analyzed
similarly, The initial products are 80% pro-
pene and 20% carbon oxides. Assuming
that the rate expressions are

dP, propane/ dt = —ky(P, propane)o"5
dp, propene/ dt = 0.8k4(P, propane)o'6 — ksP propenes

where k4 and ks are the rate constants for
the reaction of propane and propene, re-
spectively, and k; = 0.004, the data can be
fit well if k4: ks = 1:3.7. The fact that the
ratios k\/k; and k4/ks are roughly the same
is consistent with the aforementioned con-
clusion that the oxidation of propane and
butane proceed via a similar mechanism.

These results suggest that the oxidation
reaction is initiated by a highly reactive sur-
face oxygen species. This oxygen species
reacts with alkane, alkene, or diene with
similar reactivity and relatively indiscrimi-
nately. Thus the rate constants for each of
the hydrocarbon species are comparable in
magnitude. This also explains the very
small temperature dependence of the selec-
tivity versus conversion curves. The reac-
tion of this species with propane or butane
results in the formation of propene or bu-
tenes. Reaction of this species with pro-
pene would result in combustion. Reaction
with butenes would form butadiene, which
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if it further reacts would result in combus-
tion. This explains the decrease in selectiv-
ity with increasing conversion.

It is interesting to note that under similar
conditions, a V-P-O catalyst produces
acrylic acid and little propene in the oxida-
tion of propane (8). We attribute this to the
absence of V=0 in the V-Mg-O catalysts
in which the active component is magne-
sium orthovanadate (7), and to the fact that
these catalysts are basic, which enhances
the desorption of basic alkene molecules.

In conclusion, the V-Mg-O catalysts are
active and selective for the oxidative dehy-
drogenation of propane to propene. The re-
action probably proceeds by first breaking a
methylene C—-H bond to form an adsorbed
alkyl radical. The absence of any oxygenate
products is attributed to the absence of
V=0 bonds and to the basic properties of
the catalysts.
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