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The oxidative dehydrogenation of butane was studied over NdVO,, SmVOQ,, EuVO,, and
Bay(VO,), at 500 and 540°C. It was found that NdVO, and SmVO, were both quite active and
selective for dehydrogenation, but EuVO, was less selective although very active. The products
were butenes, butadiene, carbon oxides, and small amounts of C, and C; hydrocarbons. The
selectivities for butenes over NdVO,, SmVO,, mixed V-Mg-oxide, and Mgy(VO,), were found to
be the same, but V-Mg—~0O was much more selective for butadiene than the other catalysts were.
Ba;(VO,), was selective, but both its activity and selectivity declined with time on stream due to
the formation of BaCQO;. These oxides also showed different behaviors in temperature-programmed
reduction and reoxidation. These observations can be explained by a model that relates the redox
behavior of a catalyst to the availability of oxygen at the active site and thus to the catalytic

behavior. © 1990 Academic Press, Inc.

INTRODUCTION

It has long been of interest to understand
how the properties of a catalyst influence its
selectivities in the oxidation of alkanes for
the production of unsaturated hydrocarbons
such as alkenes, dienes, and aromatics, or
of oxygenated products such as alcohols,
ketones, and acids, and carbon oxides.
Since the production of these different types
of products involves different reactions that
require different catalytic functions, which
in turn depend on the bonding of the various
components in the catalyst, it is important
to understand how the nature of the bonding
affects the catalytic behavior.

In our previous study of the oxidative de-
hydrogenation of propane and butane, it was
discovered that magnesium orthovanadate,
Mgy(VO,),, was a rather selective catalyst
for the production of unsaturated hydrocar-
bons (/—4). However, magnesium pyro-
vanadate, Mg,V,0,, or magnesium metava-
nadate, MgV,0¢, was much less selective.
The differences among these oxides were
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attributed to the fact that both pyrovanadate
and metavanadate possess bridging lattice
oxygen ions between two vanadium ions
(V-0-V), whereas such groups are absent
in orthovanadate. Since V>* ions are readily
reduced to lower oxidation states, such
bridging oxygen ions can be easily removed
from the catalyst, resulting in a high com-
bustion activity of the catalyst.

In order to test this hypothesis, other or-
thovanadates were studied in which the Mg
ions were replaced with Ba, Sm, Nd, or Eu
ions. These orthovanadates have a common
feature in that they consist of isolated VO,
units. Every oxygen ion in these units
bridges a V*>* ion and an alkali earth or a
lanthanide ion. Thus the reducibility of
these ions should affect the ease of removal
of the oxygen ions. Since Ba’' and Mg?*
are difficult to reduce, Bay(VO,), was ex-
pected to possess similar properties as
Mg,(VO,),. Neither Sm** nor Nd** is easily
reducible. A comparison of their orthovana-
dates with Mg would show whether ortho-
vanadates of +2 and + 3 ions behave simi-
larly. Eu** is much more reducible than the
others. Its orthovanadate would show the
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effect of reducibility. In this paper, the re-
sults of the reaction and reducibility study
of these orthovanadates are reported and
compared with those of a mixed V-Mg-O
catalyst.

EXPERIMENTAL
Materials

Preparation of various oxides has been
described in detail (4). NdVO, was prepared
by first dissolving 10 g Nd,O; (Aldrich
Chemicals, 99.9%) in dilute nitric acid
(15 ml conc. HNO; in 100 ml water). The
solution was then heated, and a slurry was
formed when 200 ml of NH,OH (made from
30 ml conc. NH,OH in 470 ml water) was
added slowly and with constant stirring to
the hot solution. Then 6.96 g of NH,VO,
was added to the slurry, and another 300 ml
of NH,OH was added. The final slurry was
pale blue. It was suction filtered, washed,
air dried at 80°C overnight, and calcined in
air at 700°C for 1 h. X-ray diffraction of the
final solid showed only diffraction lines of
NdVO, (see Appendix). The surface area
was 18 m?%/g.

SmVO, was prepared by dissolving 10 g
Sm,0; (Aldrich Chemicals, 99.9%}) in dilute
nitric acid. Five hundred milliliters of
NH,OH (made by diluting 15 ml of conc.
NH,OH to 500 ml) was added slowly with
constant stirring to the hot solution to form
a slurry. Then 6.71 g of NH,VO; was added
to the mixture, followed by another 500 ml
of NH,OH. The mixture was evaporated to
dryness. During evaporation, another 11 ml
of conc. NH,OH was added to prevent seg-
regation of the vanadium compound. The
resulting solid was calcined at 700°C for 1 h.
X-ray diffraction of the solid showed only
SmVO,. The surface area was 24 m?/g.

EuVO, was prepared in a manner similar
to SmVO, except that 30 ml of conc.
NH,OH was added to the mixture during
evaporation to dryness. X-ray diffraction
showed only EuVO,. The surface area was
31 m¥/g.

Bay(VO,), was prepared by dissolving
24.7 g of Ba(NOs;), (Alfa, Puratronic grade)
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in 100 ml of hot water. Five hundred millili-
ters of 0.5 M NH,OH was then added
slowly. With constant stirring, an aqueous
NH,OH solution was added to this slurry,
which was slowly evaporated to dryness.
The amount of NH,VO; added was such that
the final solid would have about 10% excess
Ba. The dried solid was calcined at 620°C
for 4 h, X-ray diffraction showed only
Bay(VO,),. No BaO peaks were detected.

Mg;(VO,), was the same as that used be-
fore (/). Its surface area was 1.7 m%/g. The
40V-Mg-O was also the same as that used
before (3). Its composition was 40 wt% V,0;
and 60 wt% MgO. X-ray diffraction showed
that it contained Mg,y(VO,), and MgO. Its
surface area was 31 m*/g.

Reaction Studies

The oxidation of butane was carried out
in a quartz microreactor. The reaction con-
ditions were chosen such that in the absence
of a catalyst, there were negligible reactions
(2). Unless noted, the catalysts were diluted
with twice the weight of silica (<70 mesh,
Davision 62, acid washed), which was found
to be inactive under the reaction conditions.

The feed consisted of 4% butane, 8% oxy-
gen, and the balance He. The standard flow
rate was 100 mi/min, and the conversions
were varied by changing either the weight
of the catalyst or the flow rate. The products
were analyzed by gas chromatography as
before (2, 4). The butane conversions were
calculated from the relative amounts of re-
actants and products in the reactor exit
stream. The oxygen conversions were cal-
culated assuming that any hydrogen unac-
counted for in the products formed water.

Reduction and Reoxidation Studies

These were carried out in a 135-ml recir-
culation system. Reduction and reoxidation
were monitored with a Tian-Calvet heat
flow-type differential scanning calorimeter
(SETARAM DSC 111) by following the heat
released during reduction and reoxidation.
Typically, 50-100 mg of catalyst was sup-
ported with quartz wool inside a 7-mm-o.d.
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TABLE 1
Product Distributions in the Oxidation of Butane on NdVQ,*

wt.b Conversion Selectivity (%) (C, basis)
8 (%)
———— 0 €O, C C, I1-CHy 2+CHy 2-¢CH; CH, Dehyd*
0, CHy
540°C
0.04 16 11.1 19.4 22.2 0 2.6 20.9 11.5 13.0 10.5 55.9
0.06 31 18.2 23.3 28.7 1.5 1.5 16.9 8.6 10.0 9.3 44.8
0.08 42 22.5 28.4 33.6 2.1 1.0 12.7 6.8 7.4 7.9 34.8
0.08¢ 39 23.0 26.5 31.5 2.2 1.1 14.4 8.3 7.2 8.8 38.7
0.16 70 30.7 30.6 37.9 1.6 1.0 9.7 5.6 6.5 7.2 29.0
0.16 62 30.8 30.0 37.2 1.7 1.2 10.3 5.8 6.6 7.2 29.9
500°C
0.08 11 8.5 17.4 20.8 0 0 22.6 14.0 14.8 10.4 61.8
0.12 29 16.8 22.8 28.5 0 1.5 16.7 10.7 11.0 8.8 47.2
0.16 38 21.4 27.9 329 0 13.0 8.5 8.9 7.9 38.3
0.32 87 38.4 35.1 439 0.7 5.5 4.2 4.9 5.0 19.6

“ Feed: 4% butane, 8% O,, and 88% He.

b Catalysts were diluted with twice the weight of SiO,.

¢ Total selectivity to butenes and butadiene.

4 The reactor volume after the catalyst bed was filled with quartz chips.

quartz tube. The quartz tube fit snugly in the
sample cell of the DSC, and another quartz
tube filled with only quartz wool was used
in the reference cell.

In a typical run, the catalyst was first
treated in flowing O, (5 ml/min STP, 53.3
kPa) at 500°C for 1 h. The sample was then
cooled to 30°C. After evacuation, the sys-
tem was filled with 79 kPa of Ar which was
recirculated over the catalyst at 10 ml/min
STP. The output of the calorimeter was re-
corded as the baseline when the catalyst
was heated at 5°C/min to 800°C. For the
reduction study, the catalyst was treated
with O, at 500°C as described above. Then
the catalyst was reduced in a mixture of 13.3
kPa of CO and 66 kPa of Ar flowing over
the catalyst at 10 mi/min STP, while the
temperature was raised at 5°C/min to 800°C.

Reoxidation of a reduced catalyst was ac-
complished using a mixture of 13.3 kPa of
0, and 66 kPa of Ar flowing over the catalyst
at 5 ml/min STP and heating the catalyst at
5°C/min to 800°C. The amount of oxygen
consumed was determined from the pres-

sure drop in the system after the catalyst
was cooled to 30°C at the end of the exper-
iment.

In some experiments, reduction was per-
formed in 79 kPa of CO and reoxidation in
53 kPa of O,, and the heating rate was 10°C/
min.

RESULTS
Butane Oxidation

On both NdVO, and SmVO,, butane oxi-
dation was studied at 500 and 540°C. The
products were primarily the three isomers
of butene, butadiene, and carbon oxides.
Small amounts of cracked products were
also observed, especially at higher tempera-
tures, consisting of ethane or ethene (which
were not separated), and propene. The car-
bon balance was always satisfied to within
+3%, which was the experimental uncer-
tainty.

Table 1 shows the reaction data for
NdVO,. Butenes were the major products
over the range of conversions studied.
Among the butenes, 1-butene was predomi-



OXIDATIVE DEHYDROGENATION OF BUTANE

135

TABLE 2
Product Distributions in the Oxidation of Butane on SmVQ,*

wt.? Conversion Selectivity (%) (C, basis)
(g (%)
cO C02 CZ C3 1-C4H8 2‘1'C4H8 2“C'C4Hs C4H6 Dehyd.c
0, CHy
540°C
0.025 5 4.8 12.8 12.8 0 6.4 29.7 12.8 19.2 6.4 68.1
0.025¢ 13 7.9 21.1 22.6 0 3.7 22.6 11.3 11.3 7.5 52.7
0.05 15 11.3 15.6 19.5 5.2 5.2 23.5 10.5 13.0 7.8 54.8
0.05¢ 26 14.1 25.9 29.6 1.8 1.8 16.7 7.5 9.2 7.4 40.8
0.06 34 18.5 28.0 31.5 2.1 1.4 15.0 6.7 8.1 7.5 37.3
0.12 56 26.3 32.2 36.6 1.5 1.5 10.4 5.2 5.9 6.3 27.8
0.16 78 34.1 35.7 40.4 1.5 1.1 7.6 3.9 4.3 5.5 21.3
500°C
0.06 12 7.9 19.0 22.1 0 0 22.9 12.9 15.2 7.7 58.7
0.08 20 11.8 19.9 24.8 0 0 20.7 12.4 12.7 9.8 55.3
0.12 27 14.6 25.3 286 0 1.7 16.1 9.2 10.7 8.3 443
0.16 44 21.1 28.7 34.4 0 1 12.6 7.4 8.5 7.4 35.9

¢ Feed: 4% butane, 8% O,, and 88% He.

® Catalysts were diluted with twice the weight of SiO,.

¢ Total selectivity to butenes and butadiene.
¢ Total flow rate was 50 ml/min.

nant. The selectivity for the C, hydrocarbon
products decreased with increasing conver-
sion, whereas that for the combustion prod-
ucts increased. The selectivity at a certain
conversion was nearly independent of tem-
perature over the range studied. Unlike on
the V-Mg-O catalysts (2), butadiene was
not a major product on NdVO, even at high
conversions. The yields of butadiene were
always lower than those of butenes.

Table 2 shows the reaction data for
SmVO,. These data were very similar to
those for NdVO, and showed similar trends.
Thus 1-butene was the primary C, product.
I'he selectivity for dehydrogenation was a
weak function of temperature, and de-
creased with increasing conversion. The se-
ectivity for butadiene was low even at high
onversions.

The activities of NdVO, and SmVO, were
:omparable. However, on the basis of per
it weight of catalyst, they were slightly
ess active than the V-Mg-O catalysts (2).

The behavior of these catalysts reached a
steady state within 1 h of reaction and
showed no evidence of deactivation.

The results for EuVO, are shown in Table
3. This catalyst was much more active than
the other two rare earth vanadates. For ex-
ample, at 500°C, the use of 0.08 g of NdVO,
or SmVO, resulted in 8 to 12% conversion,
whereas this conversion could be obtained
with 0.009 g of EuVO,. This difference in
activity was more than could be accounted
for by the difference in surface areas. Com-
pared to the other two catalysts, EuVO, was
less selective for dehydrogenation, but the
decrease in selectivity with increase in con-
version was less prominent. The selectivity
for butadiene was particularly low, whereas
the selectivities for carbon oxides were
high. The catalyst deactivated slowly, and
the data in Table 3 are those obtained after
4 h of time on stream. The catalyst turned
dark gray after use, probably due to carbon
deposits and reduction of the catalyst. The
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TABLE 3

Effect of Conversion on the Product Selectivity in the Oxidation of Butane on EuVQ,*
TC¢C)  Wwt.b Conversion Selectivity (%) (C, basis)

8 (%)

coO Co, ¢ ¢ I1-CHy 2+CHg 2-c-CHy CHg Dehyd*
0, CH,y

403 0.1 3.4 0.8 0 100 0 0 0 0 0 0 0
425 0.1 8.1 3.5 10 60 0 0 10 10 10 0 30.0
441 0.1 85 43.6 133 572 58 1.6 10.3 4.2 4.0 3.6 22.1
451 0.1 89 46.5 13.1 56.7 65 1.9 10.1 4.1 3.8 3.8 21.8
497  0.01 18 8.9 10.3 48 0.6 34 18.3 10.3 9.1 0 37.7
503  0.01 29 15.7 10.9 49 36 1.8 18.1 7.3 7.3 1.8 34.5
505 0.0t 31 17.3 10.8 477 46 1.6 17.0 7.7 7.7 3.0 324
500  0.004¢ 9.5 42 154 46.2 0 0 23.1 7.7 7.7 0 38.5
500  0.009¢ 19.7 8.9 9.6 484 0 0 19.4 9.6 9.6 0 38.6
500  0.013 16 7.8 11.1 482 0 3.7 18.5 11.1 7.4 0 37.0

¢ Feed: 4% butane, 8% O,, and 88% He; total flow rate: 200 ml/min.
b Catalysts were diluted with twice the weight of SiO,.

¢ Total selectivity to butenes and butadiene.
4 Total flow rate: 100 ml/min.

original color and activity could be restored
by treating the catalyst in flowing O, at
400°C for 20 min.

The catalytic activity of a batch of barium
orthovanadate was studied by first bringing
the catalyst to 500°C and then increasing
the temperature to 540°C over a 2-h period.
When the catalyst was first brought to
500°C, a butene conversion of about 6% was
observed, and the products were about 60%
dehydrogenation products and about 25%
cracking products. When the temperature
was raised to 520°C after 45 min, the conver-
sion was increased initially to about 16%,
but declined gradually to less than 5%. In
the mean time, the selectivity for dehydro-
genation calculated from the gas-phase
products declined from about 60 to 38%,
while the selectivity for combustion in-
creased correspondingly. At 16% conver-
sion, the products detected could only ac-
count for 89% of the carbon in the feed.
Further increase in temperature to 540°C did
not result in significant changes in conver-
sion or product selectivities. X-ray diffrac-
tion of a used catalyst showed the presence

of barium carbonate, which was not found
in a fresh catalyst.

Reduction and Reoxidation

The temperature-programmed reduction
and reoxidation profiles of various vana-
dates performed using a heating rate of 5°C/
min are shown in Fig. 1. The baselines deter-
mined when the samples were in an Ar atmo-
sphere have been subtracted from these
data. In the reduction cycle, Mg, Nd, and
Eu orthovanadates showed broad peaks that

TN Mg (v
A 93( 04)2

© V-Mg-0

Power (a.u)

Euvo
AN

700

300 500
Temperature (OC)

100

F16. 1. Temperature-programmed reduction (—) and
reoxidation (---) profiles of various vanadates. Heating
rate = 5°C/min.
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began at temperatures above 500°C. For Eu
orthovanadate, the peak began with a broad
shoulder. The reduction was close to com-
pletion at about 800°C. The reduction profile
of 40V-Mg-0O showed a much sharper peak
than the orthovanadates, and the reduction
was complete at 700°C.

The reoxidation profiles were quite differ-
ent for the different orthovanadates as
shown in Fig. 1. The profile for Mg;(VO,),
showed a sharp peak at about 720°C with a
long tail on the low-temperature side, ending
at about 600°C. The reoxidation was com-
plete at about 760°C. The profiles for Nd
and Eu orthovanadates showed two distinct
peaks. For both compounds, the lower tem-
perature peak began at about 250°C. The
higher temperature peak for NdVO, over-
lapped slightly with the lower temperature
peak, whereas for EuVQ,, the two peaks
were well separated.

The reoxidation profile of 40V-Mg-O
showed two overlapping peaks that began
at about 350°C and ended at about 620°C.

An attempt was made to obtain a reduc-
tion profile for V,0O;. However, using the
conditions associated with a heating rate of
5°/min, the sample of 10 wt% V,0/Si0, ex-
hibited a large endotherm, possibly due to
the onset of the high mobility of lattice ions
preceding melting, that began at about 550°C
before any detectable exotherm due to re-
duction appeared. Under the conditions as-
sociated with a heating rate of 10°/min, it
was possible to detect the onset of reduction
of unsupported V,0s which occurred at
about 500°C, as is shown in Fig. 2. However,
the reduction was not yet complete at about
640°C. The temperature was held at 640°C
until no more heat was generated. The pro-
file for reoxidation of the reduced sample is
shown in Fig. 2. Reoxidation was complete
at about 560°C.

For comparison, the reduction and reoxi-
dation profiles of Mg and Nd orthovanadate
obtained under the conditions used for V,0;
are also shown in Fig. 2.

In the reoxidation cycle for all these sam-
ples, it was observed that small amounts of
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Mg 3(VO“) )

‘/\ Ndvg,

100 300 5000 700
Temperature { C)

power (a.u.)

FiG. 2. Temperature-programmed reduction (—) and
reoxidation (---) profiles for various vanadates. Heating
rate = 10°C/min.

heat were released from the reduced sam-
ples when they were first exposed to oxygen
at room temperature, probably due to the
heat of adsorption of oxygen or oxidation of
the surface. This is not shown in the profiles
in Figs. 1 or 2.

The amounts of oxygen consumed in the
reoxidation of the various samples, includ-
ing the amounts consumed at room tempera-
ture, are listed in Table 4. In most cases,
about 0.75 to 0.83 oxygen atoms were con-
sumed per V ion in the samples. This corre-
sponded to an average vanadium oxidation
state between 3.5 and 3.33 in the reduced
sample. For V,0s, reduction to V,0; was
essentially complete.

DISCUSSION

The results in Tables 1 and 2 show that
both NdVO, and SmVOQ, are relatively ac-

TABLE 4
Stoichiometry of Oxygen Consumption in the
Reoxidation of Various Vanadate Samples

Sample Wwt. V in sample O consumed/V
(®
(10~* mol)
NdvO, 0.0880 3.40 0.758
EuVO, 0.0934 3.50 0.829
Mgi(VO,), 0.0532 3.51 0.820
40V-Mg-O  0.0761 3.33 0.757
V5,05 0.0988 5.43 0.970
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tive and selective catalysts for the oxidative
dehydrogenation of butane. The results for
Ba,(VO,), also show that this oxide could
be a rather selective catalyst, but the forma-
tion of BaCO; degrades its performance.
These observations are consistent with the
conjecture that orthovanadates of nonre-
ducible cations that possess isolated VO,
groups are selective catalysts for oxidative
dehydrogenation of alkanes.

The dependence of the selectivity for bu-
tenes and for total dehydrogenation (bu-
tenes and butadiene) as afunction of conver-
sion for the various vanadates are shown in
Figs. 3 and 4, respectively. It is interesting,
as shown in Fig. 3, that the selectivities for
butenes over NdVO,, SmVO,, Mg,(VO,),,
and V-Mg-0O are the same. This indicates
that on all of these oxides, the first step of
the dehydrogenation reaction—formation
of alkene—is the same. The different total
dehydrogenation selectivities shown in Fig.
4 are due to the different rates of formation
of butadiene, which is the same for Mg, Nd,
and Sm orthovanadates, but higher on the
V-Mg-0O catalyst. That a V-Mg-O cata-
lyst, which is made of Mg,(VO,), and MgO,
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behaves differently than Mg(VO,), has also
been observed in the oxidation of cyclohex-
ane (5). It is probably a result of synergistic
interaction between the two phases, the na-
ture of which requires further investigation.

The selectivity for dehydrogenation over
EuVOy, is notably lower than for the other
orthovanadates, especially at low conver-
sions. This is consistent with the conjecture
stated at the beginning that the redox prop-
erty of the cation in the M—O-V bridging
unit should affect the selectivity of the cata-
lyst. Of the cations studied here, Eu under-
goes oxidation and reduction (between +2
and + 3) more readily than Mg?>*, Nd**, and
Sm3*. As will be discussed later, this results
in a higher combustion activity of this cat-
alyst.

Results of the temperature-programmed
reduction and reoxidation experiments pro-
vided interesting insight into the role of the
redox properties in this reaction. An exami-
nation of Fig. 1 shows that the gross features
of the reduction curves of the various vana-
dates and of V-Mg-O are similar. The re-
duction peaks begin at about 600°C and are
over or almost over at 800°C. There are

70

o
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60 - [°)
g
501 ol
® a
dg
>
= J []
-_>- 40
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a ©19V-Mg-0
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27 ®Mg;(VO,),
10 T T T T L
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F1G. 4. Selectivity for total dehydrogenation (butenes
and butadiene) as a function of conversion at 540°C.
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some minor differences. The reduction peak
of EuVOQ, shows a long and slow rise that
begins at 500°C. The reduction of V-Mg-O
is complete at about 680°C, which is the
lowest temperature of all the samples. Com-
paring V-Mg-0O and Mg;(VO,),, the reduc-
tion peak of the former sample is sharper
and is about 100°C lower in temperature.
This is probably due to the surface area ef-
fect. V-Mg—O has a much higher surface
area than Mg,(VO,),, and it contains smaller
crystallites. Since the rate of bulk reduction
is limited by diffusion of lattice oxygen ions,
smaller crystallites can be reduced more
rapidly than larger crystallites. Finally, re-
duction of V,0s takes place at a lower tem-
perature than the vanadates, as is shown in
Fig. 2. The sample begins to melt before
reduction is complete.

The different orthovanadates are each re-
duced to about the same extent of 0.8 O ions
per Vion (Table 4). Thus the reduced oxides
contain a mixture of V3* and V**, assuming
that the other cations are not reduced. On
the other hand, V,0; is reduced to V,0;. It
is interesting that although Eu is expected
to be more easily reduced than the other
cations except V, the extent of reduction of
EuVO, was similar to the other samples.
This indicates that the orthovanadate struc-
ture can only sustain a certain degree of
reduction. Any further reduction would re-
quire more severe conditions.

The reoxidation behaviors of the vana-
dates are quite different. Both NdVO, and
EuVO, show two reoxidation peaks. For
both oxides, there is a low temperature peak
at 320-340°C. For NdVO,, a second peak
appears at 480°, whereas for EuVO,, it ap-
pears at 520°C. The appearance of two well-
separated peaks suggests that reoxidation of
these two samples occurs in stages, proba-
bly due to the structural changes associated
with reoxidation. However, more detailed
investigations are needed to identify defini-
tively the reasons for the two peaks.

The reoxidation curves for V-Mg—O and
V,0; both show one broad peak made up of
overlapping peaks, which may indicate that
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the reoxidation process and the associated
lattice rearrangements of these samples oc-
cur gradually.

It is interesting that the reoxidation
curves for the lower heating rate (Fig. 1)
are much better resolved than those for the
higher heating rate (Fig. 2). In particular, the
peaks are much compressed for the higher
heating rate. This is due to the more promi-
nent autocatalytic effect when the high heats
of oxidation are released over a shorter time
period.

The following interpretation may be used
to explain the catalytic results and the re-
duction-reoxidation behavior of the sam-
ples. Under the reaction condition of about
500°C, V,0s5 is very active in combustion
because of the high mobility of the atoms
in the sample. The mobility is substantially
suppressed by the formation of orthovana-
dates which have isolated VO, units. Conse-
quently these compounds show much higher
selectivities in the reaction.

The differences among the different or-
thovanadates can be correlated with their
different redox behaviors. It has long been
postulated that the activity and selectivity
of an oxide in selective oxidation reactions
are related to the rate of reduction of the
oxide. An oxide that is too difficult to be
reduced is too inactive, while one that is too
easily reduced is active but nonselective.
An active and selective catalyst should have
an optimal rate of reduction. This concept
is shown graphically in Fig. 5a.

It is also generaily accepted that the rate
of reduction of an oxide depends on the ex-
tent of reduction. The more reduced is an
oxide, the slower is the rate of reduction.
Combining these two factors, one arrives at
a conclusion that the selectivity of a catalyst
in oxidation depends on the degree of reduc-
tion of the oxide under reaction conditions,
which would determine the rate of reduction
of the oxide.

At steady state, a catalyst undergoes re-
duction and reoxidation. The extent of re-
duction of the oxide depends on the relative
rates of these two processes, which in turn
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the extent of reduction, and the catalytic behavior.

depends on the extent of reduction. This is
shown in Fig. 5b. The steady state of the
catalyst corresponds to the intersection of
the reduction and reoxidation curves. If this
intersection corresponds to a state of the
catalyst that is in the optimal region, the
catalyst will be active and selective, which
is the case for the set of curves labeled A.

Since the V-Mg-O catalyst is quite active
and selective, it may be assumed that its
reduction-reoxidation behavior can be rep-
resented by this set of curves. For NdVQ,,
the oxide reduces more slowly but oxidizes
more rapidly. Its behavior corresponds to
the set of curves labeled B. The oxide is also
active and selective since the intersection

falls within the region of optimal behavior.
However, EuVO, reduces at about the same
rate as V-Mg-0, but it oxidizes much more
rapidly. Its behavior is represented by
curves C. The argument presented would
suggest that this oxide is more active but
less selective than the NdVO, or V-Mg-O,
as has been observed.

A consequence of this modelis that, ingen-
eral, an active and selective catalyst is par-
tially reduced at steady state. The extent of
reduction and the rate of reoxidation of the
reduced active sites determine the availabil-
ity of lattice oxygen for oxidation of surface
intermediates. These in turn are determined
by the structure and the composition of the
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catalyst. Therefore, it is possible that the
function of some of the modifiers of selective
oxidation catalysts is to change the rates of
reduction and reoxidation of an oxide, which
results in a different steady state of the cata-
lyst and the corresponding different be-
havior.

Concepts similar to that presented in Fig.
Shavebeen suggested by otherinvestigators.
In their investigation of the V-P-O catalysts
for oxidation of butane to maleic anhydride,
Hodnett and Delmon found that the extents
to which the catalyst could be oxidized and
reduced was sensitive to the amount of ex-
cess phosphorus (P/V > 1) (6). They pro-
posed that the most important effect of ex-
cess phosphorus indetermining selectivity is
torestrict the availability of lattice oxygen at
the reaction site and the rate of replenish-
ment of the lattice oxygen consumed. Along
asimilarline, Cavani et al. reported acorrela-
tion between the selectivity for maleic anhy-
dride from butane on (VO),P,0, catalysts
with their different rates of oxidation of
V(1V) to V(V) and thus different degrees of
surface oxidation (7). They proposed that se-
lectivity is determined by the degree of sur-
face oxidation and thus the availability of oxi-
dizing centers near the hydrocarbon
adsorption centers, the rate of oxidation of
the surface reaction intermediates to the de-
sirable products of selective oxidation, and
the stability of the desirable products with re-
spect to further oxidation.

There are also studies that suggest the
importance of the rate of reduction and/or
oxidation of a sample. For example, it has
been reported that oxides containing vana-
dium ions in multiple oxidation states are
more selective in methanol oxidation (8) and
propene oxidation (9) than are oxides of
V3*. The rapid interconversion of V** and
V** in a V-P-O catalyst has been consid-
ered an important factor for its high selectiv-
ity in the oxidation of butane tp maleic anhy-
dride (10). Finally, by systematically
replacing the cation M in the bridging
Bi—O-M groups, it has been found that the
reducibility of the cation M affects the activ-
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ity and selectivity in the oxidative dimeriza-
tion of propene to benzene (17, 12).

In conclusion, it has been shown in this
study that orthovanadates made from V,0;
and another oxide that is not easily reducible
are quite selective catalysts in the oxidative
dehydrogenation of alkanes. The selectivity
depends on both the conversion and the na-
ture of the other oxide. The catalytic data
and the redox behavior of the orthovana-
dates can be explained using a model which
suggests that the relative rates of reduction
and reoxidation of the oxide under reaction
conditions determines the catalytic behav-
ior and the extent of reduction of the oxide at
steady state. One possible role of a catalyst
modifier is to change the rates of reduction
and reoxidation, and the corresponding cat-
alytic behavior.

APPENDIX

X-Ray Diffraction of Rare Earth Orthovanadate
Samples (CuKa Radiation)*

SmVO, NdVO, EuvO,

20 r 20 I 2¢ I
18.6 m 18.4 m 18.6 m
24.6 Vs 24.4 vs 24.7 vs
31.0 w 30.6 w 31.1
33.2 s 32.8 s 33.2 3
35.1 w 34.7 w 35.2 w
37.6 W 37.3 VW 37.8 vw
399 w 39.5 w 40.1 w
44.4 w 44.0 w 44.6 w
47.4 w 46.9 w 47.7 w
49.0 m 48.5 m 49.1 m
50.3 w 49.8 w 50.0 w
51.4 vw 50.9 vw 57.0 w
56.7 w 53.5 vw 58.0 vw
57.8 vw 56.2 w 61.8 w
61.6 w 57.3 w 64.0 w
63.7 w 60.9 w 66.3 vw
66.1 VW 63.2 w 69.6 w
69.3 w 65.3 VW 73.0 w
72.8 w 68.7 w
79.3 VW 72.0 w

78.3 w
79.3 w

¢ From spectra in Ref. (4).
b ys, very strong; s, strong; m, medium; w, weak;
vw, very weak.
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