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Abstract

Effects of variable amounts of vanadyl or/and copper counter-ions of the heteropolyanions [PMo,,0,,}*" and
[PMo, VO, }*~ on the catalytic oxidative dehydrogenation of isobutyric acid are reported. For the molybdophosphate,
selectivity to methacrylic acid increases continuously with respect to the quantity of vanadyl at the expense of both acetone
and propene. On the opposite, copper cations does not modify the selectivity to methacrylic acid. A synergy between the two
cations is observed, which is maximal when they are in equal quantities. For the vanadomolybdophosphate, vanadyl alone or
vanadyl and copper have a positive effect on the selectivity to methacrylic acid only if there is less than one metal cation per
heteropolyanion. This is related to the transformation of the catalyst during the first stage of the reaction: vanadium is
reduced by isobutyric acid and expelled from the Keggin unit. For high amounts of vanadyl and /or copper cations, decrease
of the activity and selectivity to methacrylic acid could be related to the formation of oxides.
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1. Introduction

It has been shown that vanadomolybdophos-
phoric heteropolyacids H,, [PMo,,_.V,0,,] (x
= 1-3) evolve during the catalytic oxidative
dehydrogenation of isobutyric acid (IBA) into
methacrylic acid (MAA). In the steady state, the
vanadium atom does not remain include in the
Keggin structure [1,2] and is at the reduced state
V**. This conclusion was obtained from charac-
terizations and chemical analysis of the catalyst
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after reaction [1] and was also drawn from in
situ XRD spectra [2]. For example, if the 1-
vanado-11-molybdophosphoric acid is utilized,
the catalyst at the steady state is made of partly
reduced 12-molybdophosphate anions associ-
ated with V** counter-ions.

Several effects can be expected when the
protons of molybdo- and vanadomolybdo-phos-
phoric acids are substituted by metal cations: (1)
a decrease of the Bronsted acid properties of the
solid, that can affect considerably the oxidative
dehydrogenation of IBA since propene, one of
the main by-products, results from an acid catal-
ysis; (2) new chemical properties depending on
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the nature of the metal cations; (3) modifica-
tions of the structure of the solid (specific area,
porosity) and of the thermal stability of the
heteropolyanion. Many works have been de-
voted to the catalytic properties of acid or neu-
tral salts of heteropolyanions for the oxidative
dehydrogenation of IBA. Alkaline or alkaline-
earth [3-5], transition metal [6] or lanthanide
cations [7] have been studied. Clear conclusions
are hardly drawn owing to the lack of precise
characterization of the salts and to differences in
the experimental conditions (temperature, gas
feed composition, pulse or conventional fixed-
bed reactor). The reaction can be described by a
Mars—van Krevelen mechanism [5,8], and the
influence of alkaline cations was discussed con-
sidering their interaction with external oxygen
atoms of the heteropolyanion and was correlated
with their electronegativity [3]. Redox proper-
ties of some cations M2" such as Pb%*, Hg?*
and Cu®* were also considered [6] and an elec-
tron transfer between Mo®* and M?* could
occur in the oxidation step of the reduced cata-
lyst. Vanadyl as a counter-ion of 12-molyb-
dophosphate was studied only recently and the
catalytic activity and selectivity of the mono-
vanadyl salt for the oxidation of IBA [1], butane
or pentane [9] were compared to those of
H,[PMo, VO,,]. On the other hand, if copper in
CuH[PMo ,,0,,] does not modify the selectivity
to MAA [10], its association with vanadyl in
VO, sCu, ;H[PMo,,0,,] increases it.

Vanadyl molybdophosphates containing vari-
able quantities of vanadium
(VO** /[PMo0,,0,,]*~ ratio between 0 and 1.5)
were synthesized in order to study the influence
of the quantity of V** on the catalytic proper-
ties of the catalyst. Systematic studies of copper
and mixed vanadyl-copper salts are presented
in the second part in order to define the best
catalyst composition for the oxidative dehydro-
genation of isobutyric acid. In the last part, the
behavior of vanadyl and mixed vanadyl-copper
salts of the 1-vanado-molybdophosphoric acid is
reported.

2. Experimental

2.1. Preparation and characterization of the
catalysts

All reagents and solvents were purchased
from commercial sources and used without fur-
ther purification. The heteropolyacids
H,[PMo,,0,,] and H,[PMo, VO,,] were pre-
pared according to literature procedures [11,12]

All the vanadyl and copper salts,
[VO(H,0);], H,_,,[PMo0,,0,,] and
[Cu(H,0),] H,_, [PMo,,0,,], with x =0, 0.1,
0.3,05,0.7,009, 1, 1.1, 1.3, 1.5, were prepared
following the reactions (M = VO or Cu):

H,[PMo,,0,,] + xBa(OH),

- Ba,H,_, [PMo,,0,,] + 2xH,0
Ba,H, , [PMo,,0,,] + xMSO,

- M, H,_,,[PMo,,0,,] +xBaSO,

Vanadyl salts [VO(H,0)5], H;_, [PMo,,0,,]:
The heteropolyacid H,[PMo,,0,,]- 13H,0 (10
g; 4.85 mmol) was dissolved in water (10 mL).
Solid barium hydroxide Ba(OH), - 8H,0 (1.56
X g; 4.85 X mmol) was added to the stirred
solution in several small portions in order to
avoid any increase of the pH of the solution
which would lead to a partial decomposition of
the molybdophosphate anion. Vanadyl sulfate,
VOSO, - 5H,0 (1.24 X g; 4.85 X mmol) was
then quickly added and the stirred solution was
kept at room temperature for half an hour. The
barium sulfate was filtered off and the resulting
solution evaporated to dryness by nitrogen bub-
bling. The green solid was ground in order to
obtain a homogeneous fine powder (diameter
about 0.1 mm).

The yellow—green copper salts were obtained
by the same procedure, copper sulfate CuSO, -
5H,0 being added (1.23 X g; 4.85 X mmol) in
place of vanadyl sulfate.
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Two series of mixed vanadium-—copper salts
were prepared:

[VO(H,0)s], _ [Cu(H,0),] H[PMo,,0,,]
with x =0,0.1,0.3,0.5,0.7,0.9, 1.

[VO(Hzo)S]0.5—x[Cu(H20)4]tz[PM012040]
with x=0,0.1,0.25,0.4,0.5.

These salts were obtained by the same proce-
dure using a mixture of vanadyl and copper
sulfates in the desired proportions. Vanadyl salts
of the 11-molybdo-1-vanadophosphate
[VO(H,0);] H,_,,[PMo, VO,,] and mixed
salts [Cu(H,0),]1,[VO(H,0);] H,_, [P-
Mo, VO,,] were also prepared from the acid
H,[PMo, VO,,].

Purity of all the samples was checked by
elementary microanalysis, P NMR spec-
troscopy and voltammetry in hydroorganic
medium, as described below. All the solids are
obtained with > 95% purity.

The catalysts before and after reaction were
characterized by several methods. It has been
previously reported that the heteropolyanions
[PMo,,0,,]*~ or [PMo,,VO,, '~ can be easily
distinguished by infrared spectroscopy and, af-
ter dissolution in hydroorganic medium
(water—dioxane v/v + HCIO, 0.5 mol-L™!),
by *'P NMR and voltammetry [1] since they are
both stable in this medium. The *'P NMR spec-
tra were recorded on a Brucker AC 300 appara-
tus. The anion [PMo,0,,]’~ shows an NMR
signal at —2.69 ppm and [PMo, VO, I'" a
signal at —2.97 ppm, taking 85% H,PO, as
reference. The voltammogram of [PMo,,0,,]*~
recorder with a glassy carbon electrode shows
three bielectronic waves due to the reduction of
molybdenum atoms (+0.29, +0.16 and —0.07
V vs. saturated calomel electrode, SCE) and that
of [PMo,,VO,,]*~ shows a first wave charac-
terizing the reduction of vanadium (+0.47
V /SCE) followed by three bielectronic waves
(+0.25, +0.14 and —0.10 V/SCE).

The amounts of V** and Mo>" were deter-
mined before and after reaction by titration with
Ce** in H,SO, 0.1 mol-L~"' and Cu** by

titration with EDTA in the presence of murex-
ide.

Thermogravimetry was carried out under ni-
trogen flow (50 mL-min~') with a Perkin-
Elmer electrobalance at a heating rate of 5°C -

min ' up to a temperature of 500°C.

2.2. Oxidative dehydrogenation of IBA

The vapor phase catalytic oxidative dehydro-
genation of IBA was carried out at 593 K with a
conventional flow fixed-bed reactor at atmo-
spheric pressure. All reaction products were an-
alyzed by on-line gas phase chromatography.
The total feed rate was held constant at 160
mL - min~'. The standard feed composition was
2% 1BA, 5.2% O,, 3.35% H,O and N,. Cata-
lysts were pretreated in the reactor under air
flow for two hours at 523 K and then heated to
593 K.

The catalytic oxidation of acetone was per-
formed in the same conditions, except acetone
replaced IBA.

3. Results
3.1. Characterization of the catalysts
The thermograms obtained with the copper

salts [Cu(H,0),],H,;_, [PMo0,,0,,] are re-
ported in Fig. 1. Three kinds of water molecules
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Fig. 1. TGA curves of [Cu(H,0),] H;_ ,PMo,,0,," 13H,0.
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are successively lost: crystallization water be-
fore 80°C (about 12 —4x H,0), coordination
water of Cu”* between 80°C and 250°C (about
4x HZO), and constitutional water between
300°C and 400°C [(3 — 2x)/2 H,0]. The same
behavior was observed with vanadyl and mixed
vanadyl—copper salts.

X-ray powder diffraction spectra show that
all the hydrated salts crystallize, as

H,3[PMo,,0,,] - 13H,0, in a triclinic lattice (a

=14.10 A, b= 1416 A, c=1357 A, a=
112.0°, B=119.7°, y=60.6°). Therefore, the
substitution of vanadyl or/and copper cations
for protons do not affect the crystal structure.
This feature is favorable for the formation of
single crystals with a statistic distribution of the
cations in the lattice. Moreover, mixture of crys-
tallites were not observed by examination of the
crystalline samples, except perhaps for the mixed
vanadyl-copper salts containing one cation
(VO?** + Cu**) per polyanion.

3.2. Catalytic activity of the vanadyl salts of
[PMo,,0,,]°~

The catalytic activity of all the samples was
studied at high conversion (90% to 94%) of
isobutyric acid. In these conditions, a slight

100 +
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70 4
60 4

50 ‘L

Selectivities

404

30 4

decrease of the conversion (about 5%) was ob-
served at the beginning of the reaction and a
steady state was obtained after about 15 hours.
Three main products were obtained [13],
methacrylic acid (MAA), acetone (ACE) and
propene (PRO), with small quantities of acetic
acid and CO/CO,.

Variations of the activity and selectivities are
reported in Fig. 2. The conversion of IBA is not
significantly modified (about 92%) but the se-
lectivity to MAA shows a large and progressive
increase, from 45% (for H;[PMo ,0,,]) to 72%
(for VO, ,,[PMo,,0,]), as the quantity of pro-
tons substituted by VO™ increases. Simultane-
ously the selectivities to ACE (30% to 18%)
and to PRO (24% to 6%) progressively de-
crease. Amounts of acetic acid and CO/CO,
remain low.

All the catalysts were characterized after re-
action. Infrared spectra were not modified but a
strong amorphization occurred during the reac-
tion since the powder X-ray spectra were very
poorly defined. All the samples were fully solu-
ble in water indicating that no molybdenum
oxide was formed. Oxidation-reduction titration
of the solutions of the catalysts showed that the
whole vanadium remained as V** and that the
molybdophosphate was partially reduced after
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Fig. 2. Conversion and selectivities of the oxidative dehydrogenation of isobutyric acid reaction for (VO),H;_ ,PMo,,0,,.



R. Bayer et al. / Journal of Molecular Catalysis A: Chemical 114 (1996) 277-286 281

100 ¢

—e— conversion 1BA
—a—MAA
—a— Propene

80 4

[Ch ¢ —x— Acetone

| —— Acetic Acid

-—-COICO2
* --__./.\I\'\k’_.

40 +
30 4

20 --_\r—_'\\/'\’
1 "’//*/0—/_*/‘

0 4 +
0 02 04 06 08 1

60 4+

Selectivities

X

Fig. 3. Conversion and selectivities of the oxidative dehydrogena-
tion of isobutyric acid reaction for Cu H,_ ,PMo,0,,.

reaction. The amount of Mo>* is larger for the

vanadyl salts (about 1 Mo>* per molybdophos-
phate for x> 0.5) than for the acid (about 0.5
for x =0).

3.3. Catalytic activity of the copper salts of

[PMo,,0,,]~

The variations of the activity and selectivities
to the major products are reported in Fig. 3 for
x < 1. The copper salts were significantly more
active that the acid since an increase of the
conversion of IBA from 87% to 97% was ob-
served even when x was low. On the opposite
of vanadyl salts, the selectivity to MAA was not
modified. The decrease of selectivities to PRO
and ACE were balanced by the formation of
acetic acid and CO/CO,. Fig. 3 shows that if
the formation of ACE regularly decreased when
x 1s raised from O to 1, low quantities of copper
reduced the formation of PRO (24% for x =0
to 16% for x=0.1) which was then little af-
fected by further increasing the amount of Cu>*
(14% for x =1).

Characterization of the solids after reaction
did not show any significant modification of the
infrared spectra, which were similar to those of
the initial Keggin anion, but the samples were

no more fully soluble in water when x was
greater than 0.5. The insoluble material was
separated and the infrared spectrum indicated
unambiguously that it was constituted of molyb-
denum oxide MoO;. The proportion of MoO,
was 2% and 9% for x=0.5 and x = 1, respec-
tively. The yellow—green color of the catalysts
before and after reaction shown that the het-
eropolyanion was not reduced.

3.4. Catalytic oxidation of acetone

The oxidation of ACE was studied in condi-
tions similar to the oxidative dehydrogenation
of IBA at 320°C. Three catalysts were consid-
ered: H,[PMo,,0,,], VOH[PMo,,0,,] and
CuH[PMo ,0,,], in order to understand the large
differences observed between copper and
vanadyl salts. The acid and the vanadyl salt
have a low catalytic activity (conversions 18%
and 12%, respectively, Table 1) but the copper
salt is very active (conversion 75%). The main
product is acetic acid for the three catalysts
following the reaction:

CH,COCH, + 30, - CH,CO,H + CO + H,0

These results explain that large quantities of
acetic acid and CO/CO, were formed when
IBA was oxidized in the presence of copper
salts.

3.5. Catalytic activity of the mixed vanadyl-
copper salts of [PMo,,0,,I°~

The mixed vanadyl-copper salts were stud-
ied in order to associate two effects: the im-

Table 1
Oxidation of acetone at 320°C performed in the same conditions
as the oxidative dehydrogenation of IBA

H,PMo,0,, VOHPMo,,0,, CuHPMo,0,,

Conversion of 18.3 12.3 75.2
acetone (%)

Selectivity to acetic 90.4 81.5 84.3
acid (%)

Selectivity to CO/ 9.6 18.5 15.7
CO, (%)
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Fig. 4. Conversion and selectivities of the oxidative dehydrogena-
tion of isobutyric acid reaction for (VO),s_ ,Cu H,PMo,04,,.

provement of activity due to Cu®?* and the
increase of the selectivity to MAA due to V*™,
Two series of salts were considered: in the first,
the sum of vanadyl and copper cations was 0.5
and, in the second, it was 1. So, the number of
protons was constant in each series.

The conversion of IBA was always greater or
equal to 95% (Figs. 4 and 5). The selectivity to
MAA was maximal for equal amounts of
vanadyl and copper cations but was higher for
VO, sCuy 5 (73%) than for VO, ,sCu, 5 (68%).

) PPN
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Fig. 5. Conversion and selectivities of the oxidative dehydrogena-
tion of isobutyric acid reaction for (VO), _,Cu ,HPMo,,0,,.

For the two series these values were greater that
the best values observed either with vanadyl
salts or copper salts alone. The decrease of the
MAA selectivity for catalysts with high contents
of copper results from the increase of selectivi-
ties to all the other products.

The vanadium was V** in all the catalysts
after reaction and the heteropolyanion was fully
oxidized whatever the proportion of copper.
Some MoO; was formed but in very low quan-
tity (1%) for the best catalyst.

3.6. Catalytic activity of vanadyl salts and of
mixed vanadyl-copper salts of [PMo,,VO,,]*~

Comparison of the acid H ,[PMo, VO,,] with
the salts VO H,_, ,[PMo, VO,,] is reported in
Fig. 6. As for the 12-molybdophosphate, the
substitution of VO?* for H* up to x =1 leads
to a drastic increase of the selectivity to MAA
from 66% to 75% which can be related to the
corresponding decrease of the selectivity to
propene from 16% to 5%. Further substitution
of protons leads to a decrease of activity and
selectivity to MAA to about 70%. The catalysts
after reaction are fully soluble in acid water—di-
oxane solution and their characterizations (in-

100 ¢
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204
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Fig. 6. Conversion and selectivities of the oxidative dehydrogena-
tion of isobutyric acid reaction for (VO),H,_, ,PMo, VO,,.
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frared spectra, 'p NMR spectra and electro-
chemical properties of the solutions) showed
that they are constituted of partially reduced
12-molybdophosphate anions (about 1 Mo®>*
per polyanion) and V** counter-ions.

Vanadyl and copper mixed salts of
[PMo, VO, ]*~ have been studied with a con-
stant quantity of copper and variable quantities
of vanadyl cation. The amount of copper has
been chosen equal to 0.5 per polyanion in order
to not induce too much acetic acid and
CO/CO,. Accordingly, the number of vanadyl
cations varied from O to 1.5 in the compounds
Cu, VO H,_, [PMo, VO,,]. Results displayed
in Fig. 7 show that the highest selectivity is
obtained for 0.5 VO?* (76.5%). A large de-
crease in the activity was observed with the salt
containing 0.5Cu®*+ 1.5VO?". Characteriza-
tions of catalysts after reaction show always that
the solids consisted of partly reduced 12-
molybdophosphate anions (about 0.8 Mo>* per
heteropolyanion), the whole vanadium being
outside of the Keggin structure at the oxidation
state IV. It can be pointed out that the het-
eropolyanion is always partly reduced whatever
the amount of copper cations. All these studies
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Fig. 7. Conversion and selectivities of the oxidative dehydrogena-
tion of isobutyric acid reaction for (VO),CuysH; _, PMo; VO,
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Fig. 8. Effect of the conversion on selectivity to methacrylic acid
for Cu, sH;PMo,, VO, and Cuy5(VO), sH,PMo, VO,,.

have been performed for conversion of IBA
ranging from 90% to 95%. The influence of
very high conversion (> 95%) upon the selec-
tivity to MAA has been investigated using vari-
able amounts of catalyst (0.5 to 1.8 g). Results
obtained with two catalysts are reported in Fig.
8. The selectivity to MAA decreases only
slightly up to a conversion of 97%, but for
higher conversion this decrease is more impor-
tant.

4. Discussion

It is commonly assumed that the presence of
vanadium (one to three atoms) in the Keggin
structure of the molybdophosphate enhances the
heterogeneous catalytic activity of these solids
for oxidation reactions and modifies their selec-
tivities. For example, the selectivity to
methacrylic acid is higher when H,[PMo, VO]
is used instead of H;[PMo,0,,] for the oxida-
tive dehydrogenation of isobutyric acid. Modifi-
cation of the catalytic properties have been gen-
erally correlated with the strong oxidizing char-
acter of vanadium in the oxidation state V [13].
It is now well established that, at the tempera-
ture of the reaction (300-340°C), this structure
is not stable either after a thermal treatment or
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after reaction [1,2,10,14]. So relationships be-
tween the catalytic activity, selectivities, chemi-
cal and structural properties of vanadium con-
taining heteropolyanions can be reinvestigated
from a new point of view, considering V** as a
counter-ion of heteropolyanions.

The thermograms of copper salts (Fig. 1) and
vanadyl salts show the elimination of the coor-
dination water of copper cations between 80 and
250°C (Fig. 1). Two types of vanadyl cations
between heteropolyanions have been character-
ized by ESR [15]. The first one is the aquo
complex [VO(H,0)s]*" and the second one is
VO?* bound to external oxygen atoms of the
heteropolyanions. These two states can be likely
found for all transition metal cations. The stable
state at the temperature of the reaction corre-
sponds to cations bound to heteropolyanions but
aquo complexes of VO** and Cu®* could be
transient species in the oxidation of IBA since
water is a product of the reaction and is added
in the reaction mixture.

Catalytic effects induced by the VO** /H™
and Cu®*/H* substitutions in H,[PMo,,0,,]
are clearly distinct (Figs. 2 and 3): (1) vanadyl
enhances the selectivity to MAA, copper en-
hances the conversion of IBA without any
change in the selectivity to MAA; (2) vanadyl
increases but copper decreases the reduction
state of the molybdophosphate anion at the
steady state. These results suggest that vanadyl
cations have an influence on the reduction step
of the heteropolyanion by IBA which would be
guided to the formation of MAA and that cop-
per enhances the rate of oxidation of the re-
duced catalyst by O, and could be considered
as a co-catalyst of the heteropolyanion.

A progressive decrease of the selectivity to
MAA would be observed in the two series of
mixed vanadyl-copper compounds
VO,_,Cu,H[PMo0,,0,,] or
VO, s_,Cu H,[PMo,,0,,] if the effects of the
two cations were additive since copper alone
has no effect. On the opposite, an increase of
the selectivity in each series was observed up to
equimolar quantities of the two cations. This

cooperativity can be defined, for example for
the first series, following Delmon [16] by:

AS=S, — [(1 - x)Syo +xSCu]

where S is the selectivity for the mixed cata-
lyst, Sy and S., the selectivities for the mono-
vanadyl and monocopper salts, respectively. AS
corresponds to the difference between the ob-
served selectivities (Figs. 3 and 4) and the
straight line between the two points relative to
pure vanadyl and copper salts. Its value is maxi-
mal (17% for the two series of compounds)
when vanadyl and copper cations are in equal
quantities. This synergy between the two cations
might be due to their complementary effects on
two distinct steps of the catalytic cycle, the
reduction (by IBA) and the oxidation (by O,) of
the catalyst.

The molybdophosphate is oxidized at the
steady state in the presence of Cu?" and is then
very active. Acetic acid, CO and CO, are formed
when large amounts of Cu’* are used. They
result, at least partially, from the oxidation of
acetone, which is efficiently catalyzed by cop-
per salts. This reaction is strongly exothermic
and a local increase of the temperature could
lead to a rapid decomposition of the molyb-
dophosphate and could explain the formation of
molybdenum oxide. Consequently, the quantity
of Cu®>* must be low in order to avoid any
decomposition of the heteropolyanion.

Understanding of the behavior of salts of
[PMo,,VO,,]*~ must take into account change
in the composition of the heteropolyanion dur-
ing the reaction. Characterization of the cata-
lysts after reaction showed unambiguously that
the introduction of vanadyl or/and copper
counter-ions in the initial solid does not prevent
the reduction and the release of the vanadium
from the Keggin structure. The 12-
molybdophosphate is always the active species
in the conditions of the reaction and utilization
of vanadomolybdophosphate is only a conve-
nient way to introduce higher quantities of
vanadyl counter-ions in the active catalyst.

We observed that the activity and selectivity
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to MAA are the highest when there is one metal
counter-ion per [PMo, VO, ', ie. for x=1
for the series VO H, , ,[PMo, VO,] and y =
0.5 for the series Cu,VO H,_, [PMo,VO,,]
(Figs. 6 and 7). The equation of the transforma-
tion of the catalyst by reaction on isobutyric
acid explains this behavior. Two cases will be
considered, x < I:

4

XM>* 4+ (4 — 2x)H" + [PMo, VO,,]*~ + IBA
- MAA + VO*"+ xM*"+(2 —2x)H"
+15[PMo,,0,,] """ + PO}~ + 2H,0
and x > I:
xM?*+ (4 — 2x)H" + [PMo, VO,,]* ™+ IBA
— MAA + VO>* + M?*

+1z [PM01204O]4-09A +(x=1)MO

+-5PO;” +2H,0

M standing for VO or Cu or [z VO + (1 —2)
Cul.

According to these equations, the molyb-
dophosphoric active species must be reduced
(1.09 Mo’* per Keggin unit) after the transfor-
mation of [PMo, VO,,]*" during the first stage
of the reaction. Further reduction of the
[PMo,,0,,1**" polyanion by IBA (formally
2e 4+ 2H" per IBA molecule) into protonated
species is possible. On the opposite, oxidation
of [PMo,0,,]*"~ by O, would lead to the
formation of anions O?~ and consequently of
H,O if protons are available (x < 1) or/and
metal oxide (CuO or VO,) by association with
the metal cations. The maximal oxidation state
of the 12-molybdophosphate just depends on the
quantity of metal counter-ion if formation of
metal oxide is to be avoided. In particular, the
heteropolyanion cannot be fully oxidized if x is
greater than 0.5 and oxidation of
[PMo,,0,,]*" " is impossible if x is greater
than 1 without formation of additional metal
oxide.

This explains that the mixed vanadyl /copper
salts of [PMo, VO,,]*” are always reduced in

the steady state, on the opposite of the behavior
of the copper salts of [PMo,,0,,1*~ which are
fully oxidized. Furthermore, equation (2) shows
that metal oxides (VO, or/and CuO) are formed
when [PMo, VO,,]*" is reduced and trans-
formed by reaction with IBA during the first
stage of the reaction if x> 1. The decrease of
both the activity and the selectivity to MAA for
high x values can be likely related to the
formation of these oxides. Indeed, formation of
VO, and CuO have been already postulated in
order to explain the ESR signal decrease of
these cations after thermal treatment [15] or
catalytic reaction [17].

Long-term deactivation of heteropolyanions
limits their practical applications. Decomposi-
tion of the molybdophosphate with formation of
molybdenum oxide in long-time experiments
occurs even in the presence of vanadyl and
copper cations and vanadium and copper oxides
are formed probably simultaneously. On the
other hand, it is well known that potassium and
cesium salts of the 12-molybdophosphate are
stable at high temperature. Maybe the associa-
tion of vanadyl, copper and cesium counter-ions
would lead to catalysts showing a better stabil-
ity with good catalytic performances. New ways
of synthesis of such mixed salts have to be
developed in order to obtain an homogeneous
dispersion of the counter-ions in the lattice.

5. Conclusion

The main conclusions for the present study of
the oxidative dehydrogenation of isobutyric acid
by heteropolyanions are as follows: (1) vanadyl
and copper counter-ions of the [2-
molybdophosphate have two different roles,
vanadium enhances the selectivity to methacrylic
acid and the higher the amount of vanadium the
higher the selectivity; (2) copper maintains the
heteropolyanion fully oxidized and then en-
hances its activity but must be in low quantity
in order to avoid rapid decomposition of the
molybdophosphate and non-selective oxidation;
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(3) association of vanadyl and copper cations
leads to an increase of the selectivity to
methacrylic acid and this cooperative effect is
maximal for equal amounts of the two cations;
(4) an improvement of the catalytic efficiency
of the 1-vanadomolybdophosphate associated to
vanadyl and copper counter-ions is obtained
only if the total number of metal cations is less
than one per heteropolyanion; (5) in any case,
the expulsion of the polyanionic vanadium to-
wards the counter-ion position occurs and the
12-molybdophosphate is the active het-
eropolyanion.
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