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Phase relations in the magnesium oxide-rich corner of the system MgO-V,0,—MoO; were studied.
A new compound, Mg, VMoO;, was discovered. The solubility limit of molybdenum oxide in
magnesium orthovanadate Mg;_ .V, , Mo, Oz was found to be x ~ 0.03. Butane oxidation studies
of oxides with compositions along the pseudobinary line Mg;V,04~Mg, ;VMo0oO;-MgMoO, were
investigated. All the compositions studied maintain the high catalytic dehydrogenation selectivity
of the magnesium orthovanadate which is attributed to the similarities of vanadium environment
in Mg, sVMoO, and Mg;V,0;. Incorporation of molybdenum oxide in the orthovanadate results

mainly in an increase of cracking products.

1. INTRODUCTION

Light alkanes are a potential feedstock to
replace aromatics in a number of partial
oxidation processes (/). However, selective
oxidation of alkanes is among the most chal-
lenging catalytic problems because of their
saturated chemical bonds. To date, only a
small number of catalysts are known to
be selective. Magnesium orthovanadate,
Mg,V,04, has been found to be both active
and selective in the oxidative dehydrogena-
tion of butane and propane (2—-4). Butenes
and butadiene are the main products formed
over a wide range of experimental condi-
tions. Since molybdenum oxide is an essen-
tial component in the Bi-Mo oxide catalyst
for the selective oxidation of propene to
acrolein and in molybdates for the oxidation
of butenes to maleic anhydride (5, 6), it be-
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comes interesting to explore the effect of
incorporating molybdenum oxide into
Mg, V,0;.

Substitution of Mo"! into the VV cation
sites in magnesium orthovanadate should be
possible because Mo"! has a similar ionic
radius and tetrahedral coordination as the
VV in magnesium orthovanadate. Its substi-
tution could result in the reduction of VV
into V'V, which is known to occur in mixed
vanadium-molybdenum oxide (7-9). Alter-
natively, the excess charge of the molybde-
num ion could be balanced by the genera-
tion of cation vacancies. In this paper, we
report the subsolidus phase relations
in the magnesium-rich region of the
MgO-V,0,—Mo0; system and compare the
catalytic properties of a number of mixed
oxides in the oxidation of butane.

2. EXPERIMENTAL

Standard solid-state procedures were
used to study the phase relations among the
constituent components MgO, V,0s, and
MoO,. Reagent grade oxides (Aldrich) were
weighed in desired proportions, milled care-
fully with addition of ethanol and then cal-
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cined at 600-650°C in a muffle furnace for
20-40 h with intermediate grindings. The
firing temperature was then increased to
850-900°C and equilibration of specimens
was performed for 60—-100 h. Equilibria was
assumed to be established when there were
no further changes in the X-ray diffraction
patterns. X-ray studies were carried out us-
ing a diffractometer (Rigaku Geigerflex)
with CuKa« radiation.

Two aqueous methods were used to ob-
tain specimens of higher surface areas for
the butane oxidation studies. Solutions of
ammonium metavanadate and ammonium
heptamolybdate in hydrogen peroxide were
mixed in appropriate proportions. These
mixtures were added to appropriate quanti-
ties of an aqueous solution of magnesium
nitrate, and the solutions were neutralized
by ammonium hydroxide with rapid stirring.
These precursors were fired slowly, increas-
ing the temperature up to 550°C. The tem-
perature was held at 550°C for ~100 h.
X-ray diffraction showed only broad
main reflections of the desired phase
and no other peaks. The compositions
Mg,.47V1.9sM0y 03 and Mg, sVMoOg ob-
tained by this procedure were used in cata-
lytic tests. They had surface areas of 7.5
and 6.4 m%/g, respectively, as measured by
N, BET. Small portions of each composi-
tion when heated at ~900°C formed well
crystallized powders of the desired com-
pounds. The compositions Mg,V,04,
Mg,V sM0,;,05  and Mg, 55V, sMog Oy
were prepared by a slightly different proce-
dure to achieve higher surface areas.
Namely, high surface area magnesium oxide
was prepared by thermal decomposition of
Mg(OH), by ramping the temperature from
100 to 450°C over a period of 8 h. The mea-
sured BET surface area of the resulting MgO
was in the range of 110-180 m?/g. Ammo-
nium metavanadate and/or ammonium hep-
tamolybdate were dissolved in deionized
water with addition of ammonium hydrox-
ide. Magnesium oxide was then added to
the solution to form a suspension, which
was evaporated to dryness. The solid was

HARDING ET AL.

then ground and calcined at 550°C for 6 h.
X-ray diffraction detected the presence of
the desired phases. The resulting solid
catalysts of compositions Mg,V,0x,
Mg, oV sM0y,04, and Mg, 55V, Moy 5Oy
had surface areas of 54, 26, and 15 m?/g,
respectively.

The reaction studies were carried out in
quartz tube downflow reactors. The reac-
tion mixture consisted of 86 vol% helium
(Linde, High Purity Grade), 2 vol% nitrogen
(Linde, High Purity Grade), 8 vol% oxygen
(Linde, Extra Dry Grade), and 4 vol% bu-
tane (Linde, CP Grade). The helium and
nitrogen were from a custom-mixed gas.
The nitrogen was used as an inert tie compo-
nent to improve material balance during the
reaction runs. Precise flow rates were main-
tained by mass flow controllers. Quartz
chips were used to fill the volumes both be-
fore and after the catalyst bed to minimize
potential gas-phase pyrolysis reactions par-
ticularly at the higher reaction tempera-
tures. Pyrolysis was determined to be negli-
gible in all the experiments performed. A
quartz thermowell was inserted into the cat-
alyst bed to monitor the internal bed temper-
ature. The reactor temperature was con-
trolled by a thermocouple attached to the
exterior of the reactor.

The feed mixture was analyzed by gas
chromatography using TC detectors, a mo-
lecular sieve 13X column and a VZ-7 (All-
tech) column. The product stream was first
sampled and injected to a Carbowax 20M
on Graphpac GB column to separate hydro-
carbons and oxygenated components. The
product stream then passed through a trap
maintained at 0°C to remove any condensi-
ble components. It was then sampled by a
second product sampled loop for analysis
utilizing the same GC columns as for the
feed mixture.

Reactions were run over the temperature
range 400-540°C. Conversion of butane at
a particular temperature was controlled by
varying the total flow rate of reactant mix-
ture or by varying the amount of catalyst
used.
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3. PHASE RELATIONS IN MgO-RICH CORNER
OF THE SYSTEM MgO-V,0:-MoO,

When molybdenum oxide was substituted
into magnesium orthovanadate according to
the formula Mg,V,_ Mo,0O; with x = 0.2
and 0.5 single-phase materials were not ob-
tained. To clarify phase constituents in
these compositions we used systematic tri-
angulation. Compositions along the lines
from the point MgO : V,05 = 3 : 1 (orthovan-
adate) of the binary system MgO-V,0; to
the points of the binary system MgO-MoO,
with ratios MgO:MoO, = 1:1,1.5:1,2:1,
3:1, 4:1 were investigated. All of these
samples showed the presence of an unidenti-
fied phase in combination with magnesium
orthovanadate (Mg;V,0;) or magnesium
molybdate (MgMoO,} depending on the
composition. The X-ray diffraction patterns
of the specimens along the line Mg,V,0~
MgMoO, with bulk composition
Mg,_.V,_,Mo0,04 are shown in Fig. 1.
These data definitely point out the existence
of two solid phases between the points
0 < x <0.5and 0.5 < x < 1.0. Additional
experiments also showed the equilibrium
between MgO and Mg,_ . V,_, Mo0,,0; with
x = 0.5. The firing of the oxide mixture
MgO:V,0,: Mo0O, = 7:2:1, correspond-
ing to the triangle Mg,V,0,-Mg,
V,0.-Mg, ;VMoOy, gives three phases in
equilibrium between the constituent points.
These results suggest that the singular point
Mg, ;VMoOy corresponds to an individual
compound.

The X-ray spectrum of the compound
Mg, sVMoO; was indexed with the ortho-
rhombic cell parameters a = 10.344 = 0.003
A, b = 17.468 = 0.005 A, and ¢ = 5.057 =
0.002 A. The main diffraction peaks, their
intensities, and a comparison of experimen-
tal and calculated lattice spacings are pre-
sented in Table 1. This spectrum corre-
sponds very well to the diffraction pattern
of Li,Ni,M0;0,, described by Ozima et al.
(10). The main features of the structure of
Li,Ni,Mo0,0,, (see Fig. 2) are molybdenum
in tetrahedral coordination, and the pres-
ence of three inequivalent positions for (Li,
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FiG. 1. X-ray diffraction patterns of composition
Mg;_.V,_,, Mo, O¢. Samples calcined in air at 900°C.
x = 0.03 (1), 0.09 (2), 0.33 (3), 0.5 (4), 0.75 (5), and
1.00 (6).

Ni) that are coordinated by six oxygen
atoms. It is interesting to point out that two
distorted octahedral positions denoted as
M2 and M3 are shared by lithium and nickel
cations and closely linked via their edges
and molybdenum tetrahedra, but the third
position denoted as M1, having a trigonal
prismatic oxygen environment, is occupied
by lithium ions only. The lithium ions in this
position form chains along the [001] direc-
tion, and they have the longest average dis-
tance to oxygen neighbors. This indicates a
weaker bonding with the crystalline lattice
for the ions residing in the M1 positions.
In Mg, sVMo0QOg, magnesium cations pre-
sumably reside in all three positions M1, M2
and M3. However, owing to the coexistence
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TABLE 1
X-ray data for Mg, ;VMoOy

N h &k [ U, Dlobs), A Dialc), A
1 2 0 0 8.1 5.1712 5.1720
2 1 3 0 7.0 50702 5.0740

0 0 | 5.0568

31 1 1 181 4.3876 4.3968

0 2 1 43763

4 0 3 1 6.3 3.8196 3.8180
5 3 1 0 232 3.3758 3.3827
6 2 2 1 100 3.3380 3.3408

2 4 0 3.3367

7 1 5 0 512 3.3031 3.3099

0 4 1 3.3051

8 3 3 0 8.1 2.9635 2.9668
9 0 6 0 6.3 2.9085 2.9013

0 3 1 73 2.8083 2.8116

1n 2 4 1 7.3 2.7827 2.7850

12 4 0 0 6.2  2.5850 2.5860

B3 3 3 1 157 2.5577 2.5589

4 1 0 2.5581

14 0 0 2 188 2.5269 2.5284

0 6 1 2.5231
15 3 5 0 5.6 2.4520 2.4541
16 1 2.4521

6 4 1 1 6.3 2.2832 2.2827

17 2 6 | 40 22678 2.2676
8 3 3 2 8.0 1.9261 1.9244
19 0 6 2 8.0 1.9073 1.9090

1 9 0 1.9076

2 s 2 1 6.3 1.8710 1.8703

5 4 0 1.8696
2 8 1 1.8691

204 0 2 113 1.8080 1.8079

2 2 6 2 109 1.7913 1.7909

22 1 9 1 7.3 1.7834 1.7848

* Calculated with orthorhombic cell parameters,
a = 10.344 £ 0.003 A, b = 17.468 = 0.005 A, ¢ =
5.057 = 0.002 A; two reflections with d > 5.2 A
Wkt = 020 (d ~ 8.7 A) and hkl = 10 (d ~ 8.9 A)
were also observed.

of pentavalent vanadium and hexavalent
molybdenum, one sixteenth of the magne-
sium positions are empty. This can be seen
when comparing the balance of atoms in the
compounds written in the forms
Mg, sV,Mo,O, and LigNigMo,,0,. The
above considerations indicate that the most
probable location of these cation vacancies
is in the M1 positions. The vanadium and
molybdenum cations are located in oxygen
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tetrahedra. These tetrahedra are isolated in
the crystalline framework. Hence, the coor-
dination of the transition metal cations and
the linkage pattern of the tetrahedra con-
taining the transition metal via octahedra
containing the magnesium cation, resemble
structural features found in the compound
Mg,V,0;. The general resemblance is re-
flected in some similarity of the X-ray spec-
tra of these compounds, for example, the
presence of the groups of strong reflections
at 26-27° and 35-37° (20) (Fig. 1). A more
detailed description of the crystalline struc-
ture and properties of the Mg, sVMoO, will
be presented in a separate publication.

The experimental data show that MoO;
is soluble in magnesium orthovanadate
up to 0.03 mole fraction. Figure 3
shows the elementary cell parameters of
Mg,_,V._», M0, 0z with small concentra-
tions of molybdenum cations estimated
from the (132), (023), (113) diffractions refer-
enced to those of orthorhombic magnesium
orthovanadate. The lattice parameters ob-
tained for pure, undoped Mg,V,O; are
slightly smaller than the JCPDS-ICDD data
that were refined for a monocrystalline sam-
ple. This difference is most likely due to
the sample’s imperfection (strains, defects,
etc.). From the changes of lattice parame-
ters for the doped series, one can estimate
the solubility limit at x ~ 0.03, It is interest-
ing to note that the color of the sample with
x ~ 0.03 is off-white or light yellow, indi-
cating the absence of defect centers con-
taining tetravalent vanadium. One explana-
tion for this is the formation of cation vacan-
cies at magnesium sites with molybdenum
incorporation into the matrix compound
rather than a change of vanadium oxidation
state. The data obtained allow us to con-
struct the phase equilibrium diagram in the
magnesium-rich corner of the system
MgO-V,0,-~Mo0Q;, shown in Fig. 4. The
elementary  triangles are MgO-Mg;
V,04-Mg, sVMoQOy; MgO-Mg, ;VMoO,—
MgMoO,; Mg;V,04-Mg,V,0,~Mg;
VMoOq; Mg,V,0,-Mg, sVM0O,—
MgMoO,.

and
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b

FiG. 2. The [001] projection of the structure of Mg, ;VMoOy. (structure analog is Li-Ni;M0;0/,).

Positions M1, M2, and M3 are shown.

The X-ray spectra, of several
Mg, .V, »Mo, Oy specimens obtained ar
low temperature, are presented in Fig. 5.
That for sample x = 0.03 showed the strong
triplet of peaks in the vicinity of 35-37° 26)
which is characteristic for the magnesium

.
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FiG. 3. Lattice parameters of Mg;_ V,_, M0,,04.

orthovanadate. The sample x = 0.50
showed the presence of a strong broad line
around 27° (20} which can be attributed to
the phase Mg, ;VMoOg (compare with Fig.
1). The X-ray spectrum of sample x = 0.25
can be interpreted as a mixture of phases
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FiG. 4. Phase equilibria in triangle MgO-Mg,
V,0,-MgMoO, . Samples calcined at 900°C in air.
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Fic. 5. X-ray spectra of the samples

Mg, V51, M0,,04 obtained at 550°C. x = 0.03, 100 h
(1); 0.25, 6 h (2); 0.25, 100 h (3); and 0.50, 100 h (4).

for x = 0.03 and x = 0.5. A comparison of
the spectra of the specimens obtained during
short time (6 h) and long time (100 h) (curves
2 and 3, respectively) heat treatment at
550°C did not reveal significant differences.
Therefore, one can conclude that the phase
relations at ~550°C are the same as at
~900°C. The aqueous preparation allowed
us to obtain more dispersed individual com-
pounds or their mixtures without changing
the phase relations in the system under
study. The use of longer calcination time or
higher temperature leads only to the de-
crease of surface area and the formation of
more well-shaped microcrystals in the pow-
der specimen, as shown in Figs. 6 and 7.
Figure 7 shows the typical morphology of
the powder specimens Mg,_.V,_, Mo,0;
obtained at 500°C. The powder consists of
rolls with average dimensions 10-30 um,
Figs. 7a and 7b. These rolls are agglomer-
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ated from smaller poorly shaped particles of
nearly spherical form and which have rather
uniformly distributed sizes around 0.1 um,
Fig. 7c.

Laser Raman spectroscopy was per-
formed on several low temperature samples
of the composition Mg;_,V, , Mo, 04 to
provide information concerning the metal-
oxygen bonding and vanadium and molyb-
denum environment. These spectra are
shown in Fig. 8. The two end-point com-
pounds studied were Mg,V,0; (x = 0) and
MgMoO, (x = 1) (curves 1 and 6, respec-
tively). The spectrum of Mg, ;VMoOy; (x =
0.5) is close to a linear combination of these
two. This is expected considering the simi-
larity in the structures of the three com-
pounds and the fact that the intermediate
compound maintains many of the structural
characteristics of the end point compounds
as is shown by the X-ray patterns in Fig. 1.
For example, vanadium and molybdenum
are found in tetrahedral coordination in their
respective end point compounds as well as
in the intermediate compound as discussed
earlier. The spectra obtained here for
Mg,;V,04 and MgMoO, compare well with
those reported (/1, 12). The bands at 870
and 834 cm~! for the x = 0 compound have
been assigned to VO, asymmetric stretch
(I/1). For the x = 1 compound, the 976- and
965-cm ™' bands may be assigned to Mo-O
bond stretching (/2). Raman bands at lower
frequencies are generally associated with
group stretching modes or bending modes.
The spectra obtained for the mixtures (x =
0.1, 0.25) are consistent with the fact that
they are a mixture of phases.

4. REACTION STUDY

The catalytic behavior of several compo-
sitions corresponding to the formula
Mg, . V,_,Mo0, 04 (x = 0, 0.03, 0.1, 0.25,
and 0.5) was investigated in the oxidation
of butane. According to the results of the
phase relationship analysis, the samples of
x = 0.5and 0.03 corresponded to an individ-
ual compound and the solubility limit of the
solid solution based on orthovanadate, re-
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Fi1G. 6. SEM micrograph of the magnesium orthovanadate calcined for 100 h at 950°C. Magnification

X 3000.

spectively. The samples of x = 0.1 and 0.25
represented 20 and 50 mol% of Mg, sVMoOy
in Mg,V,04, respectively. All of the sam-
ples tested were effective in the oxidative
dehydrogenation of butane to 1-butene, cis-
2-butene, trans-2-butene, and butadiene.
For the comparison of the samples, the
total dehydrogenation selectivity (TDS),
which is the sum of the selectivities to the
three butene isomers and to butadiene is

reported, in addition to the individual
products.

Figures 9-11 show the variation of TDS
with butane conversion. At each tempera-
ture, the conversion was varied by changing
the W/F ratio. TDS was observed to de-
crease with increasing conversion at all re-
action temperatures and increased with re-
action temperature at a fixed butane
conversion, as is illustrated in Fig. 9 for
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F1G. 7. SEM micrographs of Mg;_,V, 5, M0,,04 . x = (.25, calcined for 100 h at 550°C. Magnification:

(a) x700, (b) x 3400, and (¢} x19,800.

Mg, 4V, Mo, ,04 (x = 0.1). At 10% butane
conversion, the TDS increased from ~43%
at 400°C to ~73% at 540°C. This same trend
was also observed for the Mg,V,05 (x =
0.00), Mg, sV, sMo,0; (x = 0.25), and
Mg, ;VMoO, (x = 0.50) catalysts, as can be
seen in Table 2. For magnesium orthovana-
date, these same trends can also be inferred
from data presented by Chaar et al. (2, 13).
In addition, by comparing different catalyst

compositions at the same reaction tempera-
ture and considering the scatter of the data,
it was found that TDS did not vary substan-
tially with composition. This is particularly
so for reaction at 500°C (Fig. 10) where data
for all compositions appear to follow the
same trend. At 540°C (Fig. 11), there was a
slightly bigger spread of TDS which was
more evident at higher conversions. This
may be due in part to an increased selectiv-



THE MgO-V,05-MoO, SYSTEM

605

FiG. 7T—Continued

ity to cracked products with the incorpora-
tion of molybdenum, as discussed later.
Although the TDS at the lower tempera-
ture appeared to be similar on the different
catalysts, the selectivity for butadiene and
correspondingly the selectivities for bu-
tenes, differed. Magnesium orthovanadate
produces a higher proportion of butadiene
than the molybdenum-containing samples
under all conditions studied, when the cata-
lysts were compared at the same tempera-

ture and conversions. This trend is easily
observed at 540°C, as shown in Fig. 12
which compares the fraction of dehydroge-
nation products accounted for by butadiene
for the various compositions studied. The
compositions with x = 0.03, x = 0.1, and
x = 0.25 showed similar fractions of butadi-
ene, and the orthovanadate exhibited
roughly 10% higher fractional selectivity.
The fraction of dehydrogenation product
being butadiene increased with increasing
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FiG. 7—Continued

conversion for all temperatures and also in-
creased with reaction temperature at a given
conversion. This is shown for the sample of
x = 0.1in Table 3. For all compositions, the
fractional selectivity to butadiene increased
with increasing conversion, as shown in Fig.
12. This trend, coupled with the trend of
decreasing TDS with increasing conversion,
is likely due to an increasing extent of suc-
cessive reactions in the consecutive reac-

tion scheme: butane to butenes to butadiene
to carbon oxides (/3). The observed de-
crease in selectivity to butadiene with in-
creasing molybdenum content could be due
to some type of inhibition of the conversion
of butene to butadiene. However, it has
been observed previously in our laboratory
that there seems to be an increase in the
selectivity to butadiene with an increase in
catalyst surface area. This would follow
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from the reactants having a longer residence
time in the catalyst pores and thus a higher
probability of butene reabsorbing onto the
catalyst surface and being converted to bu-
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x = 0 (M), 0.03(0), 0.1 (), and 0.25 ().
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TABLE 2

Sample Product Distributions Showing Selectivities for Dehydrogenation Products, Carbon Oxides, and
Cracked Products with Temperature and Composition of Catalysts in Butane Oxidation

Catalyst °C)  w/gmin Con- Selectivities (%) Ratio”

F ( liter ) version 2-butene

(%) 1-Butene  trans-2-  c¢is-2-  Butadiene Total CO CO, Cracked I butene

Butene Butene dehydro- products?
genation

Mg;V,04 450 3.1 10.9 12.3 7.2 8.7 4.4 32.6 13.7 538 0.0 1.3
500 1.0 9.5 223 12.3 13.8 13.0 61.4 10.2 283 0.0 1.2
500 2.0 22.8 17.3 8.5 9.8 5.8 51.4 114 372 0.0 ti
540 1.0 21.7 18.2 6.3 8.0 26.9 59.4 102 268 3.5 0.8
Mg, V| sMog 205 450 20 234 10.5 11.2 10.5 7.1 39.3 200 37.0 3.7 2.1
500 10 2.1 1.6 1.8 9.8 13.8 47.0 188 285 5.7 1.9
540 3.4 18.5 18.6 16.3 13.7 16.8 65.4 10.7 136 10.4 1.6
Mg, 75V, sMog O 450 8.0 8.0 15.1 18.2 21.4 6.9 62.1 99 258 23 2.6
500 52 7.1 19.9 19.7 24.4 19.6 83.6 58 9.0 1.6 22
500 7.8 17.9 13.7 13.8 11.6 16.4 55.5 128 242 7.5 19
540 6.7 16.9 19.0 13.2 13.9 16.4 62.5 13.3 200 43 1.4
Mg sVMoOg 450 32 4.5 2.6 10.7 10.2 16.8 44.3 199 3318 2.0 L7
500 16 15.3 14.5 10.8 10.7 14.1 50.1 209 252 39 1.5

2 Cracked products indicates the sum of ethene and propene generated from cracking of the C4 chain.

b Ratio of (cis-2-butene + trans-2-butene) to 1-butene.

tadiene. The current data are consistent
with either explanation since the decrease
in surface areas of the various catalysts also
correlates reasonably well with the decrease
in butadiene/butene ratio.

With the addition of molybdenum to mag-
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12. Fractional selectivities to butadiene for
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nesium orthovanadate, a substantial in-
crease in the production of cracked products
was observed, which included ethene and
propene that were formed by breaking of
the C, chain. For a given reaction tempera-
ture and butane conversion, the selectivity
to cracked products increased substantially
with increasing x. As shown in Fig. 13, at
540°C, the compositions that were low in
molybdenum (x = 0 and 0.03) produced be-
tween 3 and 5% cracked products, while
the compositions with higher molybdenum
content (x 0.1 and 0.25) produced be-
tween 8 and 10% cracked products. This
may be due to increased acidity from the
addition of molybdenum to the matrix as
acidity is known to enhance cracking (/4).
This increased selectivity to cracked prod-
ucts with molybdenum addition may also
account for the variation of TDS selectivity
at 540°C for the molybdenum-containing
compounds as was observed in Fig. 11. The
selectivity to carbon oxides was observed
to be almost constant with varying molybde-
num content at 540°C, indicating that the
sum of dehydrogenation selectivity and
cracking selectivity was almost constant.
The ratio of the total 2-butene selectivity to
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TABLE 3

Fraction of Dehydrogenation Product Accounted for by Butadiene versus Conversion for
Mg, gV sM0, 05

Temperature Conversion Fraction of Selective to TDS
(°C) (%) dehydrogenation product butadiene (%)
being butadiene (%)
400 4.9 0.086 5.0 58.1
400 9.9 0.139 6.1 44.0
450 5.8 0.161 10.2 63.3
450 8.3 0.175 10.8 61.7
450 234 0.181 7.1 393
500 10.8 0.185 11.7 62.9
500 18.4 0.249 13.3 53.5
500 28.1 0.267 12.5 46.8
540 9.3 0.217 15.0 70.4
540 18.6 0.259 16.5 63.6
540 28.9 0.348 16.7 48.0

the I-butene selectivity was also found to
increase with the increase in the MoO; con-
tent of the catalysts. This trend is consistent
with the proposed increase in catalyst acid-
ity with increasing molybdenum content as
isomerization of butenes is well known to
be acid catalyzed (/4).
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Fig. 13. Selectivity to cracked products for

Mg,_,V,_,.M0,0; at 540°C. x = 0 (W), 0.03 (0), 0.1
(#), and 0.25 ().

5. CONCLUSION

Substitution of molybdenum oxide in the
crystalline lattice of magnesium orthovana-
date led to the formation of defects in the
magnesium sublattice according to the for-
mula Mg;_ .V, ,, Mo, Oq, such that the oxi-
dation state of vanadium remained un-
changed. The structure of magnesium
orthovanadate was stable only when the
sample had rather low concentrations of
magnesium vacancies (x < 0.03). At higher
concentrations of vacancies, the crystalline
lattice rearranged into a new structure, that
of Mg, sVMoO;. The essential resemblance
of this structure to the structure of magne-
sium orthovanadate was the conservation
of tetrahedral vanadium coordination and
isolation of the vanadium tetrahedra from
one another. As was suggested by Chaar et
al. (2), these properties of the magnesium
orthovanadate crystalline lattice were re-
sponsible, in general, for its catalytic behav-
ior. The butane oxidation results obtained
showed that, indeed, Mg, ;VMo0O;, Mg, o,
V,.94M0y 46Og , or their *‘self supported”™ mix-
tures showed catalytic behavior that closely
resembled that of magnesium orthovanadate.

The crystalline structure of the compound
Mg, sVMo0O; is more versatile compared
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with the structure of Mg,V,0y in that it is
more flexible for isomorphous substitutions
compared to the rather rigid crystalline lat-
tice of the orthovanadate. Preliminary ex-
periments have shown that incorporation of
other ions on the magnesium and the vana-
dium sublattices occurs over rather wide
limits. These isomorphous substitutions in-
fluence not only the defect structure of the
compound, but its acidity also, making fur-
ther investigations of the catalytic behavior
of the compositions based on Mg, sVMoOg
quite promising. This work is in progress
and results will be reported in a future com-
munication.
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