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Mo0O,/MgO systems have been prepared and characterized by X-ray diffraction, specific surface
area and porosity measurements, visible-ultraviolet (diffuse reflectance) and Fourier transform
infrared spectroscopies, differential thermal analysis, determination of the surface isoelectric point,
and temperature-programmed reduction to analyze how the preparation method and pretreatments
regulate their surface properties. Formation of MgMoQ, on the surface of the support under certain
experimental conditions stabilizes the surface of the support, thus avoiding its sintering during
calcination at high temperature; in addition, reduction of Mo(VI) species in this case is more

difficult, taking place at temperatures higher than those for bulk or supported molybdena.
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INTRODUCTION

It has often been mentioned that the type
of material used as a support for a heteroge-
neous catalyst, in addition to playing the
expected role of dispersing the active phase,
may play a specific role in the catalyzed
reaction itself, and in this regard, the so-
called Strong metal-support interactions,
existing between metals and semiconductor
oxide supports such as titania and other ox-
ides, are very well known (/).

In catalysts formed by metallic oxides
supported on other metallic oxides, cur-
rently used to catalyze total or partial oxida-
tion reactions, selection of a support is criti-
cal to increase the activity in one reaction
or another. Thus, vanadia best oxidizes
naphthalene (2) when supported on silica,
on anatase is very effective at oxidizing
o-xylene (3), and on alumina is especially
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active in benzene oxidation (¢, 5); magne-
sium vanadates are very active catalysts for
oxidative dehydrogenation of ethylbenzene
to styrene (6). A similar behavior is ob-
served with molybdena: reduction of NO
with hydrogen is very effective when per-
formed on MoO;/ZrQO,, while reduction
with ammonia is more effective when
Mo0O,/TiO, is used as catalyst (7).

In previous papers we have studied the
incorporation of V,0; on the surface of mag-
nesia (8), silica, alumina, rutile (9), and ana-
tase (10), and we have found that a relation-
ship seems to exist between the basic—acidic
character of the support and the way in
which the supported phase interacts with it.
Fransen et al. (11) have studied the proper-
ties of molybdena monolayer catalysts sup-
ported on several oxides, and they find the
formation of bulk MoO; or a highly disperse
phase, depending on the stoichiometry of
the support. We have also studied (8-10)
the effects of the use of several preparation
methods on the properties of the catalysts
obtained therefrom, as dispersion of the
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supported phase and creation/removal of
surface active sites markedly depends on
the preparation method. Magnesium oxide
is itself a catalyst for isomerization and ex-
change reactions, and its role as a support
of active phases has been recently noted
(12). In addition, the experimental condi-
tions used to decompose Mg(OH), to MgO
and the effect of impurities on the surface
properties, porosity, and crystallinity of
MgO have also been studied (13).

In the present paper, MoO;/MgO has
been obtained from MgO prepared by dehy-
dration of Mg(OH), using two precursors of
the supported phase: ammonium heptamo-
lybdate (AHM), incorporated on the surface
of magnesia by conventional impregnation
from aqueous solutions, and MoO; itself,
incorporated by manually grinding it as a
mixture with MgO. For comparison pur-
poses, some properties of the materials ob-
tained when MoO; is incorporated on the
surface of commercial MgO are also dis-
cussed (/4).

EXPERIMENTAL

Materials. Commercial MgO (p.a) was
from Panreac (Spain), ammonium heptamo-
lybdate was from Carlo Erba, and MoO,
was obtained from AHM after calcination in
air at 770 K for 5 h. Chemical analyses for
Mg and Mo in all samples studied were per-
formed by atomic absorption in a Mark 2
ELL-240 instrument.

Sample preparation. Parent MgO was
submitted to calcination overnight in air at
770 K to eliminate adsorbed organic impuri-
ties, leading to sample S. By mixing this
oxide with MoO, and grinding manually in
an agate mortar, sample M-S-0 was pre-
pared, and from this, two samples, named
M-S-1 and M-S-2, were obtained after
calcining at 770 and 1100 K, respectively.
These two samples are designated as “‘dry”’
samples.

In attempts to obtain similar samples by
impregnation of MgO with aqueous solu-
tions of AHM, a partial dissolution of the
support is achieved, as previously observed

when impregnating MgO with aqueous van-
adate solutions (8), as the pH of the AHM
solution is 2-2.5. In such a case, during
heating to eliminate the solvent, Mg(OH),
precipitates and is then converted to MgO;
so the changes observed in the texture prop-
erties of the solid, if compared to those of
parent MgQO, cannot be related to the pres-
ence of MoQ;. To avoid this, impregnation
with AHM was carried out using solutions
whose pH was previously adjusted to 11.9
with ammonia. The procedure was as fol-
lows. Support S was suspended in an aque-
ous ammonia solution at pH 11.9 and after
being magnetically stirred for 2 h, the sol-
vent was withdrawn in a rotary vacuum des-
iccator (Heidolph VV-60) at =320 K. Ac-
cording to its X-ray diffraction diagram, the
solid thus obtained was Mg(OH), (brucite).
After calcination overnight at 770 K, the
support named H was obtained, and MoO,
was incorporated as described above for
support S, leading to samples M-H-0 (uncal-
cined), M-H-1 (calcined at 770 K), and M-
H-2 (calcined at 1100 K). A third series of
samples was obtained by impregnating sup-
port H with an aqueous solution of AHM at
pH 11.9 under experimental conditions as
close as possible to those used to obtain this
support, and then calcining at 770 or 1100
K, leading to samples I-H-0 (uncalcined),
I-H-1 (calcined at 770 K) and I-H-2 (calcined
at 1100 K). To compare the supported sam-
ples and the unloaded supports, oxides S
and H were also submitted to calcination at
1100 K, leading to samples named S-2 and
H-2, respectively. A summary of the prepa-
ration method is depicted in Fig. 1.

Calcination was performed at a heating
rate of 10 K/min, using a quartz tubular fur-
nace coupled to a temperature program-
mer—controller RAX P-C 8601 and main-
taining the final temperature (770 or 1100
K) for 3 h. These two temperatures were
chosen to yield decomposition of AHM and
to melt MoOs;, respectively. Throughout the
calcination process, a flow of 30 cm® min !
of oxygen (from Sociedad Castellana del
Oxigeno, S.C.0., Spain, 99.98%) was circu-
lated over the samples.
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Fi1G. 1. Sample preparation.

The amounts of MgO and MoO; (or MgO
and AHM) were chosen to yield final solids
with a monolayer of MgO on MgO, as sup-
ported oxidation catalysts show optimum
performances when the supported phase
completely covers the surface of the sup-
port; in this way the active sites of the sup-
port become blocked, but the positive effect
of the support on the active phase remains.
Thus, according to the specific surface area
of the supports (68.2 and 150.2 m?> g~! for
supports S and H, respectively, see below)
and taking the surface covered by a ‘‘mole-
cule’” of MoO, as 15 x 10* pm? (/1), the
compositions of the final solids obtained
after calcination were 10.61 g MoO,/100 g
MgO on support S (atomic ratio Mo:
Mg = 1:34) and 23.94 g MoO,/100 g MgO
on support H (atomic ratio Mo : Mg = 1: 15).

Chemical analysis of all samples indicated
that the thermal treatments given did not
yield removal of molybdenum by sublima-
tion as MoO;.

Experimental methods. X-ray diffraction
(XRD) diagrams were recorded in the range
3° < 26 = 60° in a Philips Model PW1030
diffractometer, using Ni-filtered Cu K« radi-
ation (A = 154.18 pm) and a goniometer
speed of 1°(26)/min.

Differential thermal analysis (DTA) was
performed in a Perkin—Elmer Model DTA-
1700 apparatus, at a heating rate of 10 K
min~!, and flowing dry air (from S.C.0O.)
through the sample (50 cm® min~!). The in-

strument was coupled to a Perkin—Elmer
3600 data station.

UV-visible-NIR electronic spectra of
the samples were recorded by diffuse re-
flectance in the wavelength range 850-200
nm using a Shimadzu UV-240 spectropho-
tometer coupled to a Shimadzu PR-1 graphic
printer, parent MgO as a reference, and a
spectral bandwidth of 5 nm; the spectra
were submitted to a deconvolution analysis,
assuming Gaussian-type curves and keeping
the number of components to the minimum
required to achieve a good fit.

Fourier transform infrared (FT-IR) spec-
tra were recorded in a Perkin-Elmer FT-
1730 instrument, coupled to a Perkin—-Elmer
3700 data station. The KBr pellet technique
was used, with a nominal resolution of 2
cm~! and averaging 50 spectra.

Nitrogen adsorption isotherms were mea-
sured using nitrogen from S.C.O. in a con-
ventional high-vacuum system (residual
pressure 107* N m~2), equipped with a sili-
cone oil diffusion pump and grease-free
taps; pressure changes were monitored with
a MKS pressure transducer, and the system
had been previously calibrated with helium
(from S.C.0., 99.995%). Samples were out-
gassed in situ for 2 h at 420 K prior to adsorp-
tion experiments. Analyses of the isotherms
for surface area and porosity measurements
were performed with the assistance of a pro-
gram run in an Apple Macintosh computer
(15).
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Temperature-programmed reduction (TPR)
experiments were performed in a conven-
tional system, with catharometric detection
of hydrogen consumption, after condensing
of water vapor with a dry ice/acetone cold
trap. In all cases, samples containing ca. 20
pmol MoO; were used, with Ar containing
5% H, as carrier/reducer gas, and a heating
rate of 10 K/min. These experimental condi-
tions allow a precise resolution of the differ-
ent steps of the reduction (16). No in situ
treatment was performed.

Isoelectric point (IEP) measurements
were performed in a Zeta-Meter Inc. Model
ZM-77 instrument, provided with an auto-
matic sample transfer system, using ca. 20
mg of sample in a solution of 200 cm® 1073
M KCl and adjusting the pH with 1073 M
solutions of KOH or HCI.

RESULTS AND DISCUSSION

X-ray diffraction. All X-ray diffraction di-
agrams are dominated by the peak at 210.6
pm due to diffraction by the (200) planes of
MgO; other peaks at 243 pm [(111) planes],
and 149.1 pm [(220) planes] are also re-
corded. The peaks sharpen as the calcina-
tion temperature increases from support S
to support S-2, suggesting a sintering at
higher temperature. However, the peaks for
support H are wider and weaker, indicating
that calcination at 770 K after impregnation
in aqueous ammonia has not been enough
to achieve a good crystallization of the MgO
crystallites formed upon dehydration of
Mg(OH),.

Samples obtained by mechanical mixing
and submitted to calcination at 770 K
(M-S-1 and M-H-1) show, in addition to the
MgO diffraction peaks, others originating
from the presence of MoO,;. A very weak
peak at 337 pm corresponding to diffraction
by (220) planes of MgMoQ, is also recorded
for sample M-H-1. These results indicate
that calcination at 770 K is able to yield
reaction between the support and the sup-
ported phase, probably favored by the large
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FiG. 2. X-ray diffraction diagrams of samples (a)
I-H-2 and (b) M-H-2. Arrowed lines correspond to
MgO.

specific surface area of the former (see
below).

The XRD diagram for sample I-H-1 shows
only wide, medium intense peaks of MgO,
but no peak due to MoO;, despite the fact
that the calcination temperature (770 K) is
high enough to decompose AHM to MoO;.
As both samples I-H-1 and M-H-1 had been
obtained from the same support and contain
the same amounts of Mo and Mg, it can be
concluded that a good dispersion degree of
the supported phase has been attained in
sample I-H-1.

Independently of the way in which they
have been obtained (impregnation or me-
chanical mixture) or the nature of the Mo
precursor (molybdena or AHM), all samples
calcined at 1100 K show fairly similar XRD
diagrams. In addition to intense and sharp
MgO peaks, all other peaks recorded origi-
nated only from MgMoQO,. As an example,
the XRD diagrams corresponding to sam-
ples M-H-2 and I-H-2 are shown in Fig. 2.
The differences observed should be due to
a different degree of dispersion of MgMoO,,
as the chemical composition of both samples
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is the same. Molybdena should grow homo-
geneously on the surface of sample I-H-1
(from surface-attached molybdate precur-
sors) and then reacts with the support lead-
ing to small crystallites of MgMoQO, in sam-
ple I-H-2. On the contrary, molybdena crys-
tallites in sample M-H-1 should be large (as
this sample had been obtained by mechani-
cal mixture) and then the MgMoQO, crystal-
lites formed therefrom upon calcination at
1100 K should also be fairly large, thus ac-
counting for their intense XRD peaks in this
sample.

Thermal analysis. No definite effects
were recorded in the DTA profiles of the
samples calcined at 770 or 1100 K, probably
because the MoO; — MgMoOQ, transforma-
tion is taking place over a wide temperature
range and is not detected due to the low Mo
loading. Two weak peaks are recorded at
820 and 910 K for a reference sample con-
taining equimolecular amounts of MgO and
MoO,, the final product being MgMoO,, as
confirmed by its XRD diagram. According
to a TG analysis of bulk AHM, decomposi-
tion to MoQO; takes place at 570-670 K.

The DTA diagrams of the precursor sam-
ples are shown in Fig. 3. No peak is recorded
above 770 K in any case. Two very small

endothermic effects at 410 and 585 K are
recorded for sample M-H-0, but no defined
peak is observed in the diagram from sample
M-S-0. As the supports in both samples had
been calcined at 770 K before mixing with
molybdena, the MgO crystallites should
contain a very low surface concentration of
water and hydroxyl groups. For sample
I-H-0 two very intense endothermic effects
are recorded, one at 420 K and another at
690 K, more intense and better defined. This
last peak should be due to dehydroxylation
of Mg(OH), formed during impregnation, as
the XRD diagram of sample I-H-0 shows
only diffraction peaks of brucite, Mg(OH),;
actually, the DTA diagram of Mg(OH), ob-
tained by impregnation of MgO with an am-
monia solution at pH 11.9 shows only an
intense endothermic effect at 680 K.
FT-IR spectroscopy. To assess if there is
areaction of molybdate species (in solution)
with surface hydroxyl groups of MgO, the
FT-IR spectra of the samples studied have
been recorded. In no case were bands due
to formation of carbonate species observed.
The FT-IR spectra of some of the sam-
ples in the 4000-3000 cm ™! range, where the
bands due to vy modes are expected to be
recorded, are shown in Fig. 4. For support
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F1G. 4. FT-IR spectra of (a) support S; (b) support H
before calcination at 770 K;; (c) sample I-H-0; (d) sample
I-H-1.

S only a wide band, centered at 3433 cm™!

and due to vy modes of hydrogen bonded
hydroxyl groups, is recorded (Fig. 4a). A
similar spectrum was recorded for support
H submitted to calcination at 770 K. How-
ever, when the support is immersed in an
aqueous solution of pH 11.9 and then dried
at room temperature, the FT-IR spectrum
(Fig. 4b) of the sample obtained (the XRD
diagram of which indicates the exclusive
presence of brucite, Mg(OH),) shows, in ad-
dition to this broad absorption, a sharp, very

intense band at 3700 cm™!, due to isolated
surface hydroxyl groups. This same band is
recorded, but with a much lower intensity,
for precursor I-H-0 (Fig. 4c), and finally van-
ishes in the spectra of all samples calcined
at 770 or 1100 K (the spectrum for sample I-
H-1 is shown in Fig. 4d).

These results indicate that interaction of
molybdate species with the surface of sup-
port H in aqueous solution at pH 11.9 (the
same treatment given to sample responsible
for spectrum 4b) takes place through sur-
face, isolated hydroxyl groups of the sup-
port, in agreement with the previous results
of Fransen et al. (11); the fact that a weak
band is still recorded in the spectrum of sam-
ple I-H-0 indicates that a small number of
hydroxyl groups still remain, unreacted, on
the surface of this support.

Visible—ultraviolet spectra. The geome-
try of oxide ions surrounding Mo(VI) cat-
ions markedly affects the energy of charge
transfer processes between both moieties,
and so the presence of [M0Q,] or [MoOg]
species in our samples can be ascertained
from their spectra, recorded by the diffuse-
reflectance technique. For octahedral spe-
cies two absorption bands should be re-
corded at 225 and 290-330 nm, while for
[MoQ,] species such bands are recorded at
225 and 260-280 nm (7, 18). Thus, the exis-
tence of bands above ca. 300 nm would ac-
count for the presence of [MoOq] species
in our samples. However, recent results by
Che and co-workers (/9, 20) indicate that
the position of these bands also depends
(and even more markedly) upon other fac-
tors, such as size of the polyanion and na-
ture of the countercation.

The electronic spectra of the precursor
samples obtained by mechanical mixture
(M-S-0 and M-H-0) show a wide band at
330-320 nm, due to [MoQg] species existing
in MoO;. Upon calcination at 770 K no
change could be observed in the spectrum
of sample M-S-1 (that is, octahedral species
should remain unreacted), although for sam-
ple M-H-1 a good fit of the deconvoluted
spectrum with the experimental one could
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be achieved only by assuming a band at 250
nm in addition to that at 323 nm due to
[MoOq] species. As XRD data (see above)
indicated the presence of MgMoQO, (which
contains [MoQO,] species), the band at 250
nm may be ascribed in this case to the pres-
ence of such tetrahedral moieties. This re-
sult indicates that in this sample part of the
molybdena reacts with the support, leading
to formation of MgMoO,.

When calcination is performed at 1100 K,
the absorption band at 310-325 nm van-
ishes, and both samples M-S-2 and M-H-2
show only two absorption bands at 220 and
270-280 nm, which, in agreement with the
XRD patterns of these samples, should be
ascribed to [MoO,] species (MgMoO,).

On the other hand, samples belonging to
series I show a very different behavior. The
spectra are shown in Fig. 5. A wide band,
with two components at 220 and 257 nm, is
recorded for sample I-H-0. As Mo,0$; spe-
cies undergo a depolymerization process to
MoO7 species at pH above 10, it should be
concluded that the band at 257 nm is due
to the presence of [MoQ,] species. Upon
calcination at 770 K, a widening of the band
takes place, with three components at 218,
267, and 318 nm, and thus the presence of
[MoQ,] and [MoQq] species can be tenta-
tively concluded.

Calcination at 1100 K does not modify
the spectrum much, although the absorption
band widens and can be resolved now into

three components at 222, 265, and 310 nm.
These results indicate the probable presence
of [MoO,] and [MoQq] species, although the
XRD data indicated only the presence of the
former as MgMoO,.

Surface texture. Adsorption—desorption
isotherms of nitrogen at 77 K on all samples
were reversible in the relative pressure
range studied (0 < p/p, =< 0.95) and belonged
to Type Il in the ITUPAC classification, with
no hysteresis loop. Accordingly, micro-
pores were absent and the specific surface
area (SSA) values calculated following the
BET, Cranston and Inkley, and ¢t methods
were coincident within experimental error.
The values are collected in Table 1. Al-
though these values seem to be erratic, a
detailed study allows us to reach a series of
interesting conclusions.

Figure 6 includes the change in the SSA
values for the supports and the samples. For
both supports, increasing the calcination
temperature from 770 (S and H) to 1100 K
(S-2 and H-2) leads to a decrease in the SSA.
This decrease is larger in the case of support
H than of support S, probably because this
support, prepared from Mg(OH),, was not
fully stabilized after calcination at 770 K.
Such a decrease is also observed for samples
containing molybdenum and calcined at 770
or 1100 K. Again, such a decrease is very
much larger for samples prepared from sup-
port H than for that prepared with sup-
port S.
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TABLE 1

Crystalline Phases (XRD, in Addition to MgO), Spe-
cific Surface Area (SSA, m? g~'), Isoelectric Point
(IEP), and H, Consumption during TPR Runs (H,/Mo)
of the Supports and the Samples Studied

Sample XRD SSA IEP H,/Mo
S — 68 n.m. 0
S-2 — 48 11.7 0
M-S-1 MoO, 66 10.4 3.0
M-S-2 MgMoO, 56 10.7 34
H — 150 n.m. 0
H-2 —_ 59 n.m. 0
M-H-1 MoO; + MgMoO,* 123 11.0 1.9
M-H-2 MgMoO, 77 9.4 1.8
I-H-1 — 270 11.2 2.0
I-H-2 MgMoO, 83 11.5 1.6
MoO, MoO; nm’ 6.3 3.1
MgMoO, MgMoO, nm 2.7 ¢

4 Very weak.
4 Not measured.
¢ See text.

If the values of samples containing molyb-
denum and calcined at 770 K are compared
with those for the unloaded supports cal-
cined at this same temperature, a decrease
in the SSA is observed for samples prepared
by mechanical grinding (series M-); but for

the sample obtained by impregnation
(I-H-1) a large increase is observed. The
80% increase in the SSA of sample I-H-1
with respect to that for support H can be
ascribed to the fact that surface hydroxyl
groups that should act as bridging sites be-
tween primary magnesia particles during
sintering have been removed through reac-
tion with MoO7” species, as shown by the
FT-IR spectra above. Such a decrease is
almost negligible (only 3%) for sample M-
S-1 if compared with support S, probably
because the structure of this support is well
stabilized and does not change by a further
2-h heating at 770 K.

However, the most interesting features
come from samples containing molybdenum
and calcined at 1100 K, when compared with
the unloaded supports calcined at the same
temperature. In these cases, an increase in
SSA is always observed. In other words,
the expected (and recorded) sintering of
magnesia crystallites upon calcination at
1100 K is cancelled when molybdenum spe-
cies are present. Molybdenum-containing
species on the surface of magnesia in some

300
a: increasing of the calcination temperature
b: incorporation of Mo
1| c: removal of OH(sf)
200 -
SSA(m2/g)
100
o b ) a
.
b
o 1 L | 1 1 i T T Ll T ) )
S S-2 M-S-1 M-8-2 H H-2 M-H1 MH-2 H H-2 I-H-1 |-H-2
Sample

FIG. 6. Specific surface area of the supports and the samples and their change with thermal treatments

and molybdenum incorporation.
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way avoid a marked sintering of the par-
ticles.

These results are consistent with the fact
that the specific gravity of MgMoO, (2.208
g cm %) is slightly larger than half of that of
MgO (3.58 g cm™?) and lower than half of
that of MoO, (4.692 cm~?), and so formation
of the former during calcination at high tem-
perature leading to a more opened structure
should lead to an increase in the SSA.

Isoelectric point measurements. The re-
sults are summarized in Table 1. The values
obtained for samples prepared from support
S are fairly coincident (10.5 = 0.2), indicat-
ing a decrease from the value obtained for
unloaded magnesia (11.7). The values for
MoO; and MgMoQO, are much lower. The
decrease in the IEP upon incorporation of
MoO; indicates a partial covering of the sur-
face of the support with molybdenum-
containing species, although it cannot be as-
certained which species, MgMoO, or MoO;,
exists, as the value determined for our sam-
ples, although lower than that for MgO, is
higher than those for these species. This
decrease is even more appreciable for sam-
ple M-H-2, with an IEP value of 9.4; how-
ever, for samples prepared by impregnation
it is nearly the same as for unloaded MgO.
In all cases, covering of the MgO surface
by molybdenum-containing species is not
complete, and the IEP values are not as
low as those corresponding to MoO; and
MgMo0Q,. On the other hand, it is clear that
both MoO, and MgMoO, should be simulta-
neously exposed on the MgO surface, and/
or covering different percentages of surface
in the different samples; if not, a steady de-
crease of the IEP values with the surface
molybdenum content would be expected.
However, plotting the IEP values vs the sur-
face molybdenum concentration (as calcu-
lated from the Mo content and the actual
specific surface area of the samples), as in
Fig. 7, does not give rise to a steadily de-
creasing curve. The low IPE value found for
sample M-H-2 can be related to the presence
of large particles of MgMoQO,, as shown by
the XRD results in Fig. 2.

Temperature-programmed reduction. The
TPR profiles for all samples are shown in
Fig. 8; the plots have been normalized to be
referred to equivalent amounts of molybde-
num in all of them.

Under the experimental conditions used
here, the total reaction expected is

3 H, + Mo"" - Mo

and then the expected consumption of hy-
drogen will be 3 mol H,/mol Mo. The values
indicated in Table 1 have been obtained
upon integration of the area under the curve
from 820 K (in the mechanical mixtures and
bulk MoQO,) or from 670 K (in samples ob-
tained by impregnation) up to 1170 K, as-
suming a linear, flat baseline and including
the amount of hydrogen consumed during
15 min under an isothermal heating at 1170
K, the maximum temperature that could be
reached under the experimental conditions
used.

Although the TPR curves can be submit-
ted to a deconvolution analysis similar to
that used with the visible-UV spectra, this
has not been performed, as such an analysis
is extremely complicated because of melting
of MoO, within the temperature range
studied.

For bulk MoO, the main peak is recorded
at 1020 K, with two other maxima at higher
temperature, and total consumption of hy-
drogen is 3.1 H,/Mo. The curves are nearly
coincident for sample M-S-1 (3.0 H,/Mo)
and for sample M-H-1, although consump-
tion in this case is only 1.9 H,/Mo. The
curve is ill-defined for sample M-S-2 and
the consumption recorded, 3.4 H,/Mo, is
acceptable within experimental error. For
sample M-H-2, again the curve is badly de-
fined, but consumption is 1.8 H,/Mo.

In samples obtained by mechanical mix-
ture, MoO, existing after calcination at 770
K should be present as fairly large crystal-
lites, with no interaction with the support,
and its reduction profile and hydrogen con-
sumption will be nearly coincident with
those of bulk MoO;.

Samples obtained by impregnation show
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Mo/nm2

F1G. 7. Change in the IEP of the samples with the surface molybdenum content.

hydrogen consumptions well below the ex-
pected value (as samples M-H- do), but the
shape of the TPR profiles is completely dif-
ferent, with a very well-defined maximum
at 970-1000 K, and with a further hydrogen

+
\:r P a 2

detector response/au

I

1070 870 1070
temperature /K

870
F1G. 8. TPR profiles of samples (a) M-S-1; (b) M-S-

2; (c) M-H-1; (d) M-H-2; (e) I-H-1; (f) I-H-2; (g) M0O;;
and (h) MgMoOQ,.

consumption at higher temperature, that has
not been completed even at the maximum
temperature reached. Hydrogen consump-
tions are similar to those of samples M-H-,
1.8 = 0.2 H,/Mo.

At first sight, it can be concluded that
samples obtained by mechanical mixing
show ill-defined curves, thus suggesting an
analogy because of the preparation method,
while samples obtained with support H
show hydrogen consumptions ca. 40%
lower than the expected ones, thus sug-
gesting now an analogy because of the na-
ture of the support.

It could alternatively be argued that a
lower hydrogen consumption is due to a
lower amount of molybdenum in the sam-
ples. However, this should be clearly dis-
carded, as chemical analysis indicates that
no MoO; sublimes by calcination at 770 or
1100 K.

The TPR profile of MgMoO, has also been
recorded (Fig. 8) and shows that reduction
of MgMoO, has barely started at the maxi-
mum temperature reached in our study. In
other words, formation of molybdate ren-
ders difficult the reduction of molybdenum.

Brito and Lane (27) have studied the TPR
of MoOQ, supported on alumina and silica
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and have reported a dependence of the re-
duction profile on the nature of the support
and the MoO; loading. These authors as-
cribe well-defined peaks to a good degree of
crystallinity or homogeneity of the reducible
species and establish a correlation between
the strength of the MoO;-support interac-
tion and the reduction temperature of MoO,
monolayers, this being higher as the former
increases. With this, it can be assumed that
the reduction profile of MoO; (and probably
that of MgMoO,) should be quite different
when supported or when in a bulk state.

Samples prepared on support H show a
completely different behavior. For samples
belonging to series M-H- (with a larger SSA
development than those belonging to series
M-S-), calcination at 770 K leads to forma-
tion of small amounts of MgMoO, (XRD
results above), probably in spots where
MgO and MoO, crystallites are in contact.
With that, during the reduction process, al-
though the presence of MgMoQ, in this sam-
ple and in that calcined at 1100 K leads to
hydrogen consumptions lower than that cor-
responding to the stoichiometric reduction,
the MgMoO, species should be present as
fairly large particles, as suggested by two
results: some of their XRD peaks are al-
ready detected after calcination at 770 K
(contrary to sample I-H-1), and its XRD
peaks are very intense (Fig. 2).

Finally, samples belonging to series I-H-
show clean TPR profiles (Fig. 8), with only
a well-defined maximum and an increase in
the hydrogen consumption above the maxi-
mum temperature that can be experimen-
tally reached. Molybdenum-containing spe-
cies in sample I-H-1 should be very well
dispersed, as none of their diffraction peaks
are recorded. Calcination at 1100 K (sample
I-H-2) leads to crystallization of MgMoO,,
but without increasing the crystallinity of
the MoO, species, which should be present
as a thin film on the MgO crystallites. As a
result, the reduction profile, which should
correspond to reduction of MoO;, is almost
identical in both cases, as the state of MoO,
should also be very similar in both samples.

Mo mgo MgMoly4

Mo03x

F1G. 9. Scheme depicting formation of MoO; and
MgMoO, species on the surface of magnesia in samples
obtained by impregnation.

On the contrary, reduction of MgMoQ,, bet-
ter dispersed than in sample M-S-2 and
M-H-2, will take place in a similar way in
both cases.

CONCLUSIONS

From the resuits described above, it can
be concluded that incorporation of MoO; on
the surface of MgO leads to a weak interac-
tion only when a high population of surface
hydroxyl groups exists on the latter, such an
interaction leading to MgMoO, formation.
Incorporation from AHM solutions leads to
highly dispersed MoO;, stable even after
calcining at 1100 K (treatment that, with the
samples obtained by mechanical mixture,
led to differently dispersed MgMoQ,). It can
be concluded that in samples obtained by
impregnation, the supported phase (MoO,
and/or MgMoO,) is forming two-dimen-
sional structures, as depicted in Fig. 9. In
sample I-H-0, discrete [MoO,] species
should exist on the MgO surface. Calcina-
tion at 770 K (sample I-H-1) leads to MoO,
formation, and of MgMoO, in the magne-
sia—molybdena interface, but both MgMoO,
and unreacted MoO; (located far away from
the magnesia surface and its migration being
unfavored because of the relatively low tem-
perature) are highly dispersed, decorating
the MgO particles as a film that does not
completely cover the magnesia surface (ac-
cording to the IEP results). Calcination at
1100 K to yield sample I-H-2 makes easy the
sintering of the different species, thus giving
rise to a sharpening and intensification of
their XRD peaks, as well as to a decrease of
the SSA. Although sintering of MoO, crys-
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tallites would also be expected, the fact that
calcination is carried out at a temperature
high enough to melt it, leads to its redisper-
sion, the MoO; particles thus being unde-
tectable by XRD.
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