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The formation of active species for oxidative dehydrogenation of
propane on magnesium molybdates
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Pure and mixed magnesium molybdate phases (M0oO3, MgMoO,, and MgMo0,07) have been examined for the oxidative dehydro-
genation reaction of propane. The results are very sensitive to the stoichiometry and method of preparation. The catalysts exhibiting
superior activity and selectivity are characterized by a unique temperature-programmed reduction peak that is not present for the poorly
active or selective catalysts. Mixtures of MgMoO4 and MoO3 or MgMoO, and MgMo,07, materias that perform poorly by themselves,
show significant improvements in performance upon heating. The solid-state interactions leading to these improvements correspond
to the appearance of the characteristic reduction peak. The results suggest that the beneficia synergistic effects seen with mixtures
of inactive phases are due to formation of a new phase or species, rather than remote communication between phases (e.g., oxygen

spillover).
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1. Introduction

Several papers concerning the oxidative dehydrogena
tion (ODH) of propane over magnesium molybdates have
recently been published [1-5]. There have also been stud-
ies of this system for the ODH of ethylbenzene[6,7]. Each
of these works points out the importance of excess molyb-
denum relative to the MgMoO, stoichiometry. In their re-
cent study [3], Cadus and coworkers concluded that excess
molybdenum results in a synergistic cooperation between
the MgMoO, and MoO; phases in the ODH of propane.
They suggest the effect is similar to that observed for ex-
cess Mo in the selective oxidation of C,; hydrocarbons
over MnMoO, [8] or CdMoO, [9], or the synergy be-
tween magnesium vanadate phases reported for the ODH of
propane [10]. In each of these cases, the synergistic effect
has been attributed to oxygen spillover from one phase to
another [8,9,11]. Cadus and coworkers based their conclu-
sions on the observation that their active MgMoO;—M 003
catalyst mixtures were always composed of two phases.
They were unable to detect the formation of new phases,
phase decomposition, or phase contamination. However,
EPR measurements showed the formation of Mo®* indi-
cating aterations in redox properties.

In contrast to the conclusion of Cadus and coworkers,
Lee et a. [5] have concluded that the benefit of excess
molybdenum in the ODH of propane is derived from ac-
tive MoO,, clusters that form on the surface of MgMo0O;.
Their conclusion is based on results obtained by support-
ing Mo on inactive magnesium molybdate surfaces and by
treating materials with acid and base solutions to modify
the surface chemistry. In the present study, we provide
evidence that the combination of excess molybdenum (as
MoO3; or MgM0,07) combined with MgMoO, does result
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in atered redox properties that lead to improved catalytic
performance. Our evidence suggests that this alteration is
the result of the direct contamination or reaction between
the two phases to create new species, rather than the re-
sult of remote communication of the phases, for example
through an oxygen spillover mechanism.

2. Experimental
2.1. Catalyst preparation

Several catalysts were prepared or obtained to serve as
baseline materials. Samples of MgM 00Oy, Mgp.gsM00O,_,
and Mg;.0sM00,,, were prepared from solutions of
Mg(NO;;)Z (pH = 2) and (NH4)5M07024 (pH = 9) ac-
cording to [4]. Briefly, the solutions were stirred together,
adjusted to a pH of 5, evaporated and dried, and calcined
in air stepwise at 200, 250, and 300°C, with a fina 9 h
calcination at 600°C. “Phase pure’” samples of MgMoO,
were prepared by the citrate method [12] with afinal calci-
nation temperature of 550°C. A solution of Mg(NOs), and
(NH4)6M 07024 was prepared, and citric acid was added so
that the equivalents of citrate anions were equal to the cat-
ion equivalents (Mg?* + Mo®t) in solution. The solution
was then evaporated and dried under vacuum. The resulting
powder was ground and calcined in air for 8 h. Samples of
“MgaM03011" (see results below) were prepared by both
the citrate method (600 °C calcine) and by heating a stoi-
chiometric mixture of MgMo0O, and MoO3 fine powders
for 48 h at 650°C in an open tube. MoO3 (ACS certified)
was obtained from Fisher Scientific.

Mixtures of MgM 0O, (from the citrate preparation) with
MoOz and MgzM0304; (from the solid-state preparation)



148

were also made. The mixtures were prepared by first grind-
ing the individual components to fine powders, then weigh-
ing the powders in a 9:1 (MgMoOy, : second component)
ratio and mixing. Mixing was aided by suspending the
powders in pentane and mechanically shaking. The pen-
tane was allowed to evaporate following the mixing pro-
cedure. All catalysts used in this study were pelletized by
pressing, crushed, and sieved to recover a —40/+60 mesh
for reaction testing.

2.2. Catalyst characterization

Powder X-ray diffraction data were collected at room
temperature on a Siemens model D500 automated diffrac-
tometer, with 6—26 sample geometry and Cu K, radiation,
between 260 = 5 and 60°, step size 0.05°. Nitrogen BET
surface areas were measured with a Quantachrome Au-
tosorb 6B automated gas sorption system. Temperature-
programmed reduction (TPR) studies were carried out us-
ing a Micromeritics Autochem 2910. During TPR, samples
(30 mg) were ramped from room temperature to 1050°C
at 10°C/min in a 50 sccm stream of 10% Ho in Ar.

2.3. Reaction tests

The ODH reaction of propane was conducted in a con-
ventional flow reactor at atmospheric pressure. For each
run, a 0.400 g bed (2 cm in height) of granulated cata-
lyst was supported on a plug of quartz wool in the 5 mm
I.D. quartz reactor tube. The feed, consisting of 18 mol%
CsHg, 9 mol% O, and the balance N, was passed over
the catalyst bed at a rate of 100 sccm. In all cases, con-
version and selectivity were such that oxygen consumption
was less than 100%. The reactor was heated to 400°C in
the flowing reaction mixture and data was collected for 1 h
after which the temperature was increased. The procedure
was repeated until data had been collected at temperatures
typically ranging from 400 to 575°C in 25 or 50°C in-
tervals. Some catalysts were aso tested at 600°C. For
the catalyst mixtures, the tests were repeated with the used
samples, again starting at 400°C. The reaction tempera-
ture was monitored with two thermocouples externa to the
quartz tube (at the center and top of the bed) and a third
thermocouple positioned inside the reactor tube just above
the catalyst. The three thermocouples typically registered
temperatures within at least 5°C of one another. Tests con-
ducted in an empty reactor tube indicated that the straight
thermal contribution to the reaction was negligible below
550°C, increasing to 1% propane conversion at 600°C.
These control experiments do not rule out the possibility
of heterogeneoudly initiated homogeneous reactions. How-
ever, catalyst bed and downstream volumes were consistent
from run to run, precluding the possibility that differences
would result from different residence times in the “empty”
reactor volume.

The reaction tests for each catalyst were carried out over
the course of several working days. At the end of a test
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day, the reactor was cooled to room temperature under
the reactive flow. At the start of the next day’s testing,
the reactor was heated in the reaction mixture to the fi-
nal temperature of the previous day, and it was verified
that the results were consistent prior to proceeding with
higher-temperature tests. Following the reaction tests, the
catalysts were recovered for X-ray diffraction and surface
area analysis.

Reactants and products were analyzed with an on-
line MTI gas chromatograph utilizing a 10 m molecu-
lar sieve 5A PLOT column (O,, CH4, CO) and a 8 m
Poraplot Q column (CO,, C3Hg, C3Hg). The reactor ef-
fluent passed through a condenser to remove excess wa-
ter prior to analysis. No additional products other than
water were detected. The carbon balances closed within
+5%.

3. Results
3.1. ODH of propane

The physical properties of catalysts used in this study
are summarized in table 1. X-ray diffraction analysis of
the materials revealed that, with the exceptions of MgM 0O,
prepared by the citrate method and MoOs, the catalysts are
composed of multiple crystalline phases. Samples prepared
with a Mg: Mo ratio near 1:1 are primarily S-MgMo0OQ,,
with small amounts of other phases. Similarly, diffraction
patterns of the physical mixtures are dominated by the pre-
dominant 5-MgMoO, phase.

Diffraction patterns of materials prepared with Mg: Mo
ratios of 2:3 exhibit intense peaks for both 5-MgMoO,
and the polymolybdate reported by Meullemeestre to be
MgMo304; [13]. Similar difficulties in obtaining phase-
pure samples of MgaM 03013 have been reported by Tsuzuki
and coworkers [14]. These researchers concluded that
the material corresponding to the MgaM o301 diffraction
pattern reported is actually a low-temperature phase of
MgMo,07. We have recently prepared a sample exhibit-
ing only the XRD peaks reported by Meullemeestre for
“MgaM0301;" by heating a 1:1 molar ratio of MgMoO,
and MoO; to 650°C. Thus, we conclude that the mater-
ial purported in the literature to be Mg;Mo30;; is actually
MgMo,0y. Inthiswork, we will refer to materials prepared
withaMg:Moratio of 2: 3 asMg;Mo03011, and we will re-
fer to the phase exhibiting Meullemeestre’s “Mg,M030;1”
X-ray diffraction pattern asMgMo0,0;. The2: 3 stoichiom-
etry would be expected to yield equivalent molar amounts
of MgM0,0; and MgM0Oj,.

Conversion and selectivity are shown as a function of
temperature for the active and selective baseline materi-
as (Mgo.gsM00,_,.,, MgMoO, from salts, and Mg,M 03011
from citrate) in figure 1. Consistent with previous re-
sults [1-5], the best overall performing material
(Mgo.gsM00Q,_,) is that containing only a small excess of
Mo relative to the 1: 1 MgMoO, stoichiometry. At conver-
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Table 1
Properties of Mg-Mo-O catalysts.

Catalyst Preparation As-prepared After reaction testing
stoichiometry method Phase? Surface area Phase Surface area
(Mg: Mo ratio) (by XRD) (m?/g) (by XRD) (m?/g)
095:1 Metal sdts 8, P 51 B8, P 5.0
1:1 Metal sdts B8, « 7.0 B, a 6.0
1:1 Citrate 8 19.0 B 16.7
1.05:1 Metal sdts B8, « 81 B, a 8.0
2:3 Citrate P g 6.6 P g 3.7
2:3 Solid state P g 0.7 P g 0.7
0.88:1 0.9MgM 004 B, M 17.0 B8, P 44
0.1M00O3
0.96:1 0.9MgM 004 8, P 18.0 B 77
0.1MgxMo03011
MoOs Fisher M 17 M 0.7

a3 = 3-MgMo0y, P = MgM0,07, a = a-MgM00,4, M = MoQg; phase with most intense

peaks in XRD is listed first.
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Figure 1. Temperature dependence of propane conversion and selec-

tivity over active and selective baseline magnesium molybdate cata

lysts. (o) Mgo.g5sM0O4_, conversion, (e) MgggsM0oO,_,. selectivity,

() MgMo0O4 from sdlts conversion, (ll) MgMoO,4 from salts selectivity,

(A) MgzMo304; from citrate conversion, and (o) MgaMo301; from cit-

rate selectivity. Points shown are an average of data taken over the course
of 1 h at the given temperature.

sions greater than 5%, these active catalysts show the de-
crease in selectivity with increasing conversion typical of
most ODH catalysts. This behavior is generally attributed to
a secondary combustion reaction of the product olefin. The
active catalysts converge to nearly identical selectivity be-
havior at higher conversions. At low conversions, the active
catalysts are strikingly nontypical. Rather than exhibiting
the highest selectivities as the conversion approaches zero,
thereis a break point after which selectivities decrease with
decreasing conversion. At 400°C, no detectable propene
is produced over the 1:1 catalyst. The surface areas of
the active 0.95:1, and 1:1 catalysts were relatively stable
during testing. The surface area of the active 2:3 cata-
lyst decreased by about 50%. The other baseline materials
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Figure 2. Temperature dependence of propane conversion over severa
poorly active and selective catalysts and physical mixtures of those same
catalysts. (A) MgMoQ, from citrate, (V) MoOgs, () MgzM030;; from
solid state, (o) 0.9MgMo0, from citrate + 0.1M0Os3, (e) repeat run with
used 0.9MgMo0Q;, from citrate + 0.1M0oOg3, (CJ) 0.9MgMoQO, from cit-
rae + 0.1IMg;Mo0301; from solid state, (M) repeat run with used
0.9MgM00Q;, from citrate + 0.1Mg,M030;; from solid state. For clarity,
conversion shown is the average of data points taken at given temperature.

(MgMoO, from citrate, Mg;.0sM004, ., and MgM030;1
from the solid state) are poorly active and selective, with
conversions of lessthan 5% at 600 °C (figure 2). Maximum
selectivities over these materials vary from <40% for the
MgMoO, from the citrate preparation and Mg; osM0O4 .,
to 50% for the MgzM030; from the solid-state prepara-
tion, to 68% for MoO3. No major changes are observed in
the X-ray diffraction patterns as a result of reaction testing
any of the baseline samples.

Reaction results for catalysts prepared by mixing phases
are shown in figures 2—4. Figure 2 clearly demonstrates
the positive influence of mixing phases on catalyst activ-
ity. Synergistic effects are observed when either MoOs,
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Figure 3. Selectivity of propane to propene over a catalyst mixture and the

components of the mixture. (o) 0.9MgMoO, from citrate+ 0.1M0Os3, and

(e) repeat run with used 0.9MgMoO, from citrate + 0.1M0O3. Clusters

of points result from the time dependence of conversion and selectivity at

a given temperature. Arrows indicate direction of change with increasing
time on stream.
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Figure 4. Selectivity of propane to propene over a catalyst mixture

and the components of the mixture. (o) 0.9MgMoO, from citrate +

0.1Mg,Mo0304; from solid state, and (e) repeat run with used 0.9MgMoO,4

from citrate + 0.1Mg,M030;; from solid state. Clusters of points result

from the time dependence of conversion and selectivity at a given tem-

perature. Arrows indicate direction of change with increasing time on
stream.

or MgMo,0; (from the solid-state 2:3 catalyst prepara-
tion) is combined with MgMoO,. A number of interesting
changes are observed in the behavior of both the mixed
catalysts during reaction testing. At reaction temperatures
of 475°C or less (low conversion regime), the selectivity
of the reaction to propene steadily increases as a function
of time on stream. Slight increases in conversion also oc-
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cur. This can be seen in figures 3 and 4 as clusters of data
points that result from changes in the activity and selec-
tivity of the catalyst over time at a given temperature. At
higher temperatures (525°C or greater) and conversions,
the main effect is a significant decrease in conversion over
time. Coupled with the decrease in conversion is the ex-
pected increase in selectivity. Again this is illustrated as
clusters of data points in figures 3 and 4. This loss of
activity is particularly pronounced for the MgMo0O4/M0O3
mixed catalyst. The effect can readily be seen in figure 2,
where the average conversion at 550 and 575°C falls far
short of the values one would expect by extrapolating the
data points from lower temperatures. At intermediate tem-
peratures (475-525°C) the catalytic behavior is relatively
stable. The selectivity—conversion relationship is improved
when the experiment is repeated with the used mixed cat-
alysts (figures 3 and 4), athough conversion at a given
temperature is diminished (figure 2). These differences are
attributable only to changes in the catalysts as the initial
data is reproduced when the experiments are repeated with
fresh catalysts.

Characterization of the mixed catalysts recovered from
the reactor shows that significant changes occur in the
materials during reaction testing. In both cases, the sur-
face areas were drastically reduced. Further, X-ray diffrac-
tion analyses indicates changes in the phase composition.
For the MgMoO4/M 003 case, solid-state reactions occurred
between MgMoO, and MoOj3 to produce the MgMo,0;
phase. For the MgMo0O4/Mg,M030;; case, the MgM 0,0,
phase evidently reacted away as 5-MgMoO, was the only
crystalline phase observed after reaction testing.

3.2. TPR of magnesium molybdate catalysts

Figure 5 shows the results from the TPR of the base-
line catalysts. Reduction profiles (A)—C) were obtained
for catalysts that are inactive and nonselective for the ODH
of propane under the conditions studied. Profiles (D)—(F)
were obtained for materials that show significant activ-
ity and selectivity for the propane ODH reaction. Each
of the active catalysts exhibits a unique reduction peak,
centered at about 650°C, that is not present for the inac-
tive materials. Figure 6 shows TPR results for the mixed
MgMoO4/MoO; catalyst. Neither the MgMoO, or MoOg3
pure phases show the characteristic 650 °C reduction peak,
and neither are active for the ODH reaction (figure 2). The
mixed phases, however, do show some evidence of a peak at
650 °C. Heating the mixed phasesin air for 1 hat 425°C re-
sultsin the characteristic peak becoming a dominant feature
in the reduction profile. Similar results were obtained for
the mixed MgMoO4/Mg,M0301; catalyst (figure 7). Nei-
ther the MgzM03011 or the mixed MgM OO4/M92M03011
phases initially exhibit the characteristic reduction pesk.
However, after pretreating the mixture in air for 30 min
at 475°C, a reduction peak centered at 650°C becomes
evident.
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Figure 5. Temperature-programmed reduction of inactive and active cat-

aysts. (A) MgMoO, from citrate, (B) Mg1.0sM0044 5, (C) MgaMo3011

from solid state, (D) Mgp.9gsM0O4_,, (E) MgMoO, from sdts, and
(F) Mg2Mo030;1 from citrate.
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Figure 6. Temperature-programmed reduction of (A) MgMoO, from
citrate, (B) MoOz and (C) 0.9MgMoO, from citrate + 0.1M0Og,
(D) 0.9MgM004 from citrate 4+ 0.1M0O3 heated for 1 h at 425°C.
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Figure 7. Temperature-programmed reduction of (A) MgMoQO,4 from cit-

rate, (B) MgaMo30;; from solid state, (C) 0.9MgMoQO, from citrate +

0.1IMg;M0305; from solid state, (D) 0.9MgMoO, from citrate +
0.1MgxM0301; from solid state heated for 1 h at 475°C.

4, Discussion

All of the active and selective catalysts tested in this
study are composed of 3-MgMoO, and another crystalline
phase. There is no correlation between catalyst perfor-
mance and the identity of the second phase. Thereis, how-
ever, a strong correlation between the catalyst performance
and the TPR results. Each of the active and selective cata-
lysts has a reduction peak centered at about 650 °C that is
not present for the other materials, including 3-MgMoOs.
Thisconclusionis not altered by comparing the catalysts on
a surface area rather than mass basis. This result suggests
that the active catalysts share a common phase or species
that is not detected by X-ray diffraction. The different sizes
of the characteristic TPR feature probably partly arise from
the fact that the materials have different Mg: Mo ratios.

The presence of the active speciesis strongly dependent
upon catalyst preparation conditions. For example, the two
catalysts prepared with a 1:1 Mg: Mo stoichiometry give
very different results. The citrate preparation, which pre-
sumably results in a more homogeneous product, yields
an inactive and unselective material, despite its relatively
high surface area. The reduction profile of the 1:1 cit-
rate material is nearly identical to that of MoO3. The 1:1
material prepared from precipitated salts contains multiple
phases, exhibits the characteristic reduction peak, and its
performance is comparable to the best material. On the
other hand, the citrate preparation of the 2: 3 stoichiometry
yields a very active material with a prominent reduction
peak at 650 °C while the solid-state preparation of the 2: 3
stoichiometry yields an inactive and poorly selective, low
surface area material without the characteristic peak.

The behavior of the mixed materials support the notion
that a unique solid-state species is responsible for the cat-
alytic ODH behavior rather than a remote communication of
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phases through reactive intermediates. Clearly, significant
changes occur in the catalysts as aresult of the reaction reg-
imen. Surface areas are dramatically decreased, but more
importantly, phase changes are observed. After testing,
MoO; is no longer observed in the MgMoO4,/MoO; cat-
alyst. Evidently, solid-state reactions consume the MoQOsg,
resulting in at least a partial conversion to MgM0,05. In
contrast, after testing the mixed MgMoO, and MgM 0,0y
(as the 2: 3 materia prepared from the solid state) phases,
the MgM 0,07 phase is no longer observed. Meullemeestre
reported the decomposition of his “Mg,M0301;" phase to
£-MgMo0, and MoOj3 at temperatures above 600 °C [13].
In our case, we did not detect the appearance of MoO;,
only the loss of MgMo0,07. Evidence that these changesin
the solid state are in fact related to “synergism” observed
when the previously inactive phases are combined is pro-
vided by the consecutive reaction tests (figures 3 and 4).
After the mixed catalysts are exposed to the compl ete reac-
tion cycle, their selectivity at lower conversionsis favorably
atered. However, their activity at a given temperature is
diminished.

Although our work does not entirely rule out the possi-
bility of oxygen spillover, there are clearly changes in the
solid state occurring simultaneously with improvementsin
catalyst performance. The evidence is thus consistent with
a model, where the active and selective species for ODH
of propane result from the spreading of small amounts of
Mo onto the MgMoO, phase or from solid-state reactions
between Mo and MgMoO;, leading to a phase intermedi-
ate between MgMoO, and MgMo0,07. When more than a
few percent of Mo is present relative to the 1: 1 MgMoO,
stoichiometry, the MgM 0,07 phase begins to form. Excess
Mo aso appears to enhance sintering, manifested by a loss
of surface area. It appears then that for our mixed-phases
catalysts at lower temperatures, new selective reactive sites
are dowly evolving on the surface of the catalyst due to
solid-state interactions of the two phases. Thisresultsin the
observed increases in selectivity over time. The decrease
in conversion at higher temperatures is at least partialy
due to a loss of surface area from catalyst sintering. The
consumption of active sites through further solid-state reac-
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tions is also a possibility. The reason for the unexpectedly
low selectivities observed for all the active catalysts at low
conversions is not known, but it may be related to nonse-
lective catalytic sites with a low activation energy, limited
desorption of hydrocarbons at the lower temperatures, or to
a self-poisoning of nonselective sites by reaction product
carbon oxides. Further studies to characterize the active
sites and their evolution are underway.
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