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The thermal behavior of 12-molybdophosphoric acid (PMoj2H)
was investigated using coupled techniques (IR and Raman spec-
troscopies, polarography, X-ray diffraction, and catalytic reactivity
in methanol oxidation) and compared with results obtained with
12-molybdosilicic acid. The decomposition of PMo12H occurs in a
wide temperature range, leading to mixtures of 8- and «-MoO3. A
great analogy between the P and Si compounds is evidenced outside
the decomposition range. The differences inside this range (wide
for P, narrow for Si compound) are discussed in terms of kinetics
of decomposition, textural evolution, and capability to rebuild the
Keggin unit.  © 1996 Academic Press, Inc.

INTRODUCTION

From some decades the acidic and oxidizing properties
of' 12-molybdophosphoric acid (HsPMo1,04) have been
used in the field of catalysis, in fundamental and applied
research (1). Many catalytic reactions are performed at rel-
atively high temperatures (often >350°C), and it is nec-
essary to use a catalyst that is stable under these thermal
conditions. However, if this is not the case, the compound
can act as a precursor of an active species. Anyway, the
knowledge of the thermal behavior of the starting mate-
rial is of importance. The study of the thermal stability of
the title compound has been reported for a long time by
many teams using several techniques (in the early phases,
essentially thermogravimetry (TG) and differential thermal
analysis (DTA)). Itis not our purpose to recall all the papers
about this now well-known problem: a classical scheme of
the thermal evolution under dynamic heating is now gen-
erally accepted. The stability range of the anhydrous acid
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does not depend on the number of molecules of crystal-
lization water (29-30 or 13-14) in the starting compound.
Under dynamic heating (thermogravimetric analysis with
gas flowing) the anhydrous acid is observed between 140
and 270°C. At higher temperatures, protons come off with
oxygen atoms from the polyanion (1.5 H,O, usually called
“constitution water”). Above 450°C, the Keggin structure
is completely destroyed, as evidenced by X-ray diffraction
(XRD) and IR characterizations (molybdenum trioxide
formation). Another method of study is performed by sub-
mitting the 12-molybdophosphoric acid to thermal treat-
ments at different temperatures with different durations:
this is particularly important for catalytic applications. The
nature of the products formed during this thermal evolution
has been tentatively elucidated by using different physico-
chemical techniques such as XRD, *'P-NMR, IR, and Ra-
man (2 and references cited in all the papers). The existence
of an anhydride, also called anhydrous KU (Keggin unit), or
KU with oxygen vacancies, which could be responsible for
the catalytic activity in a narrow range of temperature has
been postulated by different authors (2d, 3a—3d). However,
this anhydride phase, which is expected to be very unstable,
has not really been evidenced: it seems probable that some
XRD results (2d) could be interpretated rather as a molyb-
denum oxide phase (see Section 2.1.3), which is consistent
with already proposed assumptions (the formation of oxide
clusters as decomposition products has been proposed by
several authors: see for instance (3e)). It could be of great
interest to elucidate the true nature of the products formed
during the thermal treatments in order to explain some dif-
ferences between phosphorus and silicon compounds.
Moreover, catalytic reactivity studies of methanol con-
version in the presence of oxygen (test reaction), coupled
with IR spectrometry measurements, were proved to be
very sensitive means of probing the changes induced by
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thermal treatments in the cases of unsupported and silica-
supported 12-molybdosilicic acid (4). Particularly in the
case of unsupported samples, a good correlation between
the thermogravimetric analysis and the reactivity was ev-
idenced. The reaction changes from acidic to oxidizing in
character when the heteropolyacid (HPA) is transformed
into molybdenum trioxide. Many works claim that the ther-
mal stability and the acidic properties increase when Si(1V)
is replaced by P(V) in the Keggin cage (1b and refer-
ences therein). On the other hand, it is well known that
H3PMo01,04 has in solution a more positive redox poten-
tial than H;SiMo01,040 (5). As a consequence, it could be
expected that the use of H3PMo01,04 could provide a more
efficient catalyst in the methanol oxidation. However, some
previous studies (2c, 6, 7a) seem to prove that H3PMo01,049
is not significantly more stable than H;SiM01,040. It was
thus interesting to reinvestigate the thermal behavior of
the title compound using coupled techniques such as vibra-
tional spectrometry (IR and Raman), polarography, X-ray
diffraction, and catalytic reactivity in methanol conversion
in the presence of oxygen.

1. EXPERIMENTAL

1.1. Preparation

12-Molybdophosphoric acid, H3PM01,040 - 13H,0 (ab-
breviated PMo3,H), was prepared according to a method
previously described (7a). Purity was checked by thermo-
gravimetry, IR, Raman, polarography (7a), and 3!P-NMR
(7b).

1.2. Thermal Treatments

For infrared, Raman, and X-ray diffraction studies, the
samples (about 500 mg) were heated in air at different tem-
peratures between 140 and 500°C and maintained at each
temperature for 3 h. After the sample cooled in a dessi-
ccator, the physicochemical characterizations were per-
formed (the samples were handled in air, without special
precautions against atmospheric moisture). In some cases,
special exposure to saturated water vapor was carried out
after the thermal treatments. For reactivity studies, the sam-
ples were heated under He/O, flow (80/20) at different tem-
peratures between 140 and 500°C for 2 h before the admis-
sion of methanol (see below).

1.3. Physicochemical Techniques

1.3.1. Infrared spectrometry. Infrared spectra were
recordedonan IFS66V Bruker FTIR interferometer (4000-
220 cm~1, resolution 4 cm~1) as KBr pellets.

1.3.2. Raman spectrometry. Raman spectra were run
on a U 1000 Jobin et Yvon spectrometer equipped with
a Coherent Innova 70 argon laser (514.5 nm, 100 mW).
Rotating-sample techniques were used to prevent decom-

position and/or reduction by the laser beam. Powdered sam-
pleswere pressed in amatrix and rotated at about 1000 rpm.

1.3.3. X-ray diffraction. The XRD powder patterns
were recorded on a Philips diffractometer using Cu Ka
radiation.

1.3.4. Surface area measurements. Nitrogen/helium
(molar ratio 0.3) adsorption—desorption isotherms were
measured using a Quantasorb Jr. apparatus. All the treated
samples (about 300 mg) were in addition pretreated at
150°C at atmospheric pressure prior to the measurements
by the BET method (adsorption at 77 K).

1.3.5. Polarographic measurements. The samples were
characterized on a Tacussel PRG3 three-electrode appara-
tus using a rotating glassy carbon electrode (carbon Tokai)
as the working electrode and a saturated calomel electrode
(SCE) as the reference electrode. Measurements were
performed after each thermal treatment, both before and
after the catalytic test. Each treated sample was dissolved
in aqueous 1 M HCl/dioxan mixture (50/50 v/v) (30 mg of
sample into 50 ml solution, i.e., a concentration of around
2-3x 10~* M). Under these conditions the PMo;,03;
anion exhibits three reversible bielectronic waves in the
+0.8- to —0.1-V range [Eip: +0.31 V (2F), +0.18 V (2F),
—0.05V (2F)].

1.3.6. Catalytic measurements. Conversion of methanol
in the presence of oxygen was used as a test reaction.
Catalytic activities and selectivities were measured with a
continuous-flow fixed bed reactor under atmospheric pres-
sure. The catalyst (100 mg), packed in a glass reactor,
was preconditioned under He/O, flow (mixture 80/20, rate
74 ml/mn) for 2 h at different temperatures. After the pre-
treatment, the reagent mixture He/O,/MeOH (85.2/10.3/4.5
mol%) was introduced into the reactor (introduction of
MeOH was carried out automatically and continuously by
microinjection through a syringe). The reaction was con-
ducted at 240°C. Reaction products were analyzed on line
by gas-phase chromatography (apparatus Carlo Erba MFC
500), using flame ionization and catharometer detectors
(columns filled with Porapak Q and/or molecular sieve).
With the exception of the results concerning the influence
of time on the conversion and the selectivities, all the data
given were obtained after 18 h of reagent mixture flow at
the reaction temperature. Selectivities and activities are ex-
pressed as already explained (8).

2. RESULTS

A number of physicochemical characterizations are used
to follow the evolution of the 12-molybdophosphoric acid
as a function of the temperature of the pretreatments be-
fore and after the catalytic reaction. Preliminary results
have already been reported in a paper devoted to un-
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IR spectra of 12-molybdophosphoric acid. 1, Before any treatment; 2 to 13, after pretreatments at different temperatures (2, 145°C;

3,200°C; 4, 245°C; 5, 280°C; 6, 300°C; 7, 320°C; 8, 340°C; 9, 360°C; 10, 380°C; 11, 400°C; 12, 440°C; 13, 500°C).

supported and supported 12-molybdophosphoric acid cata-
lysts (9).

2.1. Characterizations before the Catalytic Reaction

2.1.1. Infrared characterizations. IR spectra of the sam-
ples before the catalytic reaction are shown in Fig. 1. The
spectrum of the untreated PMo;,H (Fig. 1, line 1) is con-
sistent with the previously published results (6, 7a). The
main characteristic features of the Keggin structure are ob-
served at 1064 cm™! (vas P-0y), at 962 cm~! (vas Mo-Oy),
at 869 cm™! (vas M0-Op—-Mo), at 787 cm™! (vas M0O-O¢—
Mo), and at 378 and 341 cm~! (bending vibrations) (O,
oxygen atom bound to 3 Mo atoms and the central P atom;
Op and O, bridging oxygen atoms; Oq, terminal oxygen
atoms). As seen in Fig. 1, the thermal treatments up to
380°C do not induce significant modifications: the typical
features of the Keggin structure are always observed, with
only small shifts of the frequencies and general broaden-
ing of the bands. A deep madification is evidenced from
400°C, leading progressively to Mo-oxo species closely re-
sembling the orthorhombic molybdenum trioxide, referred
to as «-MoOj (see Fig. 1, line 13).

2.1.2. Raman characterizations. The Raman spectra of
the samples before catalytic reaction are shown in Fig. 2.
The spectrum of the untreated PMoi;H (Fig. 2, line 1) is
consistent with the previously published results (7a). The
main characteristic features of the Keggin structure are ob-
served at 998 cm~! (vs M0-0g), 975 cm ™ (vas M0—Og), 909—
876 cm™! (vas Mo-Op—-Mo), 603 cm™! (vs Mo-O-Mo), and
251 cm~? (“vs Mo-O,,” with an important bridge stretching

character). After thermal treatments up to 380°C (Fig. 2,
lines 2-4), the Raman spectra of PMoj,H are always ob-
served, with only small modifications, especially in the spec-
tral region around 900 cm™2. This region is usually related to
stretching vibrations of the bridges between two trimolyb-
dic groups of the Keggin structure (vas Mo—Op—Mo): these
vibrations are sensitive to the dehydration process induced
by the thermal treatments (6 and references therein). After
the treatment at 380°C, two additional weak bands appear
at 775 cm~?, which could be assigned to amonoclinic molyb-
denum oxide referred to as 8-MoOs, first described by Mc-
Carron by means of XRD and Raman spectroscopy as an
analogue of WO3 (10a). From 400°C, the PMoj,H pattern
completely disappears (Fig. 2, lines 5-7). The spectra dis-
played in Fig. 2, (lines 5 and 6) are consistent with a mixture
of the two oxides «-MoO3; and 8-MoOs. This interpretation
will be explained in more detail below. After treatment at
500°C, only the orthorhombic form of the molybdenum tri-
oxide B-MoOsj is evidenced (Fig. 2, line 7). In addition, to
check the role of water in the composition of the samples
after thermal treatment, PMoj,H treated at 400°C was ex-
posed to saturated water vapor for several days: the spec-
trum shown in (Fig. 2, line 8) is consistent with a mixture of
a-MoOj3 and PMo1,H (B8-MoO3; completely disappears).

2.1.3. X-ray diffraction. The starting material presents
the XRD powder diagram of the triclinic 13-14 hydrate of
PMoi;H (2c, 11). The diagrams of the samples treated at dif-
ferent temperatures are poorly defined: as a consequence
only a few interplanar spacings can be measured with a rel-
atively low precision. The sample treated at 380°C exhibits
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(similar diagram for the sample treated at 440°C). (O, Lines of «-MoOs;
x, lines of B-MoO:s.

a pattern which can be related to the tetragonal form of the
anhydrous acid (2c), without any line of molybdenum tri-
oxide. For the samples treated at 400 and 440°C (Fig. 3),
the features can be related to the most intense lines of
the two oxides mentioned above: orthorhombic o-MoOj3
(12) and monoclinic 8-MoOj3 (10). The monoclinic form
has been reported by several authors, sometimes mixed
with other oxides as Mo,0O1; and/or «-Mo0QOj3 (10a, b, ¢, d).
Our results compared with the already published data on
a-MoO3 and B-MoQ;s; are listed in Table 1. Observation
of both Raman and XRD features of 8-MoOs3 is consis-
tent with the presence of this species in our samples. Af-
ter treatment at 500°C, only lines characteristic of a-Mo0QOj3
are observed in the XRD diagram. In a paper devoted to
the phase composition of products of thermal decomposi-
tion of 12-molybdophosphoric acid, Bondareva et al. (2d)
give X-ray diffraction data consisting of a list of interpla-
nar spacings, without any correlation with the dyy of known
and/or new phases (lack of crystalline data and cell dimen-
sions): some of these spacings are assigned to the anhydride
phase PMo01,0355. However, this is a misinterpretation, be-
cause these values closely resemble those of the monoclinic
B-MoO3 oxide.
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TABLE 1

Interplanar Spacings dn (A) and Relative Intensities of Or-
thorhombic «-Mo0O3 (Ref. 12) and Monoclinic 8-MoO3 (Refs. 10a,
10b, 10c): Comparison with the XRD Patterns of PMoj>H Treated
at 400 and 440°C and Proposed Assignments

Dt-MOO:g
hkl (A) Calc. Obs. 1%
200 6.927 6.942 48
101 3.810 3.808 48
400 3.464 3.462 60
210 3.261 3.260 100
111 2.653 2.653 21
600 2.308 2.308 33
B-MoO3
Ref. 10a Ref. 10b Ref. 10c 1%
011 3.864 3.860 3.864 100
200 3.559 3.559 3.559 89
—-111 3.427 3.428 3.431 27
111 3.364 3.359 3.362 23
020 2.687 2.683 2.683 19
—-102 2.619 2.619 2.624 25
211 2.588 2.601 2.586 20
102 2.562 2.572 2.562 16
PMO]_zH
treated at 400 Proposed
and 440°C 1% assignments
200 6.85 25 a-MoOg
011 3.86 100 B-MoO3
101 3.76 58 a-MoOg
200 3.53 52 B-MoO3
400 (); —111(8) 3.45 32 o+ -MoO;
111 3.37 30 B-MoO3
210 3.24 98 a-MoOs;
020 2.68 19 B-MoO3
111(a); —102(B) 2.63 32 o+ -MoO;
211 2.59 25 B-MoO3
600 231 22 a-MoOs;

2.1.4. Surface area measurements. Only small changes
of the surface areas are observed when the samples are
treated inair at different temperatures up to 400°C (for each
temperature, the measure cell is filled by the air-treated
12-molybdophosphoric acid). When the heteropolyacid
(HPA) decomposes into molybdenum trioxide, the surface
area decreases (Fig. 4). A similar (but more pronounced)
evolution occurs when the measurements are performed
on the same sample kept in the cell and progressively sub-
mitted to the different thermal treatments by increasing
the temperature up to 320°C, with a BET measurement be-
tween two treatments. In this case the thermal history of the
sample is completely different. The tendency of increase of
the surface area under thermal treatment before the decom-
position could be consistent with an evolution of the tex-
ture of the HPA from the well crystallized 13H,0 hydrate
to a poorly crystallized anhydrous acid. As this behavior is

much more marked in the case of the 12-molybdosilicic acid,
some differences are expected between the two HPAs in the
temperature range of the dynamic equilibria between hy-
drated and anhydrous compound. Moreover, we can con-
sider that the presence of g-MoOg3 of low surface area
(2.6 m?g~1, according to Machielsetal. (13)) during the ther-
mal treatment of PMo;,H can hinder the increasing evolu-
tion of the surface area, explaining the difference between
the P and Si compounds in the domain of existence of this
oxide.

2.1.5. Polarographic  measurements. The samples
(about 30 mg) dissolved in 50 ml of the aqueous 1 M
HCl/dioxan mixture (50/50, v/v) show the typical pattern
of the Keggin PMolzojg anion when treated up to 380°C
(Fig. 5). The wave heights vary as follows: up to 240°C
they increase due to the water loss (~10% in weight),
in the range 240-280°C they remain constant (measures
made after treatments at 240, 260, and 280°C), and then
they slowly decrease continuously up to 380°C (~10%b)
and abruptly collapse at 400°C, proving the complete
destruction of the Keggin anion. So the PMolgoig anion
begins to decompose from 280°C: at this temperature and
up to 380°C, the extent of decomposition remains weak and
cannot be detected by IR: only small shifts and broadening
of the bands are observed, as mentioned above, and the
characteristic bands of the products of decomposition are
masked by those of the main component.

2.2. Characterizations after the Catalytic Reaction

The above characterizations have allowed us to follow the
evolution of PMoj,H as a function of the temperature of
the thermal pretreatments. Itis now important to undertake
the same kind of characterizations on the samples used, in
addition, to catalyze the methanol conversion in presence
of oxygen. This can make it possible to know if the samples
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remain unchanged or not during the catalytic reaction for
a given pretreatment temperature.

As explained under Experimental, the samples are pre-
treated for 2 h at different temperatures under He/O, flow
and then tested at 240°C. At the end of the catalytic reac-
tion, the reactants (O, and MeOH) are switched off simul-
taneously in order to prevent any further evolution of the
catalyst, and the samples are characterized by the differ-
ent physicochemical techniques as above. All the samples
undergo a reduction which is more or less pronounced ac-
cording to the temperature of the pretreatment (color from
green to hell and/or deep blue): for pretreatments at tem-
peratures <240°C, the samples are greenish and become
more and more deeply blue with increasing temperature.

The catalytic reaction does not induce significant changes
in the infrared spectra for treatments up to 380°C: the spec-
tra displayed in Fig. 6 are quite similar to those of Fig. 1,
with only a broadening of the bands, which may be due to
a loss of crystallinity and/or to a partial reduction (14). Af-
ter treatment at 400°C, followed by the catalytic reaction
at 240°C, the IR spectrum is slightly different from that be-
fore the reaction (compare Fig. 1, line 11, and Fig. 6, line 10):

this could be due to the fact that the samples are mixtures
of oxidized and reduced oxides in different proportions. In
the temperature range where the Keggin anion is evidenced
(Fig. 6, lines 1-9) the IR pattern is very close to that of the
oxidized form (PMo,03; anion) (14).

Unfortunately, the color of the samples does not per-
mit any measurement of Raman spectra, since the incident
beam is absorbed by the reduced sample, as previously re-
ported (15).

For XRD measurements, there are some minor modi-
fications with respect to the samples characterized before
the catalytic reaction. When the HPA is not destroyed, the
XRD pattern is that of the triclinic 13H,0 hydrate, obvi-
ously formed from H,O produced by the reaction or by
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6,320°C; 7, 340°C; 8, 360°C; 9, 380°C; 10, 400°C; 11, 440°C.
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fast rehydration since the samples are handled in air. An
important diffusion background is observed, especially for
the samples treated at temperatures >280°C: this could be
due to a small amount of reduced oxides and/or amorphous
phases present in the solid. This is supported by the ab-
sence of new lines in the XRD diagram and by the reduction
degree from polarographic measurements. Some similar ox-
ides are postulated by Orita et al. (16) in order to explain
the acetone production in the isopropanol conversion over
HPAs.

Only small changes of the surface areas occur, similar
to those reported above concerning the measurements be-
fore the catalytic reaction, as a function of the pretreatment
temperature.

For the polarographic measurements the samples are
dissolved in the deaerated aqueous 1 M HCI/dioxan mix-
ture as above (no insoluble part for samples treated up
to 380°C): the polarograms show the presence of the
Keggin PMolgoﬁg anion for pretreatment temperatures up
to 380°C with quasi constant wave heights (h on Fig. 7).
A small part of the Keggin anion can be evidenced un-
der a reduced state (about 0.6 e~ for the sample treated
at 340°C), which can signify that some part of the sam-
ple has been reduced during the reaction. This reduction
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FIG. 7. Polarographic measurements after the catalytic reaction (test

conducted at 240°C). Pretreatment temperatures: 1, 200°C; 2, 340°C
(h corresponds to the PMoy; content, h' to the reduced part; see text).

is clearly shown by the partial translation (h’ on Fig. 7) of
the first bielectronic waves from the cathodic region toward
the anodic one, which is consistent with reversible electro-
chemical processes (5). Apart this reduction phenomenon,
the samples do not present any evolution when submitted
to the catalytic reaction up to 380°C, which seems to be in
contradiction with the results obtained before the reaction
(slow decomposition of the Keggin anion into molybdenum
trioxides). This contradiction is apparent only when one
considers that the oxide part present in the solid before the
reaction could be irreversibly reduced and transformed into
reduced HPA by direct synthesis according to the following
equation possible in the polarographic cell (aqueous acidic
medium) (5):

2M04011 + 4M00O3 + H3PO4 4+ 2H,0 — H7;PM012,040.

With this assumption the reduced part evidenced in the po-
larogram could be a measure of the percentage decompo-
sition of the samples before reaction (i.e., ~10% at 340°C)
(the higher the temperature, the higher the amount of the
reduced part).

2.3. Catalytic Reactivity

The influence of reaction time on the conversion and on
the selectivities for the reaction products was checked on
samples of PMo;H pretreated at different temperatures for
2 h, the test being conducted at 240°C. The selectivities are
rapidly stabilized whatever the pretreatment temperature
(see Fig. 8 for three pretreatment temperatures). For pre-
treatment temperatures less than 280°C, the conversion de-
creases continuously, showing a tendency to desactivation.
For temperatures >280°C, a steady state is reached after
several hours. Similar experiments carried out with the 12-
molybdosilicic acid (abbreviated SiMo;,H) show that the
steady state is reached after 8 h of reagent mixture flow,
the selectivities for the reaction products being stabilized
after ~30 min, as already reported (4). The different be-
haviors of PHo;>,H and SiMo,H in terms of conversion as
a function of time are illustrated in Fig. 9: it seems that the
Si compound evolves more slowly in the time than the P
compound. This will be discussed below. The results in the
following are given after 18 h of reagent mixture flow.

The variations of the conversion when increasing the pre-
treatment temperature seem to be correlated with those of
the surface area (see Fig. 4), suggesting that the reaction
occurs preferentially at the surface.

The results of the catalytic behavior of PMoj;H in the
methanol oxidation reaction (test conducted at 240°C) af-
ter thermal pretreatments at different temperatures are re-
ported in Table 2, Fig. 10 (selectivities) and Figs. 11 and 12
(activities). Three domains of variations of the selectiv-
ities as a function of pretreatment temperatures can be
evidenced: for temperatures <240°C, the acidic character
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TABLE 2

Selectivities and Activities of PMo1,H for Methanol Conversion
after Thermal Treatments at Different Temperatures (Test Con-
ducted at 240°C)

ROCCHICCIOLI-DELTCHEFF ET AL.

Total activity
| 1 1 1

Selectivities® (%)

t Conversion Total activities
(°C) (%) 1 2 3 4 5 (mmol/h/gMo)
140 17 6.9 89 751 6.7 2.4 39
200 17 8.0 9.0 747 65 1.8 39
240 15 76 100 728 6.3 3.3 35
280 13 77 117 708 52 4.6 30
300 12 87 114 699 51 49 27
320 9 123 123 655 4.2 5.7 21
340 6 0 178 696 4.2 8.4 14
360 5 193 167 531 27 8.2 12
380 5 241 173 474 25 8.7 10
400 7 150 537 118 3.7 158 17
440 8 0 77.6 6.1 23 140 18

a 1, C02§ 2, CHzo; 3, (CH3)20; 4, HCOOCH3; 5, (CH30)2CH2.

remains constant and predominant; for treatments between
260 and 380°C, the selectivity for dimethylether progres-
sively decreases. The reaction remains mainly acidic in
character, the redox character being almost constant; for
temperatures higher than 400°C, the catalysis character is
mainly redox. This behavior is analogous to that of the
12-molybdosilicic acid (4) (Figs. 11 and 12), but the acidic
character-redox character transition is performed on atem-
perature range quite wider (range 280-400°C) than that of
SiMoj,H (abrupt transition between 300 and 320°C).

3. DISCUSSION

It is now interesting to compare the catalytic behavior of
PMoi,H and SiMoi,H. Ina previous paper (4), the data col-
lected with SiMo1,H were obtained under different condi-
tions related to the different configurations of the reactors
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FIG. 10. Catalytic behavior of PMo;;H in the methanol oxidation re-
action: selectivities as a function of the pretreatment temperatures.
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FIG. 11. Comparison of the activities (total activities and activities in

dimethylether) in the methanol oxidation reaction as a function of the
pretreatment temperatures for PMoj,H and SiMo;,H.

[differences in reaction time (shorter in Ref. 4), amount
of catalyst and percentage conversion (lower in Ref.4)].
So we have made again some points for SiMo;,H under
the same conditions as those used for PMoj;H. As seen
in Fig. 11, the agreement between the data of this work
and those of Ref. 4 is reasonable for the total and acidic
activities. However, concerning the redox character, ex-
pressed as formaldehyde formation, the values from Ref. 4
are higher than those of this work (Fig. 12a). This differ-
ence can be understood by taking into account the oper-
ating conditions: in this work, the possibility of secondary
reactions is greatly favored (longer reaction time, higher
amount of catalyst, higher percentage conversion), lead-
ing in particular to the transformation of formaldehyde
into methyl formate (Fig. 12b). When considering the sum
formaldehyde + methyl formate, the agreement is more ac-
ceptable (Fig. 12¢) and good enough for allowing us to dis-
cuss and compare the results and conclusions in all cases.
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It has been generally reported that PMoj,H and SiMo1,H
have rather different behaviors. As seen in Figs. 11 and 12,
the results are consistent with this point of view, but only
when the 240-320°C temperature range is concerned (in
this thermal range, the surface areas of the two compounds
are very different). In fact, except for this thermal range, the
acidic and redox properties, estimated from dimethylether
and formaldehyde production, are rather similar for these
two compounds, which have quasi-identical behaviors, in
terms of both activity and acidity. This is a very surprising
result.

For temperatures <240°C, i.e., in a range where the sta-
bility of the compounds is clearly evidenced from spectro-
scopic and electrochemical data, the behaviors are identi-
cal and mainly acidic. Above 350°C, SiMoj2H is completely
transformed into «-Mogs, and PMoj;H is only partially de-
stroyed, with formation of a mixture of «- and 8-MoOs. It
seems that 8-MoQj3 presents a redox activity lower than that
of «-MoOQs. This is consistent with the tendency to increase
of the redox character at higher temperatures (>=400°C) in
correlation with the progressive transformation of 3-MoO3
into «-MoOj3 (high-temperature phase). When the temper-
ature is high enough to completely transform g-MoQOg into
a-MoQOg, the redox activity is practically the same in both
cases (Si or P).

In the 240-320°C temperature range, the great difference
between the two compounds is due to the different kinetics
of decomposition and to the great influence of the textu-
ral evolution on the activity. SiMo;,H remains stable up to
300°C (or at least the kinetics of its decomposition is very
slow up to 300°C) and then abruptly collapses, giving rise
directly to «-Moj at 320°C. Before the decomposition the
modification of the texture (increase of surface area) fa-
vors the increase of the activity. This evolution is hindered
in the case of PMoj,H, which decomposes progressively in
a wide range of temperature (280-350°C). The formation
of B-MoOs, less acidic than PMoi,H, but presenting simi-
lar oxidizing power could explain why the redox character
remains almost constant in this range.

The production of water during the reaction can play
an essential role on the reactivity. In a temperature range
where the thermal pretreatment has affected the het-
eropolyacid (HPA) only in its hydration state (formation of
anhydrous acid), the water produced during the catalytic re-
action allows a steady state associating the anhydrous HPA
and the 13-hydrate (triclinic phase): this phase is probably
responsible for the acidic character through the hydrated
protons (HsOJ) of the superficial layers of the crystalline
lattice. In fact, as shown by Kozhevnikow et al. (17), the pro-
ton sites in solid HPAs are strongly dependent on the hy-
dration degree: the less hydrated the compounds, the more
trapped the protons. Thus this acidic character strongly de-
pends on the surface of the solids: this is understandable if
the surface steady state is due to a crystalline microphase of
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triclinic acid. At higher temperatures, and especially in the
decomposition range of the HPA (abrupt for Si and wide
for P), the interface composed of HPA not yet decomposed
and molybdenum trioxides varies continuously and plays a
major role on the reactivity. We have reported above that
in the presence of water vapor, PMoj,H treated at 400°C
(mixture of phosphorus oxide, «-M00QO3, and 8-Mo3) is tran-
formed into a mixture of PMoj;H and «-MoO3; (Raman
spectrum, Fig. 2, line 8): this is possible thanks to the wat-
er formed during the catalytic reaction. So the collapse of
PMoj,H is limited, leading to a quasi-equilibrium,

2H3PMo01,049 < P,05 4 245-M00O3 + 3H,0,

in contrast to the decomposition of SiMo1,H, which occurs
without equilibrium:

H4SiM012040 — S|02 + 120-M0O3 + 2H,0.

Onthe other hand, the correlation between the activity of
the products and the surface area does not seem to be con-
sistent with the hypothesis of a pseudo-liquid phase in this
particular reaction, as generally admitted (18). However,
the meaning of surface in this kind of complicated solid
can induce a misunderstanding. It does not seem necessary
that alcohol penetrates into the bulk: the polar substrate
(water or alcohol) can react with the anhydrous material,
resulting in a quasi-homogeneous phase on the surface.
Let us remember that surface area evolution occurs in the
temperature range of proton elimination. This can imply
the modification of the porous system, which can react as a
pseudo-liquid phase. Moffat et al. (19) have observed that
the surface area decreases when the 12-tungstophosphoric
acid is submitted to thermal treatments: simultaneously
a change in the pore distribution occurs (collapse of the
smaller mesopores and increase of the radius of the biggest
ones, in the range 70-100 A). So even if the suface area
decreases, the increase of the pore volume could allow bet-
ter accessibility for the alcohol reagent (the penetration of
the reagent into the pore volume could be considered as
similar to the penetration into the bulk). From this point of
view, this can be considered as a pseudo-liquid phase and
the solid-state 3P NMR spectra exhibit very isotropic sig-
nals (18). With this assumption, the behaviors of silicon and
phosphorus compounds are expected to be very different
because there are more available protons in the pseudo-
liquid phase for the 12-molybdosilicic acid. However, that
is not the observed result, and it seems useful to consider
another process. The reaction could be performed at the
surface and not in the bulk. This is consistent with results
obtained by Mastikhin et al. (20) showing the existence of
superacid protons in unsupported and silica-supported 12-
tungstophosphoric acid. In our case, microdomains of tri-
clinic hydrated phase (with solvated protons) can be formed
at the surface of the anhydrous amorphous solid. It seems

improbable that the reactant has to migrate into the bulk
under these conditions.

The great similarity between these two HPAs shows that
the acidic and redox activities are not correlated with the
intrinsic behavior of the anions as known from studies in
solution. As a matter of fact, the solids do not exhibit any
difference, as could be expected from the different numbers
of acidic protons and from the different redox potentials.
That may be another proof that the reactant MeOH is not
present as a liquid phase in the bulk of the material.

4. CONCLUSION

It appears from these results that the conversion of
methanol (coupled with physicochemical characteriza-
tions) is a useful probe for studying surface phenomena
during the thermal decomposition of molybdenum HPAs
(12-molybdophosphoric and silicic acids). This study has
pointed out the analogies and the differences between these
two HPAs and provided evidence of some important effects
related to the thermal stability.

If the kinetics of decomposition is slow enough (as in the
case of Si), a textural effect is predominant, leading to the
increase of the surface area and of the activity with increas-
ing temperature: the decomposition arises quite abruptly in
ashort range of temperature and leads directly to «-MoO:s.

In the case of the P compound, the kinetics of decompo-
sition is quicker, and this completely modifies the behavior
in the wide decomposition range. The tendency to form
B-MoOs hinders the textural evolution. Moreover, the ca-
pability of this oxide to react with the water vapor in the
presence of phosphoric oxide to form again the initial HPA
plays an essential role.

Outside the decomposition range, a close analogy is evi-
dent, between the P and Si compounds: similar acidity and
similar redox character. However, the capability of PMo,H
to be rebuilt under reaction conditions (from g-MoOs3 in
the presence of water vapor produced by the reaction) can
explain why the P molybdenum compounds are usually
claimed to be more efficientand stable than the Si ones. That
may be also the reason for the success of Keggin molyb-
dophosphoric acid derivatives in many reported patents.
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