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Silica-supported hexamolybdate catalysts prepared by impregnation and two series obtained by
calcination of the former are studied by different physicochemical techniques (IR and Raman
spectroscopies, X-ray diffraction, and electronic microscopy) and tested in the catalytic oxidation
of methanol. The nature of the surface species and the effect of water on the calcined catalysts are
discussed as a function of the Mo loading (3 to 25 wt% Mo) from solid-state characterization and
catalytic behavior. The catalysts unexposed to water (series 1) essentially exhibit a redox catalytic
behavior, while the water-exposed catalysts (series 2) exhibit an acidic behavior. At high coverages
(=10 wt% Mo), MoO; is the main species present on the surface. Atlower coverages, a molybdenum
0x0 species is formed which is mainly responsible for the catalytic activity. This species is consti-
tuted of trimolybdic groups, fragments of the Keggin unit SiMo,,, in interaction with silica. Upon
prolonged exposure to water, 12-molybdosilicic acid is also detected, but plays a minor role in the

catalytic reaction. © 1990 Academic Press, Inc.

INTRODUCTION

Polyoxomolybdates are anionic oxo-clus-
ters which can be considered simplified ox-
ide models. Because of their known nuclear-
ity, dispersion on the support is expected to
be better controlled. In our first investiga-
tions (1), performed with 12-molybdosilicic
acid (Keggin structure cluster) supported on
silica, we concluded that dispersion is an
important parameter. At low coverages, an
interaction can occur between the silica sup-
port and the catalytic species, leading to
a modification of their catalytic behavior,
tested in the oxidation of methanol.

In this paper, a smaller anion is used, the
hexamolybdate Mo O35 . As a tetrabutylam-
monium salt, this polymolybdate is stable in
nonaqueous solvents, such as dimethyl-
formamide, which enables control of the nu-
clearity of the deposit on the silica support.
This control cannot be performed by using
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the usual starting material, ammonium hep-
tamolybdate, because of the pH- and con-
centration-sensitive solution equilibria in-
volving a variety of molybdate species. In
the latter case, calcination treatments are
generally carried out, leading to widely in-
vestigated Mo/SiO, catalysts (2-15). In
spite of the wide attention given to these
catalysts, their structure has given rise to
much controversy. It is thus interesting to
subject the silica-supported hexamolybdate
samples to similar thermal treatments with
the double object of studying the influence
of the nuclearity of the deposit and of shed-
ding more light on the nature of the Mo
species present on the support. This paper
deals with the study of Mo/SiO, catalysts
prepared from hexamolybdate, including
their solid-state characterization by differ-
ent physicochemical techniques, and their
catalytic behavior in the methanol oxidation
reaction. The interest in this structure- and
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dispersion- sensitive test reaction has been
already pointed out in previous works
(Ref. (1) and references cited therein; Ref.
(16)).

1. EXPERIMENTAL
1.1 Preparation of Samples

Hexamolybdate as tetrabutylammonium
(TBA) salt was prepared according to a
method previously described (/7). Purity of
TBA,MoO,, was checked by thermogra-
vimetry (TG) and by infrared and Raman
spectroscopies.

The silica support (Rhéne-Poulenc XOA
400, surface area 376 m? g~') was dried un-
der vacuum at 150°C for 10 h and then im-
pregnated with dimethylformamide (DMF)
solutions of TBA,Mo,0,,. Samples contain-
ing 3 to 25% of molybdenum (wt%) were
prepared by stirring SiO, and impregnation
DMF solutions under vacuum at room tem-
perature. Complete elimination of the sol-
vent was performed on the obtained pow-
dered samples by heating at 170°C under
vacuum for several hours (the absence of
DMF was checked by IR spectroscopy).
The final Mo content was determined by
microanalysis techniques (Service Central
de Microanalyse du CNRS, 69390 Vernai-
son, France).

Calcination of the samples was performed
at 500°C for 6 h in air. Each calcined sample
was divided into two parts: one part was
kept in a closed tube while the other was
exposed at room temperature to saturated
water vapor (P ~ 20 Torr) overnight and for
2 days and then kept in a closed tube after
air-stabilization. Calcined samples unex-
posed to water, referred to as I-500, 11-500,
etc., constitute series 1, and water-exposed
calcined samples, referred to as I-500-W, I1-
500-W, etc., constitute series 2.

1.2. Physicochemical Techniques

1.2.1. Thermogravimetry (IG). Thermo-
gravimetry was carried out in an air stream
with a Perkin—Elmer TGA 7 thermogravi-
metric analyzer. Experimental conditions
were as follows: sample weight 1 to 10 mg,
heating rate 5°C per minute.
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1.2.2. Infrared spectrometry (IR). Infra-
red spectra were recorded on a Per-
kin-Elmer 283 spectrophotometer
(4000-200 cm~!) and on a Perkin—Elmer
FTIR 1700 interferometer (4000—450 cm !,
scan number 10 to 20) as KBr pellets or as
powder between two plates of KBr. Some
measurements were performed on a Bruker
113 V FTIR interferometer (640—160 cm ™!,
scan number 50) as Rbl pellets.

1.2.3. Raman spectrometry. Raman spec-
tra were run on a Coderg PHO spectrometer
equipped with a Coherent Innova 70 argon
laser (514.5 nm, 50 to 100 mW). Classical
powder techniques were used, i.e., the cap-
illary tube and the conical sample tech-
niques. Low powers of the laser beam were
used in order to avoid local reduction and/
or destruction of the sample.

1.2.4. X-ray diffraction (XRD). X-ray dif-
fraction patterns were obtained by reflection
from powder packed in a sample holder with
a SIEMENS D 500 diffractometer using the
CuKa; radiation.

1.2.5. Electron microscopy and X-ray
analysis. Samples were observed by scan-
ning electron microscopy with a JEOL TEM
100 CX apparatus (electron beam 200 A in
diameter, tension 100 kV). Micrographs
were obtained from the secondary electrons
reflected by the powder sample dispersed on
a glue layer deposited on a platinum plate.
Evaporating gold (150-A layer) allows us to
increase the contrast and to improve image
quality. In addition, the X-ray beams, gener-
ated by the sample submitted to the beam
of electrons, were analyzed with an energy
dispersion analyzer LINK Model 10,000 (ul-
trathin window, 30-mm? monocrystal Si(Li)
section). This technique allowed rough
chemical analysis of the elements present
on the surface. All the measurements were
performed in the ‘‘Groupement régional de
mesures physiques’” (Université Pierre et
Marie Curie, Paris).

1.2.6. Catalytic measurements. Oxida-
tion of methanol was used as test reaction.
The experimental conditions were similar to
those already described in previous works
(16). Catalytic activity and selectivity were
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measured by using a continuous-flow fixed-
bed reactor under atmospheric pressure.
The catalyst was packed in a reactor of glass
tubing (6 mm in diameter), placed in a verti-
cal furnace, and preconditioned under oxy-
gen at 140°C. The reagent mixture (He/O,/
CH,0H) was admitted on the catalyst only
after this temperature was reached. The op-
timized flow composition was 76.1/16.2/7.7
(mol%), corresponding to CH;OH partial
pressure of 58.2 Torr. This mixture was ob-
tained by passing the He/O, flow through
a methanol saturator maintained at 11.3°C.
The catalyst weight (10 to 40 mg) and the
flow rate of the reagent mixture were ad-
justed according to the conversion, which
had to be kept lower than 8%, and according
to the load loss at the level of the reaction
zone, in order to be under the conditions of
initial kinetics. The reaction was carried out
at 230 and 250°C. Reaction products were
analyzed on line by gas-phase chromatogra-
phy, after stationary state was reached
(after ~half-an-hour). Most of the experi-
ments corresponding to stable activities and
selectivities were conducted for several
hours (in some cases 36 h). Selectivity (ex-
pressed in percent) for a product i was de-
fined as the ratio between the number of
MeOH moles transformed into i and the
overall number of MeOH moles trans-
formed during the same time. Activity A;for
the formation of a product i was calculated
by -
A; = A x §,/100 ng,

with A total activity, i.e., overall number
of MeOH moles transformed per hour and
grams of Mo, §; selectivity (%) for the prod-
uct i, and n¢ the number of C atoms in the
product i.

2. RESULTS

2.1. Hexamolybdate and Hexamolybdate/
Si0, Samples
The TG curve of TBA,Mo¢0,, shows that
this compound is stable up to ~270°C.
Breakdown of the organic cation and of the
polyanion occurs, leading to MoQ, at about
500°C, as checked by IR (theoretical weight
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FiG. 1. XRD powder diagrams. (a) TBA;Mo0¢O,4; (b)
sample III (7.1 wt% Mo/SiO,); (c) silica.

loss 36.66%, experimental weight loss
36.73%). The IR and Raman spectra are con-
sistent with those already published (I8).
The XRD powder diagram is shown in Fig.
la.

Table 1 shows catalyst compositions of
the five silica-supported hexamolybdate
samples prepared by the impregnation
method. TG curves of these samples exhibit
weight losses corresponding to water depar-
ture (from room temperature) and break-
down of the organic cation (at temperatures
shown in Table 1). It appears that the ther-
mal stability of the supported catalysts is the
same as that of the massic hexamolybdate
within the experimental error.

IR spectra are shown in Fig. 2. Silica ex-
hibits three main bands at ~1100 cm™!
(broad and very strong), ~800 cm~! (me-
dium), and ~470 cm ™! (strong). In addition,
a weak band is observed at 976 cm ™! (this
band disappears after prolonged treatment
at 500°C and can be related to surface OH
groups). The strongest bands of SiO, partly
obscure the typical pattern of the hexamo-
lybdate. Attempts to substract the absorp-
tion due to SiO, have been carried out: they
were successful only for the high Mo con-
tents (from 10% upward). This can be under-
stood when the strong 1100-cm ! SiO, band,
whose width and shape are not favorable for
difference treatments, is considered. This
band is very sensitive to sampling condi-
tions and to hygroscopic degree. Even with
low concentrations of SiO, in KBr (absor-
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TABLE 1

Characteristics of Silica-Supported Hexamolybdate Samples
Sample wt% Mo wt% Mo wt% Si wt% Si Massic 7(°C)
init. exp. init. exp. ratio dec.”

Mo/SiO,

I 24.0 25.0 20.0 15.4 0.758 ~270
I 16.8 17.4 28.0 27.7 0.293 ~270
III 10.5 7.1 35.0 31.6 0.105 ~260
v 6.0 5.4 40.0 35.6 0.071 ~260
\' 3.2 3.1 45.0 40.8 0.035 ~260

¢ dec. indicates decomposition.

bances less than one), it is practically im-
possible to perform satisfactory differences
of spectra of two different KBr pellets of
pure silica. When the bands due to the
molybdenum species are important with
respect to those of the SiO, substrate,
modifications of the latter are negligible,
and differences can be realized. This is no
longer possible at low Mo contents because
the signals are very weak with respect to
those of the substrate: differences between
two inaccurate data are obtained with a
high error, leading to artifact bands. These
considerations prevented us from perform-
ing difference treatments. Then, from the
original IR spectra, hexamolybdate was
characterized without ambiguity for com-
pounds 1 to III. For compounds IV and

1 1 1 1 A
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FIG. 2. IR spectra of silica and silica-supported hexa-
molybdate samples. (1) silica; (2) I; (3) II; (4) 11I; (5)
IV; (6) V.

V, only the high-frequency 956-cm~! IR
band was detected.

Raman spectra show a hexamolybdate
pattern (I8) for compounds I and 11, a high-
frequency 989-cm ~ ! band for compounds II1
and IV, and no signal for compound V.
However, silica does not give any peak, hin-
dering polymolybdate detection. The rela-
tively poor quality of the Raman spectra is
probably due to the bad crystallinity of the
supported samples (no fluorescence back-
ground).

Indeed, this poor crystallinity is evi-
denced by XRD measurements. The dia-
grams do not exhibit any lines of crystalline
phase. Only a broad peak is observed, cen-
tered at the same position as the strongest
of the crystalline TBA,Mo¢O,, (€.g., sample
III in Fig. 1b). X-ray analysis is not a suit-
able characterization method for these im-
pregnated catalysts: it appears that impreg-
nation induces amorphization of the deposit
on the support.

From electron microscopy measure-
ments, it appears that silica is composed of
spheres of variable sizes, as shown in Fig.
3a. For the impregnated samples, crystalline
forms are never observed. Only the samples
with low Mo contents exhibit relatively reg-
ular dispersion of aggregates. For the high
Mo contents, heaps and aggregates of vari-
able sizes are irregularly deposited on the
silica surface, with relatively bare zones be-
tween the aggregates.
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Fi:. 3. Electron micrographs. (a) Silica; (b) I-500-W; (c) III-500-W; (d) V-500-W.
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The impregnated samples were tested in
the methanol oxidation reaction. The sam-
ples were brought to 230°C (temperature
lower than that of decomposition) under gas
flow without giving any activity. Prolonging
the thermal treatment overnight at this tem-
perature induces activity, which, however,
rapidly decreases upon reduction and loss
of the catalytic species (blue Mo deposit on
the walls of the glass reactor).

From these results, it appears that the
hexamolybdate/SiO, samples are not suit-
able in the test reaction of methanol oxida-
tion. However, when subjected to thermal
treatments in order to decompose the or-
ganic cation and the hexamolybdate, they
can be used as Mo/SiO, catalysts. The large
TBA cations maintain the anions far from
each other: collapse of the anions could be
expected to be performed without diffusion
of the Mo atoms, giving rise to small heaps
of the same nuclearity as that of the hexamo-
lybdate precursor.

2.2. Calcined Catalysts

Activation of the hexamolybdate/SiO,
samples has been performed under condi-
tions usually used by other research groups
to obtain Mo/SiO, catalysts from different
precursors. Thermal treatments have been
carried out according to the conditions de-
veloped in Section 1.1. (compounds of se-
ries 1). Moreover, according to several au-
thors (3-5), water is expected to modify the
nature of the species on the surface, and,
consequently, to play a role in catalytic be-
havior. Therefore, a part of these samples
has been exposed to saturating water vapor
(compounds of series 2: see Section 1.1.).
The weight increase due to water absorption
varies from 15 to 22%.

2.2.1. IR spectra. IR spectra of the sam-
ples are shown in Fig. 4. As in the case of
the hexamolybdate/SiO, samples, the shape
and the maximum frequency of the strong
1100-cm ! SiO, IR band undergo modifica-
tions related to the state of silica and to
interactions between the support and the
deposit. It is the reason why only original
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F1G. 4. IR spectra of calcined Mo/SiO, catalysts. (0)
silica; (1a) I-500; (1b) I-500-W; (2a) 11-500; (2b) II-500-
W; (3a) I11-500; (3b) 1I1-500-W; (4a) IV-500; (4b) IV-
500-W; (5a) V-500; (5b) V-500-W.

spectra, and not difference spectra, are ex-
amined to characterize the nature of the de-
posit.

IR bands (referred toasa, b, ¢, d,and e
in Table 2) of a species closely related to
orthorhombic MoQ; are observed for com-
pounds I to III (500 and 500-W). Frequency
shifts, particularly important for bands b
and d (both strong and broad) of compounds
IT and I (500 and 500-W) could be related
to modifications in the three-dimensional
framework of orthorhombic MoO,, the
structure of which is preserved as a whole.
For the low Mo contents (compounds IV
and V, 500 and 500-W), no MoQO; is de-
tected. In addition, all the water-exposed
compounds (series 2) exhibit two other
bands at 955-957 cm~! (band A) and
902-914 cm ™! (band B), which always ap-
pear simultaneously. These bands are seen
as shoulders in the spectra of series 1 sam-
ples, probably because adsorption of atmo-
spheric water is sufficient to generate the
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TABLE 2

IR Frequencies (cm™!) of MoO, in the Calcined catalysts

Sample a b c d e

MoO;* 994 862 818 590 368
s vs w Vs s

MoO;t 1000 865 820 600 375
s vs w vs s

MoOy* 993 872 819 570 375
s vs w Vs s

1-500 986 872 818 618 370
s vs w vs m

I-500-W 987 877 818 623 370
s vs w Vs m

11-500 1000 847 821 561 370
m s w s w

I1-500-W 999 852 821 583 370
m s w s w

I11-500 1002 838 821 565 365
w m vw m w

II1-500-W 1002 842 821 558 368
w m VW m w

Note. Intensity: vs, very strong; s, strong; m, medium; w, weak. Width: bands

a and e, narrow;bands b and d, broad.

¢ Commercial grade (Prolabo).

b Commercial grade, ground and water exposed.

¢ Sublimated at 800°C.

species. The origin of bands A and B will
be discussed below. In the low-frequency
region, no bands are observed, except those
characteristic of MoQ, for compounds con-
taining this oxide.

2.2.2. Raman spectra. Orthorhombic
MoO; (see Table 3) is detected in the Raman
spectra of all the samples except IV-500, V-
500, and V-500-W (no signals for these three
samples, which exhibit no fiuorescence
background). Water-exposed samples give
more intense signals, and, generally, spectra
of better quality. Raman spectroscopy is
very sensitive in detecting organized MoO;,
which is characterized by highly intense sig-
nals. The frequencies of the supported
MoOQ; are almost identical with those of the
bulk MoQO,, except in the low-frequency re-
gion, indicating some modifications in the

framework. Such modifications were also
evidenced by IR spectrometry, as pointed
out above. The supported MoO; probably
weakly interacts with the silica support. For
the very low Mo contents, there are not
enough Mo centers to constitute repetitive
units on a range long enough to characterize
organized MoO;. Additional bands charac-
teristic of one or several Mo oxo species are
detected in the spectra of II1I-500-W and 1V-
500-W exposed to water for 2 days (when
exposed only overnight, no signals are de-
tected); Raman spectra of these two samples
are shown in Fig. 5. These additional bands
will be discussed below.

2.2.3. X-ray diffraction. Results obtained
by XRD show that orthorhombic MoO; (19)
is detected in samples I to III (500 and 500-
W). For the water-exposed samples (series
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TABLE 3
Raman Frequencies (cm™!) of MoO; in the Calcined Catalysts
MoOy? 994 820 665 382 338 292 248 219 198 158 129 115
368 285
MoO,* 995 819 665 378 336 290 244 216 197 156 128 115
1-500 994 820 665 380 339 282 240 215 196 150 127 115
1-500-W 993 820 663 375 335 280 236 210 193 150 125 110
11-500 995 820 665 Difficult to obtain
11-500-W 995 820 665 377 337 285 240 210 195 150 125 110
282
II1-500 995 820 670 376 338 285 240
II1-500-W*¢ 994 820 667 380 339 292 245 218 198 158 130 118
285
IV-500 No band
IV-500-W¢ 994 820 665 370 340 295
V-500 No band
V-500-W No band

¢ Commercial grade (Prolabo).
b Sublimated at 800°C.

¢ Additional bands not due to MoOQ; (see Fig. 5) are discussed in the text.

2), formation of a hydrate of molybdenum
oxide could be expected. The dihydrate
MoO; - 2H,0 (so-called yellow molybdic
acid) has been described as monoclinic (20).
The presence of such a compound is, how-
ever, not evidenced. Some typical patterns
are presented in Fig. 6. XRD technique is
less sensitive than Raman spectroscopy: the
X-ray pattern of MoO; can only be detected
on samples with Mo content =7%, whereas
the Raman spectrum of IV-500-W (Mo con-
tent 5.4%) clearly shows the presence of
MoO;. At this level, either the particles are
amorphous, or the crystalline domains are
too small to give rise to a XRD pattern.
Small shifts of the more intense diffraction
lines (101, 400, and 210) are observed for the
water-exposed samples. The effect of water
exposure is shown in Table 4, comparing
the results of MoOs;, I11-500, and ITI-500-W.
The shifts can be related to small modifica-
tions of the orthorhombic unit cell, favored
by exposure to water. Pure silica gives only

broad lines typical of a noncrystalline mate-
rial (Figs. 1c and 6f). This pattern of silica
is detected for the supported samples, with
slight modifications in the case of water-
exposed samples. In addition, a noncrystal-
line species (weak broad band at d (interpla-
nar spacing) ~10to 11 A) is observed in the
patterns of all the water-exposed samples
(even those without orthorhombic MoQ,),
but is absent for the samples unexposed to
water (21).

2.2.4. Electron microscopy. Electron mi-
croscopy allows the detection of crystalline
Mo species for samples I to I1I (500 and 500-
W). These species appear as long plates,
isolated or gathered as aggregates similar to
classical orthorhombic MoQO, crystals.
Some of these aggregates resemble a rose in
shape. Water effect is not evidenced on the
micrographs (no significant differences be-
tween the samples of series 1 and 2). Evident
surface heterogeneity is seen, especially for
the middle Mo content samples (e.g., I1I-500
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FiG. 5. Raman spectra of water-exposed catalysts
(MoO; + additional species), 12-molybdosilicic acid,
and MoOs. (a) ITI-500-W (dotted line expanded seven
fold); (b) IV-500-W; (¢) 12-molybdosilicic acid (accord-
ing to Ref. (24), powdered sample pressed in a matrix
and rotated at about 1000 rpm); (d) MoO,.

and III-500-W), with relatively large barren
zones. For samples with low Mo content
(e.g.,IV-500 and IV-500-W), heaps of differ-
ent sizes are visible; these are probably frag-
ments of the background, according to X-
ray analyses, showing a Mo/Si ratio roughly
constant at different points of the surface.
However, these analyses must be consid-
ered with caution because of the low Mo
content, which requires high amplification
of the signal with, consequently, high noise
and poor precision and because of the beam
width. Some typical micrographs are shown
in Fig. 3.

2.2.5. Catalytic behavior of silica-sup-
ported Mo samples. All the calcined sam-
ples were tested at 230 and 250°C in the

301

S 15 25 20

Fi1G6. 6. XRD powder diagrams of some silica-sup-
ported calcined catalysts (lines marked with an asterisk
are characteristic of MoQ;). (a) II-500-W; (b) I11-500-
W: (c) II1-500; (d) IV-500-W; (e) IV-500; (f) SiO,.

methanol oxidation test reaction. All the re-
sults are gathered in Tables 5 and 6. Selec-
tivities for the different products of transfor-
mation of methanol are shown in Figs. 7
and 8. Each point is the mean of several
experiments performed at similar conver-
sions (Tables 5 and 6). Activities, shown in
Fig. 9, are expressed with respect to the
molybdenum weight (number of MeOH
moles transformed per hour and per 1 g of
Mo) in order to obtain a direct relation be-
tween the methanol transformation and the
amount of Mo deposited on the support.

Redox catalysis is predominant for the
samples unexposed to water (series 1).
Formaldehyde is the main product for sam-
ples 1-500 to IV-500, as for massic MoO;
(22). A decrease in formaldehyde selectivity
is observed for V-500, paralleled with an
increase in methyl formate selectivity (Fig.
7). In addition, production of dimethyl ether
is weak whatever the Mo content and seems
to be decreasing at low coverages.

In contrast to the above results, acidic
catalysis is predominant for the water-ex-
posed samples (series 2): dimethyl ether is
the main product formed, whatever the re-
action temperature. The selectivity for di-
methylether does not vary as a function of
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TABLE 4
Interplanar Spacings dyy (A) and Relative Intensities /% of MoO; and Some Calcined Catalysts
hkl MoO, MoO; 1% I1-500-W I% ITI-500-W 1% I11-500 1%
theor.? exp.
101 3.810 3.809 48 3.739 77 3.805 77 3.813 81
400 3.464 3.462 60 3.451 46 3.459 65 3.465 66
210 3.261 3.264 100 3.249 100 3.258 100 3.265 100
¢ Ref. (19).

time: it remains constant even after 36 h
of reaction at 230°C. The acidic character
decreases at low coverages, with increase
in selectivity for formaldehyde (Fig. 8). In
contrast to the results obtained with Si-
Mo,,H/SiO, catalysts (I), for which the se-
lectivity for methyl formate strongly in-
creases when the Mo loading decreases, this
selectivity is very weak for all the samples
of series 2.

Activity of the samples of series 1 de-
creases as the Mo content increases. At high
coverages, heaps of orthorhombic MoO; are
piled up over the surface, with just a few
active centers available for the reaction, ex-

actly as for massic MoQ,, which is known
to present a low activity toward methanol
conversion (22). Decreasing the Mo cover-
age leads to better accessibility to the active
sites and favors the catalytic reaction. This
activity is always relatively weak with re-
spect to that of the samples of series 2. It is
worth noting that the enhanced activity of
the latter is essentially due to the acidic cata-
lytic character. However, the redox activ-
ity of the samples of series 2 (Fig. 9) is about
three- to fivefold higher than that of the sam-
ples of series 1. It increases with decrease
in the Mo content and tends to slightly de-
crease at the lowest coverage, in contrast

TABLE 5

Selectivities and Activities of Catalysts Unexposed to Water (Series 1)

Sample 7(°C) Mo/SiO, Selectivities (%) Total activities Conversion
Massic (mmol/h/g Mo) (%)
ratio 1 2 3 4 5
1-500 250 0.758 50 22 14 13 1 32 8
1-500 230 0.758 40 17 30 12 1 23 5.5
11-500 250 0.293 51 22 15 11 1 b | 6
11-500 230 0.293 45 21 24 9 1 34 4
I11-500 250 0.105 52 22 18 7 1 57 2.5
111-500 230 0.105 42 24 26 6.5 1.5 47 2
IV-500 250 0.071 49 43 6 1 1 87 4.5
IV-500 230 0.071 42 25 26 S 2 77 2.5
V-500 250 0.035 26 59 11.5 1.5 2 135 35
V-500 230 0.035 30 315 33 3.5 2 92 3

Note. 1, CH,0; 2, HCOOCH;; 3, (CH;0),CH,; 4, (CH,),0; S, CO, + CO.
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TABLE 6

Selectivities and Activities of Water-Exposed Catalysts (Series 2)

Sample T(°C) Mo/SiO, Selectivities (%) Total activities Conversion
Massic (mmol/h/g Mo) (%)
ratio 1 2 3 4 5
I-500-W 250 0.758 27 3 9 60 1 205 8.5
1-500-W 230 0.758 21 3 18 57 1 123 6
11-500-W 250 0.293 18 1.5 13 67 0.5 418 7
11-500-W 230 0.293 19 20 57 1 272 6.5
1-500-W 250 0.105 15 3 8 73 1 1012 7
I11-500-W 230 0.105 10 2.5 12 75 0.5 690 7
IV-500-W 250 0.071 15 4 10 70 1 744 4.5
IV-500-W 230 0.071 13 3 17.5 66 0.5 524 4.5
V-500-W 250 0.035 23 7 29 40 1 406 4.5
V-500-W 230 0.035 16 3 34 46 1 314 3.5

Note. 1, CH,0; 2, HCOOCH;; 3, (CH,0),CHy; 4, (CHy),0; 5, CO, + CO.

to the results obtained with the samples of
series 1. At high coverages, a decrease in
activity is due to piling up of heaps of MoO;,
as for the samples of series 1.

The possibility of structural change of cat-
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FiG. 7. Selectivities (expressed in percent) of the
catalysts of series 1 versus Mo loading (a: 250°C; b:
230°C). (O) CH,0; (0) HCOOCH;; (@) (CH;0),CH,;
(H) (CH3),0.

alysts of series 1 under the action of water
formed by the reaction has been envisaged.
Under this assumption, the activities of both
series ought to be the same: this is not the
case. When an effect of water on the cata-
lysts of series 1 during the reaction is as-
sumed, at least a tendency to increase activ-
ity for dimethylether ought to be observed:
activities are not time dependent, which is
not consistent with the hypothesis. This
eventuality must then be rejected. This is
perhaps because the conditions are com-
pletely different: at room temperature, wa-
ter acts in the liquid phase at the solid/liquid
interface, while at the reaction temperature
(230 0r 250°C), it acts in the vapor state at the
solid/gas interface, where rapid desorption
likely occurs. Moreover, P(H,0) under re-
action working conditions is much weaker
than saturated P(H,0) at room temperature.

3. DISCUSSION

3.1. The Nature of the Mo Species as a
Function of Mo Loading

We have developed in the above para-
graphs the results of our investigations on
silica-supported catalysts prepared from
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hexamolybdate. It is now worth reviewing
the results already published, obtained by a
number of research teams on molybdenum
catalysts supported on SiO, and/or y-AlO,
2-15). ,

Ammonium heptamolybdate was gener-
ally used as a starting material. Catalysts
were prepared by the conventional pore vol-
ume impregnation of SiO, and/or y-Al,O,
supports, using aqueous solutions of various
concentrations, followed. by drying at
110-130°C and calcination in air at 500°C for
several hours.

The effect of Mo content on the nature
of the species on the surface of these Mo
catalysts has been discussed on the basis of
various physicochemical techniques such as
X-ray diffraction (24, 8, 14), UV-visible
diffuse reflectance (3, 4, 8), Raman spec-
trometry (¢-6, 10, 13-15), IR spectrometry
7,9, 12, 4, 15), etc.

From these results, several ranges can be
defined, depending on the Mo loadings
(high, medium, or low). The limits between
the different ranges depend on the tech-
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niques used to characterize the surface
species.

At high Mo loadings (>>15% Mo), all the
authors agree on the presence of ‘‘free”
Mo0O,, which can be considered equivalent
to massic MoO,;. At intermediate Mo load-
ings, MoQ, is detected together with other
undefined Mo species, generally designated
as polymolybdates. At low Mo loadings (a
few percent), several oxo-Mo species are
postulated, and named ‘‘pseudomolyb-
dates’’ (12), polymolybdates (4-6, 8, 10,
12-14), surface molybdate (I1), surface
polymer molybdate (64, 7, 8c), heptamolyb-
date (15), or silicomolybdic acid (3, 4, 9, 10,
15).

We have also shown the presence of
MoO; on our samples at Mo loadings higher
than ~5% by XRD, IR, and Raman spec-
tra, and scanning electron microscopy.
Some modifications with respect to bulk
MoO; have been reported in the above para-
graphs and could be related to weak interac-
tions with the support. Such interactions
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have also been suggested according to the
modifications of the intensities of the XRD
lines (8).

3.2. Earlier Assignments of IR Bands at
~960 and ~910 cm™!

Whatever the Mo content, two bands at
955-957 cm~! and 902-914 cm ™!, not char-
acteristic of MoO; and referred to as A and
B are simultaneously observed in the IR
spectra of our samples (Fig. 4). These bands
are more marked for the water-exposed
samples.

Similar bands (at 910 and 960 cm ™) have
been observed by Goncharova et al. (9) on
a Mo/SiO, catalyst with 3.8 wt% Mo. The
authors consider that they are due to silico-
molybdic acid formed during the prepara-
tion of the catalyst. This interpretation im-
plies enhanced thermal stability of the
SiMo,,04; anion (abbreviated SiMo,;,)
when supported on silica. Similarly, Kasz-
telan et al. (15) suggest that silicomolybdic
acid (abbreviated SiMo,,H) is synthesized
during the impregnation of the Mo/SiO, cat-
alysts (~2 wt% Mo at pH 2, 7, and 11) and
that the silica support stabilizes this species
which remains predominant after calcina-
tion at 500°C. These statements of higher
stability are not consistent with our recent
work on the thermal behavior of SiMo,H/
SiO, catalysts, from IR and catalytic reac-
tivity studies (23).

Seyedmonir et al. (7) observe three bands
(994, 970, 925 cm ') due to oxomolybdenum
species in the IR spectrum of a Mo/SiO,
catalyst (6 wt% Mo). The first band (994
cm™!) is assigned to MoO,. The second (970
cm ™)) is assigned to terminal Mo=0 vibra-
tions of a polymeric surface polymolybdate
phase, assignment supported by similar re-
sults in the Raman study of calcined Mo/
SiO, catalysts (6a, 8c). Other authors have
also observed bands at 950-960 cm ™!, at-
tributed to terminal Mo=O0 stretchings of
surface polymolybdate (4b, 11, 13, 14).Last,
the 925-cm ~! band is tentatively assigned to
a Si-O—Mo vibration. As a support of this
assignment, it is recalled that the stretching
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vibration of the SiO, tetrahedron in SiMo,,
occurs at ~910-920 cm !, with strong cou-
pling with Mo—O vibrations (24).

Such an assignment of a band at 920 cm !
to Si~O-Mo vibration is made by Cornac et
al. (12) in a FTIR study of Mo/SiO, cata-
lysts. For a sample with 2 wt% Mo, the
authors postulate the presence of a pseudo-
molybdate with Mo = O stretching at 990
cm~!. At higher Mo content (8 wt%), an
additional band is observed at 970 cm™!,
attributed to a polymolybdate.

It appears thus that the set of two IR
bands at 960-970 cm~! and 910-920 cm™!
has received contradictory assignments.

3.3. UV-Visible Diffuse Reflectance
Spectroscopy (DRS) in Connection with
the Presence of Silicomolybdic Acid

A similar situation occurs with UV-visible
diffuse reflectance spectroscopy, a tech-
nique commonly used to determine the sym-
metry and the environment of transition
metal ions in supported oxide catalysts.
From this technique, Marcinkowska et al.
(4a) postulate the presence of SiMo,,H, de-
stroyed at 500°C and rebuilt with water va-
por at room temperature on Mo/SiO, cata-
lysts at low Mo loadings, a statement
apparently confirmed by Raman measure-
ments (4c). However, Gajardo et al. (8) do
not find evidence supporting the presence of
SiMo,,H on the Mo/SiO, catalysts by UV-
visible DRS: they concur with the presence
of a surface species similar to a polymolyb-
date. However, a recent work (25) on the
UV-visible DRS of model polyoxomolyb-
dates with known structures shows that the
above interpretations rest upon attributions
which must be reconsidered: indeed, UV-
visible DRS cannot give evidence for the
presence of a given polyoxomolybdate; it
only gives information about the size and
the dispersion of the clusters.

3.4. Postulated Existence of SiMo,,H

At this point in the discussion, several
questions can be raised: Can SiMo,H exist
or be formed on a silica support at a temper-
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ature as high as 500°C (bulk SiMo,H is de-
stroyed at about 300-330°C)? What are the
proofs for its existence? What is the role of
water?

Castellan et al. (3) and Barbaux et al. (10)
use acidimetric titrations to evidence the ex-
istence of SiMo,,H on the Mo/SiO, catalysts
at low Mo loadings. Their results are not
fully conclusive, since the extraction pro-
cess migh favor the formation of the Si-
Mo,,H species in the solution because of the
solubilization of oxo-Mo species and silica
at a pH low enough, thanks to the acidic
character of the silica support. To substanti-
ate this statement, we have performed the
following experiment: MoO, and SiO, were
separately stirred in water for several days.
The insoluble matter was filtered off, and
the two filtrates were mixed (resulting pH
~2.5). After evaporation to dryness, the IR
spectrum was consistent with a mixture of
silica and 12-molybdosilicic acid.

The same comment can be made about
the experiments performed by Kasztelan et
al. (15) who wash Mo/SiO, catalysts in ace-
tonitrile solution. IR and Raman spectra are
given to support the presence of SiMo,,H
in CH,CN solution, and, therefore, on the
solid.

The same authors (/5) and Barbaux et al.
(10) also report Raman measurements in the
solid state, an approach which does not suf-
fer from the previously mentioned defects.
The former (15) claim to clearly distinguish
the characteristic bands of SiMo,,H on Mo/
SiO, catalysts (2 w% Mo, pH 2 and 7): how-
ever, the whole pattern of SiMo,H is not
seen, and only a band at 985 cm~! can be
associated with this species. The latter (10)
observe only a broad and weak band at 980
cm ™! ascribed to SiMo,,H, for Mo/SiO, cat-
alysts with 1 and 3.8 wt% Mo. This Raman
band, together with the acidimetric titra-
tions and the yellow color of the samples, is
taken as evidence of SiMo,,H. It may be
appropriate to mention that the yellow color
is also developed by the dihydrated molyb-
denum oxide (20) and the hexamolybdate,
the precursor of our samples: all the com-
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pounds that are yellow are not necessarily
silicomolybdic acid.

In the work of Kasztelan et al. (15) and
Barbaux et al. (10), the formation of Si-
Mo,H does not appear to be related to the
presence of water. Rodrigo et al. (11) report
as well a Raman study on Mo/Si0, catalysts
without special exposure to water: SiMo,,H
can be detected (bands at 980 and 950 cm 1)
at loadings as low as 1% Mo. In all these
cases (/0, 11, 15), however, samples are
handled in air, without special care against
atmospheric water. It is possible that the
0xo-Mo species responsible for the 980-
cm~! Raman band is formed from atmo-
spheric water adsorbed on the silica sup-
port. This assumption is supported by con-
trolled atmosphere Raman measurements
(4¢) including cycles of calcination at 500°C
followed by introduction of water vapor.
Bands at 980 and 950 cm ™! assigned to Si-
Mo;,H are present only after introduction of
water into the cell (4% Mo/SiO, catalyst).
The species is expected to be destroyed at
500°C and rebuilt at room temperature upon
water exposure. This water effect, which
could depend on the nature of silica (poros-
ity, surface area), is certainly a fundamental
parameter in the results observed with these
Mo catalysts.

3.5. Nature of the Mo-Oxo Species from
IR and Raman Spectra and from
Catalytic Behavior

We now must interpret the origin of the
two bands A and B observed in the IR spec-
tra of our catalysts. The above discussion
about the water effect is consistent with the
first conclusions already proposed above.
These bands are due to a species which
needs water in order to be formed. It exists
only in small amounts in samples of series 1
which have been in contact with atmo-
spheric water. It is a surface species, which
can exist even at high Mo loadings. In this
case, the predominant species, MoQs, is not
uniformly covering the surface, according
to electron microscopy results. So accessi-
bility to bare silica surface, on which the
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Mo species can interact, is possible. The
frequencies of bands A and B (respectively
955-957 cm™! and 902-914 cm~" are con-
sistent at least with the presence of a poly-
molybdate phase in interaction with silica.

The possibility of the presence of Si-
Mo,,H is supported by only two characteris-
tic IR bands: the 800-cm ! band can be ob-
scured by the SiO, support contribution,
and the others are perhaps too weak to be
detected. The Raman spectra do not give
evidence for the presence of SiMo,,H, ex-
cept for samples III-500-W and 1V-500-W,
which will be discussed below.

With the general point of view of a poly-
molybdate phase, band A corresponds to
the Mo==0 stretching of the polymolybdate.
Among all the known polymolybdic species,
only those containing the trimolybdic group
Mo,0;, constituted of three MoOg4 octahe-
dra sharing edges, exhibit a Mo terminal O
band at such a frequency. These trimolybdic
groups, common to well-known polymolyb-
dates (e.g., SiMo,, of Keggin structure or
Mo¢O%;5 of Lindqvist structure), are charac-
terized by ‘‘group frequencies,”’ in particu-
lar by an IR band at 955-960 cm~! (asym-
metric stretching of Mo terminal O bonds)
(26). We therefore suggest that all the sam-
ples contain a polymolybdate phase consti-
tuted at least of trimolybdic groups con-
nected together and to the silica support.
This interaction with silica gives rise to
Si—-O-Mo stretching at 900-910 cm ! (band
B).

The scheme of formation of the trimolyb-
dic groups can be understood by considering
that water can favor the transformation of
the molybdenum oxide (species formally
written MoO;, irrespective of its organiza-
tion), according to

3MoO, + 4H,0 — [M0;0,,Hjl.

This condensed species can react with sil-
ica, with water release, to give

[Mo,0;Hg] + SiO, —
[M0,0,;H—0—Si] + H,0.

Such a surface Mo-oxo species would be
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highly acidic. In the case of further conden-
sation favored by water action, formation of
Keggin units by such a repetitive process
could be possible if the duration of water
exposure is sufficient.

We have already pointed out that this du-
ration induces spectroscopic changes: in ad-
dition to MoQO; bands, Raman bands ob-
served for samples 111-500-W and I1V-500-W
only appear after water exposure for 2 days
(see Fig. 5). These bands at ~980, 960, and
625 cm ™! are consistent with the presence
of either trimolybdic groups or SiMo,,H.
These two possibilities are not in contradic-
tion, since the trimolybdic groups are frag-
ments of SiMo,. In both cases, assignments
are as follows (26): 980 cm™' (symmetric
stretching of Mo terminal O bonds), 960
cm~ ! (asymmetric stretching of Mo terminal
O bonds), 625 cm™! (symmetric stretching
of Mo bridging O-Mo). The low-frequency
region is partly obscured by MoO; bands:
however, the 245-cm~! band, partly due to
Mo0s, can be related either to Si-O-Mo
bending or to the presence of SiMo,H. The
general shape of the Raman bands, espe-
cially for IV-500-W, is rather in favor of
SiMo,;,H. However, the frequencies are not
the same as in bulk SiMo,,H (see Ref. (24)
and Fig. 5¢) (980 instead of 988 cm !, 960
instead of 963 cm™!, 625 instead of 634
cm™~!). These frequency shifts could be in-
terpreted in terms of dispersion and/or inter-
action effects with the support (such de-
creasing of frequencies has already been
interpreted in terms of weakening of
anion—anion interactions (24)).

It is now of great interest to compare the
catalytic behavior of the samples of series 2
and those prepared by direct impregnation
of SiMo,H on silica (/) (Fig. 10 and Table
7). The selectivities for both kinds of cata-
lysts present some similarities, although the
formation of dimethylether is significantly
more important for series 2 samples at low
Mo content, in contrast with that of methyl
formate which is significantly lower. Con-
cerning the activities, different behaviors
are observed: for low Mo contents, activi-
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ties of series 2 samples are more than three
times higher than those of the SiMo,H/SiO,
series. We have suggested by IR and Raman
spectroscopy (1) that the Keggin unit SiMo,,
is preserved in the latter catalysts for cover-
ages above 7 wt% Mo; at lower contents,
only high-frequency bands of SiMo,, are ob-
served. The much higher activity for series 2
catalysts at loadings less than 10% indicates
that the surfaces are not really the same in
both cases. If SiMo;,H is present on both
surfaces, another species is required to ac-
count for the enhanced acidic activity.

Let us consider again the trimolybdic
model on the silica surface. As reported
above, the Mo-0xo0 species in this assump-
tion is highly acidic: there are more acidic
protons available for the reaction than in
the case of well-dispersed silica-supported
SiMo,,H, where the protons are trapped
through interactions between the OH sur-
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TABLE 7
Selectivities and Activities of SiMo;,H/Si0, Catalysts
(T = 250°C)
Mo/SiOy* Selectivities (%) Total activity
(mmol/h/g Mo)
1 2 3 4
0.522 10 2 s 83 841
0.352 15 2 6 76 982
0.314 13 2 5 80 955
0.126 16 4 9 7 526
0.114 8 4 14 73 665
0.088 25 8§ 12 53 210
0.062 33 13 14 40 164
0.014 24 5T 10 8 117

¢ Massic ratio expressed from analysis data. 1,
CHzo, 2, HCOOCH3, 3, (CH]O)chz, 4, (CH;)zo Se-
lectivities for carbon oxides are always less than 2%.

face groups and the Keggin units. The pres-
ence of trimolybdic groups on the silica sur-
face could consequently explain the
enhanced activity with respect to SiMo,,H/
SiO, catalysts.

As pointed out above, the bands likely
assigned to SiMo,,H in the Raman spectra
of ITI-500-W and I'V-500-W only appear after
2-day water exposure. However, the sam-
ples are already active after water exposure
overnight, and the catalytic activity does
not significantly vary with the water expo-
sure duration. In other words, SiMo,H,
which seems likely to be formed according
to the Raman data, is not responsible for
catalytic activity or plays only a minor role
in catalytic behavior.

To account for both spectroscopic and
reactivity studies, we suggest that at least
trimolybdic groups, in interaction with silica
via Si-O-Mo bridges, are present on the
Mo/SiO, catalysts after water exposure.
Moreover, this hypothesis does not exclude
the simultaneous presence on the surface of
other species contributing to different ex-
tents to the catalytic activity. The character-
ization techniques do not allow a quantita-
tive analysis of the species, and, moreover,
each of them can emphasize just the type of
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species to which it is more sensitive. The
true picture of the surface is that it is per-
haps constituted of trimolybdic groups ran-
domly connected together and to the silica
and of small quantities of Keggin units, em-
phazised in some cases thanks to Raman
spectrometry, but playing only a minor role
in the catalytic reaction. In addition, for
loadings higher than 10 wt%, an important
part of the molybdenum is found as ‘‘free”’
MoO,, easily characterized by IR and Ra-
man. This explains the decrease in the total
activity, since crystallized MoQO; is rather
inactive (22).

CONCLUSION

The results discussed in this paper clearly
evidence the effect of water on the proper-
ties of Mo/SiO, catalysts prepared from
hexamolybdate.

The calcined catalysts handled in air with-
out special exposure to water essentially ex-
hibit redox catalytic properties toward
methanol conversion. The activity of the
catalysts increases when the Mo content is
decreased.

The water-exposed catalysts present pre-
dominant acidic catalytic properties what-
ever the Mo content, showing that the acidic
protons are easily available for methanol de-
hydration. According to IR spectra and to
catalytic measurements, compared with
those obtained with SiMo,H/SiO, cata-
lysts, at least fragments of Keggin units,
namely trimolybdic groups, in interaction
with silica via Si—O-Mo bridges, are present
on the surface and are responsible for cata-
Iytic activity. This can be understood when
the amphoteric character of MoQO;, which
can strongly interact with water, is consid-
ered. Silica support is required to favor wa-
ter adsorption and seems to act as a syner-
getic partner. In addition, the existence of
trimolybdic groups does not exclude the si-
multaneous presence of SiMo,H.

We have pointed out the possibilities and
the limits of different characterization tech-
niques. It is worth noting the importance of
catalytic measurements, which offer useful
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additional information about the surface
state.

The two series of Mo/SiO, catalysts
studied in this paper allow us to perform
either redox or acidic catalytic reactions,
according to the water content. Further
investigations are in progress to refine the
picture of the oxo-Mo species responsible
for catalytic activity and to estimate the
sensitivity of the reaction to initial condi-
tions.
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