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Several cationic substitutions with Ti, Sn, Ge and W have been made in the M1 active phase of the
MoVTe(Sb)NbO catalysts in order to improve their catalytic properties for the partial oxidation of propane
into acrylic acid. The catalysts were characterized by BET, XRD and chemical analysis and were studied for
propane oxidation. The results obtained show that these substitutions were possible but remain limited.
It was noted that Ge increased the activity of the M1 phase whereas W maintained it and Ti and Sn
decreased it. Concomitantly the selectivity to acrylic acid was slightly increased or decreased. The effect
of Ge, which did not enter into the structure of the M1 phase has been related to an increase of the
vanadium content of the M1 phase which occurs because of the formation of new Ge containing species
in the slurry during the preparation of the catalyst.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

New multicomponents molybdates MoVTe(Sb)NbO have been
proposed in the early 90’s as efficient catalysts for the ammoxi-
dation and oxidation of propane respectively into acrylonitrile and
acrylic acid [1,2]. Since that time many authors have reported on
these catalysts describing many aspects of their characterization
such as the structure of the phases present in the catalysts [3–6],
their role in the catalytic reaction [7] and the reaction mecha-
nism [8–11]. The different elements constituting the active phase
called M1 have been characterized in terms of cationic environ-
ment and oxidation state [12–14], methods of synthesis have been
described [15,16] as well as applications to other reactions such
as the oxidative dehydrogenation of ethane [17,18] or oxidation of
isobutane [19].

The active phase M1 is a solid solution containing the four
metallic cations with the total formula reported (AO)2−2x(A2O)x-
M20O56 with A = Te or Sb and M = Mo, V, Nb and 0 � x � 1. The
V/Mo and Nb/Mo ratios can vary, but are most frequently close to
0.3 and 0.1, respectively [13,14]. The structure is built up using 11
corner-sharing MO6 (M = Mo or V) octahedra forming pentagonal,
hexagonal and heptagonal channels (M1 to M11 in Fig. 1). The hep-
tagonal channels are empty, the hexagonal channels are partially
occupied by (Te–O) or (Sb–O) chains and the pentagonal channels
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are fully occupied by Nb cations and oxygens. This last structural
feature may better be described as {(Nb)Mo5} columns running in
the 001 direction and constituting the skeleton of the structure
[13,16].

Besides this phase, another phase called M2 is generally formed
when the catalysts are prepared. The phase is inactive to convert
propane but can efficiently oxidize propene to acrylic acid lead-
ing to a synergetic effect when it is present with the M1 phase in
the catalysts [20–22]. However this effect only takes place when
the catalysts contain tellurium and not when they contain anti-
mony [23] and is not sufficient enough to allow the catalysts to
compete with the industrialized process to produce acrylic acid.
One way to try to improve the activity of these catalysts is to
make substitutions in the M1 phase. Te or Sb are located in the
hexagonal channels of the structure and have 3 or 4 coordina-
tion which render them difficult to substitute. One study has been
published on the substitution of tellurium or antimony cations
by cesium cations [23]. The activity of the catalysts obtained was
lower. Further attempts to reduce the cesium content after syn-
thesis or to concomitantly substitute Mo and V cations by other
metallic cations such as Ta, Nb, Bi or W during synthesis did not
allow increasing significantly the activity. Moreover the selectivity
to acrylic acid was very low because of difficulties in achieving the
step of the oxidative transformation of propene to acrolein on such
catalysts [23].

The substitution of only Mo, V or Nb, which exhibit more or
less distorted octahedral coordination, should be easier. However,
only one study dealing with such substitution has been published
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Fig. 1. Schematic representation of the basal plane (001) of M1 phase of MoVNbTeO
catalysts. Nb and Te cations are respectively colored in black and light gray. The
MO6 octahedra are in gray. The oxygens bounded to the Nb and Te cations in the
pentagonal and hexagonal channels are not reported for the clarity of the schema.

Table 1
Cationic sizes (pm) of the M1 phase constituting elements and of the substituting
ones selected for the study in octahedral coordination as a function of there valence
state.

Valence
state

V Mo Nb W Mn Re Ti Ge Sn

7+ 60 67
6+ 73 74
5+ 68 75 78 76
4+ 72 74.5 67 83

[24]. It claimed that Nb cations could be substituted by Fe cations.
The substitution, which was possible only when starting ferrous
precursor was used for the preparation, did not improve the cat-
alytic properties of the catalysts. Finally it can be reported that
substitution in the M2 phase has been achieved [25]. In this case
various amounts of W for Mo, Ti for V, Nb for Mo and V, Fe
for V and Ce for Te were successfully substituted [25]. The par-
tial replacement of V by Ti was shown to give a significant in-
crease in the specific activity for propene ammoxidation, without
affecting the acrylonitrile and acrolein selectivity. The substitu-
tion in the same time of Ce for 30% of Te gave increased ac-
tivity and improved selectivity to acrylonitrile at the expense of
acrolein [25].

In this paper, we will report on the attempt to incorporate sev-
eral element cations (Ge, Sn, Ti W, Mn and Re) in the structure
of the M1 containing Te phase and the study of their effect on
the structure and catalytic properties in propane oxidation. The
replacement metals were selected considering their valence, co-
ordination and size, chosen to match those of the replaced metals
(Table 1). The pure and substituted M1 phases have been character-
ized with chemical analysis, BET, XRD, and high-resolution electron
microscopy with EDX analyses in order to determine the success of
the substitution and they have been tested as catalysts.
2. Experimental

2.1. Catalysts preparation

Non-substituted M1 phase has been synthesized using the
slurry method previously described [19]. This method consisted
in preparing an aqueous slurry containing the metal precursors
and evaporating it to dryness at 423 K. These precursors were
ammonium heptamolybdate and metavanadate, telluric acid and
oxalato-niobate in proportion leading to the ratio: Mo/V/Te/Nb =
1/0.27/0.16/0.14. The solid obtained were then successively calcined
at 573 K under air for 4 h and at 873 K under nitrogen for 2 h to
lead to phases mixtures of M1 and M2 phases. The dissolution of
the M2 phases was performed at 333 K by washing the solids in
an 3% H2O2 aqueous hydrogen peroxide solution, while stirring for
3 h. The remaining solids were finally washed in water, dried at
383 K and re-heated in nitrogen atmosphere at 673 K during 2 h.

The substituted M1 phases were prepared by the same way
except that 5% of the cations Mo, V and Nb were substituted by
another element A (Mo/V/Te/Nb/A = 1/0.27/0.17/0.14/0.07). Various
precursors have been studied for the A elements but the best re-
sults were obtained using (NH4)2WO4, NH4ReO4, NH4MnO4, GeO2,
TiO2·2H2O and SnO2·2H2O. These precursors were all commer-
cial except SnO2·2H2O, which was prepared by basic hydrolysis of
SnCl4 and NH4MnO4, which was prepared by reacting AgMnO4,
with NH4Cl as described in the literature [26] and TiO2·2H2O,
which was prepared by hydrolyzing Ti(BuO)4. For the W, Ge and
Sn, the way the different precursors were mixed and the tempera-
ture of addition were key parameters to get a slurry similar to the
one obtained in the synthesis of non-substituted M1 phase. The W
and Ge precursors are not readily soluble and have to be added to
the solution containing the Mo, V and Te precursors while keeping
this solution under boiling. Concerning the Sn and Ti precursors,
it is mandatory to add them to the niobium oxalate solution into
which they can be dissolved.

M1 phases substituted with Ti and W have also been syn-
thesized with a higher A content (Mo/V/Te/Nb/A = 1/0.27/0.1 >

7/0.14/0.15) either with the same protocol or from an aque-
ous solution of ammonium heptamolybdate, (NH4)6Mo7O24·4H2O,
VOSO4·nH2O, TeO2 and the Ti and W precursors, treated under
hydrothermal conditions. In the later case, the reaction was con-
ducted at 448 K for 48 h and the solids produced were filtered and
washed thoroughly with distilled water, followed by drying in air
at 383 K overnight. The solids were finally treated at 873 K under
nitrogen for 2 h.

2.2. Catalysts characterization

The metal contents of the catalysts were determined by atomic
absorption (ICP) in an Argon plasma. The spectrometer was a
SPECTROLAME-ICP, from SPECTRO. The solids (10 mg) were first
solubilized in an aqueous solution (100 ml) containing HF (5 ml)
H2SO4 (5 ml) and HNO3 (5 ml) at 473 K under stirring for 6 h.
The solution was then vaporized in the plasma and the emission
intensity of a radiation characteristic of the element to analyze
measured.

The specific surface areas were measured by the BET method
with liquid nitrogen adsorption and crystal structures of the pure
M1 phase and the substituted phases were controlled by X-ray
diffraction using a BRUKER D5005 diffractometer JEOL 2010 and
CuKα radiation (λ = 1.54184 Å). The M1/(M1 + M2) ratio in the
phase mixtures have been evaluated by comparison of the rela-
tive surface areas of the peaks at 30.5◦ 2θ (M1 phase) and 36.0◦
2θ (M2 phase) in the X-ray diffraction powder patterns [21]. The
method has been validated from results of the fit of a biphasic ref-
erence sample using the Rietveld method.
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High-resolution electron microscopy was performed with a JEM
2010 (Cs = 0.5 mm). Accelerating voltage was 200 kV with a LaB6
emission current, a point resolution of 0.195 nm and a useful limit
of information of 0.14 nm. The instrument was equipped with an
EDS LINK-ISIS (spatial resolution: 1 nm). EDX determinations have
been done considering at least 15 analyses.

V K -edge XANES spectra were collected at the BM31 beamline
at the European Synchrotron Radiation Facility (ESRF) in Greno-
ble, France. They were recorded at room temperature in the range
5420–5600 eV. The analysis of spectra was based on the observa-
tions of the pre-edge. The position of the center of mass and of
the total area of V pre-edge peak, were calculated using the Peak-
Fit program and used to determine the mean oxidation state of V.
The energy was calibrated with pure metal V foils and several ref-
erences phases were studied to ensure the analyses as previously
described [12]. The Raman spectra were achieved with a LabRam
HR spectrometer (Jobin Yvon) equipped with a CCD detector cooled
at 77 K. The exciting line at 514.53 nm of an Ar+–Kr+ ion laser
(Spectra Physics, Model 2018 RM) was focused in the upper part
of aqueous solutions using a X50 long working distance objective
with a power of 4 mW. For the filtered solids, a X100 objective
was used and the laser power was limited to 0.4 mW to avoid
laser heating. The Raman spectrum of a silicon plate was previ-
ously achieved to adjust band positions. Both for liquids and solids,
the wavenumbers reported in the following were accurate within
to 2 cm−1. 51V high-resolution NMR spectra were acquired on a
Brüker Avance250 at a frequency of 65.77 MHz spectrometer with
a 10 mm multinuclear probe. Chemical shifts are referenced on
VOCl3 as a standard. Spectral width of 1000 ppm, 512 scans and
a pulse length of 2 ms (p/8) are used as acquisition parameters.
Spectra processing is done with an exponential line broadening of
15 Hz.

2.3. Oxidation of propane

The oxidation of propane was performed in a fixed bed re-
actor operating at atmospheric pressure. The apparatus and the
conditions have been described elsewhere [21]. The catalytic prop-
erties were determined between 593 and 673 K with a catalyst
amount varying from 0.1 to 1 g. The feedstock composition was
O2/C3H8/N2/H2O = 10/5/40/45 with a total flow of 30 mL min−1.
The gas products and reactants were analyzed on line by gas chro-
matograph using Porapak-Q and CP-Molsieve 5 Å columns and the
organic substrates, condensed and analyzed off line [15]. The cat-
alytic tests were conducted for at least 12 h and the catalysts were
recovered after catalytic test by cooling them down in a flow of
nitrogen from 673 K.

3. Results

All the catalysts substituted with tetravalent cations (Ti, Sn and
Ge) contained only two phases corresponding to M1 and M2 as the
non-substituted catalyst (Fig. 2a). The M1/(M1 + M2) phase ratios
determined from X-ray diffraction data were equal to 0.80, 0.84
and 0.83 respectively for the Ge, Ti and Sn substituted solids, and
comparable to that of the non-substituted one (0.82). For these
catalysts pure M1 phases were obtained after washing of the M2
phase as shown in Fig. 2b. This was not the case for all the cat-
alysts substituted with higher valence cations (Fig. 3). The cat-
alyst substituted with W contained well the M1 and M2 phases
(M1/(M1 + M2) = 0.81) but the catalysts substituted with Re and
Mn did not show any M1 phase and MoO3, M2 and Mo5O14 type
phases could be identified. The catalyst substituted with W was
washed and a monophasic M1(W) phase was obtained. As a con-
sequence the further characterization of the samples and the cat-
(a)

(b)

Fig. 2. X-ray diffraction patterns of the catalysts non-substituted and substituted
with tetravalent cations (a) and of the corresponding M1 phases obtained after
washing (b).

alytic testing have been limited to the M1 phases substituted with
Ge, Ti, Sn and W.

For the later phases, the mass balances of the dissolutions have
been calculated. The results obtained were in good agreement with
the M1/(M1 + M2) phase ratios calculated from XRD data, which
showed that only M2 phases were dissolved.

The cell parameters of the later compounds have been calcu-
lated as well as their specific surface area (Table 2). No signifi-
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Fig. 3. X-ray diffraction patterns of the catalysts substituted with W, Re and Mn and
of the catalysts substituted with W after washing.

Table 2
Unit cell parameters of the M1 phase with different substituting elements and their
specific surface area measured using the BET method.

Catalyst a (nm) b (nm) c (nm) SBET (m2 g−1)

M1(Ge) 2.103(1) 2.668(1) 0.4013(3) 22.0
M1(Ti) 2.101(2) 2.671(2) 0.4012(2) 18.8
M1(Sn) 2.102(3) 2.669(3) 0.4014(7) 30.9
M1(W) 2.1016(9) 2.6688(9) 0.4012(1) 29.1
M1 2.1033(5) 2.670(1) 0.4013(1) 23.0

Table 3
Chemical composition of the unit cell of the M1 phases calculated from the chemical
analyses and the EDX analyses.

Solid Unit cell composition

Substituting
element

Mo V Nb Te

M1(Ge)
Chem. an. – 13.8 3.9 2.3 1.1
EDX – 14.4 3.5 2.1 1.1

M1(Ti)
Chem. an. 1.1 13.5 3.5 1.9 1.2
EDX 0.6 14.6 3.2 1.6 1.4

M1(Sn)
Chem. an. 0.7 13.7 3.6 2.0 1.2
EDX 0.4 14.7 3.2 1.7 1.1

M1(W)
Chem. an. 1.1 13.3 3.6 2.0 1.2
EDX 0.9 13.9 3.3 1.8 1.2

M1
Chem. an. – 14.2 3.7 2.1 1.3
EDX – 14.7 3.3 2.0 1.1

cant variation of cell parameters was observed for the substituted
compounds and all the cell parameters were close to those pub-
lished for the M1 phase (Pba2-No. 32 with a = 2.1134(2) nm,
b = 2.6658(2) nm, c = 0.40146(3) nm) [13]. The surface areas
of the substituted compounds were comparable, except that of
M1(Sn) and M1(W) which were higher.
Fig. 4. X-ray diffraction patterns of the catalysts substituted with twice the amount
of W (2 W) and Ti (2 Ti) and prepared using the slurry and the hydrothermal
method.

The chemical analyses of the M1 phases after washing are pre-
sented in Table 3. The substituting element content of the M1
phase corresponded to that of the starting formula for M1(Ti) and
M1(W), which lead to the conclusion that Ti and W have equiva-
lently been distributed between the two phases M1 and M2 dur-
ing the synthesis process. The content is lower for M1(Sn) and
there was no Ge in the M1(Ge) phase. The V and Nb content
of the compounds were comparable to each other and to that of
the non-substituted phase except for the M1(Ge) compound which
contained more V and Nb. No significant variation of Te content
was ever observed. The M1 phase have also been characterized by
high-resolution electron microscopy with EDX analyses. The images
obtained for the phases were very similar showing that no specific
texture was developed with the substitution. In parallel, the EDX
analyses showed that no M2 particles, which have a composition
very different from that of the M1 phase were detectable. Further-
more they confirmed the results of the chemical analyses (Table 3).
In particular they showed that no Ge was introduced in the M1
structure; in all the analyses of the M1(Ge) phase, Ge was never
present and the V content of the M1(Ge) phase was systemati-
cally higher. The EDX analyses showed Mo contents systematically
slightly higher than the chemical analyses and substituting ele-
ments contents lower.

The very low Sn content of the M1(Sn) compared to the start-
ing content led to the conclusion that the limit of solid solution of
Sn in the M1 structure has been reached. However the limit of sol-
ubility of Ti and W in the M1(Te) phase may not be reached and
that the M1 phase could contain more Ti or W. In order to check
if in these cases the limits of the solid solutions had been reached,
syntheses with higher substituting element contents have been
performed. In the same time, hydrothermal syntheses of the same
compounds were made to also check if the preparation method
could have an effect on the phases obtained. The X-ray diffraction
patterns of the prepared solids are shown in Fig. 4. It can be seen
that whatever the preparation method the solids with higher sub-
stituent contents contained besides the M1 and M2 phases other
phases like MoO3 and Mo5O14 type phase, which are insoluble and
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Table 4
Comparison of the catalytic performances of the M1 phases substituted with Ge, Ti,
Sn and W with those of an undoped M1 phase.

Solid Mass
(mg)

T
(K)

Conv.
(%)

Prop. conv. rate
(10−8 mol s−1g−1)

Selectivity (%)

COx C3H6 Acet AA ProA AcrA

M1(Ge) 100 596 10.5 5.38 11 20 1 11 1 56
629 19.4 10.23 26 14 0 12 0 48
661 35.0 18.46 38 9 0 13 0 40

M1(Ti) 228 598 9.7 2.52 23 20 1 14 1 41
632 16.8 4.37 34 16 0 17 0 33
661 24.9 6.48 46 13 0 16 0 25

M1(Sn) 164 597 10.8 2.37 22 17 1 13 1 46
632 20.7 4.55 32 13 0 15 0 40
664 32.8 7.22 48 9 0 14 0 29

M1(W) 107 597 9.8 3.51 16 23 1 10 2 48
632 19.1 6.48 27 16 0 15 1 41
665 33.3 11.93 38 11 0 14 0 37

M1 155 597 10.4 3.26 14 20 1 11 1 53
632 20.1 6.30 27 14 0 13 0 46
665 35.7 11.19 38 9 0 13 0 40

Note. Prop. conv. rate = propane conversion rate, Acet = acetone, AA = acetic acid,
ProA = propionic acid, AcrA = acrylic acid. Total flow rate: 30 mL min−1, composi-
tion C3H8/O2/N2/H2O = 5/10/40/45.

inactive or unselective. For the W substituted solids, the hydrother-
mal method appeared worse than the slurry method since almost
no M1 phase was obtained at high W content. From this study, it
can thus be concluded that the limit of solid solution of Ti and W
in the M1 structure should lie between 5 and 10% in terms of the
Mo + V + Nb + A cations.

The catalytic performances of the substituted M1 phases have
been compared at different temperatures to those of the non-
substituted one (Table 4). Taking into account the masses of cat-
alysts tested, their specific surface areas and the obtained con-
versions, it can easily be concluded that the M1(W) activity is
rather similar to that of pure M1, it is lower for M1(Ti) and M1(Sn)
and higher for M1(Ge). Comparing catalysts at iso-conversion, the
same conclusion can be drawn concerning the selectivity to acrylic
acid. M1(W), M1(Ti) and M1(Sn) were less selective contrarily to
M1(Ge) which is slightly more selective. This positive effect on
the selectivity in acrylic acid, however tend to disappear at higher
reaction temperature. The apparent activation energies were com-
parable for the pure phase, M1(W) and M1(Ge) with 60, 59 and
61 kJ mol−1, but significantly lower for M1(Ti) and M1(Sn) with 49
and 54 kJ mol−1.

Finally, XANES spectra at V K -edge of the pure and substituted
M1 phases have been recorded (Fig. 5). All the spectra are remark-
ably similar and show a constant mean oxidation state of 4.1 for
the vanadium. Since the V5+/V4+ redox couple is reasonably the
first redox couple that would be affected by an oxido-reduction
modification of the solid catalyst [27], it can be concluded that the
substitution did not change significantly the charge distribution in
the structure.

4. Discussion

Prior to discussing the results obtained, a brief summary of the
description that has been hypothesized for the catalytic active site
at the surface of the M1 phase is proposed: It is now commonly
accepted that the active centers of M1 are located on the surface
of its basal plane (001) and contain all needed key catalytic func-
tionalities properly arranged within bonding distance of each other
to convert propane directly to nitrile or acid. The structure of the
M1 phase along this plane is presented in Fig. 1. For clarity, the
same nomenclature for the different sites as that used for the de-
Fig. 5. XANES spectra at V K -edge of the pure and substituted M1 phases.

scription of the structure in the different structure determination
studies has been kept.

It has been proposed that in these planes the paraffin-activating
site was V5+ site (M7) located along heptagonal channel. The Te4+
site located nearby in the hexagonal channel would be the α-H
abstracting site whereas the Mo6+ sites (M4, M5) the oxygen (NH)
inserting site and the acid (acrylonitrile) finishing site [27]. The
pentagonal channels occupied by Nb cations lead in the (001)
plane to {(Nb)Mo5} arrangements which delineate each active cen-
ter and separate them spatially from each other.

The Te4+ sites in the hexagonal channels are key to the α-H
abstraction of the intermediates in the oxidation of propane like
are other cations with lone pair electrons (Bi, Sb) in general in
other oxidation reactions [28]. It is why the substitution attempted
only concerned the cations in the octahedral network.

The results obtained with all the cations showed that the sub-
stitutions were very limited and less than 1 per 10 cations in the
octahedral network. Although it is not a lot, the substitutions ap-
peared to have significant effects on the catalytic properties of the
solids.

The catalytic data obtained with the solids M1(W) showed no
change in catalytic activity but a small decrease in acrylic acid se-
lectivity (Table 4). It is rather evident that W6+ cations substitute
Mo6+ cations. However since the W6+/W5+ redox couple is deeper
than the Mo6+/Mo5+ one, Mo should preferentially be reduced
and consequently the W cations should occupy the sites specific
to Mo6+: M5, M6, M8, M10 and M11 constituting the {(Nb)Mo5}
columns and eventually the sites M3 and M7, which are only par-
tially occupied by Mo6+. None of these sites are directly involved
in the catalytic reaction except the site M7 and M5. The first one,
which is the site responsible for the activation of the alkane and
which determines the catalyst activity since this activation is the
rate-limiting step of the total reaction, is involved only when oc-
cupied by V. It is therefore understandable that W cations had no
effect on the catalytic activity and that the apparent activation en-
ergy for the transformation of propane remained the same for pure
M1 and M1(W). Furthermore the substitution of Mo by W in the
M7 site, if it takes place, apparently does not modify the V con-
tent of the site. The second site (M5) is the oxygen inserting site
and acid finishing site. The occupation of this site by inactive W
would decrease the selectivity to acrylic acid to the benefit of that
in propene, which cannot be further transformed. This is indeed
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Fig. 6. Raman spectra of the solution with Mo + Te precursors (a), the solution with
Mo + Te + V precursors (b), the solution with Mo + V + Te + Ge precursors (c) and of
the solid precipitated from the solution with Mo+V+Te+Ge precursors (solid) (d).

what is observed. The catalytic data obtained show that W substi-
tution slightly lowers the selectivity to acrylic acid mainly to the
benefit of that in propene.

Ti and Sn cations had a negative effect both on the selectiv-
ity and the activity (Table 4). They are tetravalent cations and they
should substitute preferentially for V4+ or possibly V5+ or Mo5+.
These substitutions would occur on the different sites occupied by
these cations i.e M1, M2, M3, M4, M5 and M7. The M3 and M1 sites
correspond to isolated sites connecting respectively hexagonal to
heptagonal channels and heptagonal channels together. They have
no specific catalytic role and with the most distorted oxygen envi-
ronment, should accept with more difficulties cations like Sn and
Ti, which are larger (Table 1). The remaining sites correspond to
catalytic sites (M5, M7) or to sites neighboring the catalytic sites
(M2). The substitution on the first sites by Ti4+ and Sn4+ will
directly lower the number of these sites and consequently the ac-
tivity and the selectivity of the catalyst, whereas the substitution
on the later may modify the M7 site responsible for the activation,
which could explain why the activity and the apparent activation
energy are decreasing.

The effect of Ge is more difficult to understand because it did
not enter at all the structure of the M1 phase. It had however a
significant effect on both the activity and the selectivity (Table 4).

In order to try to elucidate the origin of the effect of Ge on
the composition of the phases, Raman and 51V NMR spectra of
the starting solution for the preparation of the slurry have been
recorded at different steps of metallic precursors addition (Figs. 6
and 7). The stoichiometry of the aqueous solution as well as its
concentration was kept similar to that given in the experimen-
tal section and corresponded exactly to a standard solid prepara-
tion. Upon addition of telluric acid to the ammonium heptamolyb-
date solution, Anderson-type anions (TeMo6O24)6− characterized
by bands at 944, 907 cm−1 ν(Mo=O) and 683 cm−1 ν(Te–O–Mo)
Fig. 7. 51V NRM spectrum of the solution with Mo + Te + V precursors.

were formed (Fig. 6a). The remaining experimental frequencies at
560, 352 and 222 cm−1 were respectively assigned to asymmetric
stretchings of Te–O and bendings of Mo–O–Mo bonds [29].

When vanadium was then added to the solution, its color be-
came orange and then turned red. The Raman spectrum of the ob-
tained solution was quite different (Fig 6b). It still contained bands
corresponding to Anderson-type anions but other bands corre-
sponding to V=O (997 cm−1) and to V–O–M (M = V, Mo) stretch-
ing vibrations (550, 580, 615, 810 cm−1). The new species have
been identified by 51V NMR spectroscopy. The 51V NMR spectrum
of the solution clearly showed the presence of V9MoO5−

28 species or
their protonated forms to which resonances with chemical shifts
(δ/ppm) −424.65, −498.44, −504.97, −516.75 and −525.48 are
associated [30] (Fig. 7). The presence of non-substituted V10O6−

26
species that can be characterized by resonances with chemical
shifts (δ/ppm) −424.65, −498.44, and −516.75, may also be
present [31]. The peaks with low intensity at −498.4 and −576.2
could respectively be attributed to the presence of V2Mo4O4−

19
and (VO−

3 )x species in very small amount. The presence of the

V10O6−
26 type species was normal since they are the stable vana-

dium species in water in the conditions of pH and concentration
used. Upon addition of Ge, the Raman spectrum remained almost
the same except for the appearance of new bands at 974, 619 and
405 cm−1 (Fig. 6c). These new bands can be attributed to the pres-
ence of Keggin-type (GeMo12O40)4− species [32]. With time the
solution became cloudy. The precipitate formed has been separated
by filtration. Its Raman spectrum corresponded to an Anderson-
type salt (NH4)6TeMo12O40·xH2O [33] (Fig. 6d). The formation of
the Keggin-type species or the Anderson salt led to a segregation
of molybdenum in or out of the solution, which changed in compo-
sition or got richer in vanadium. This could explain the formation
from the solution of a M1 phase richer in vanadium. As a conse-
quence of this enrichment, the V occupancy of the sites shared by
V and Mo cations in the M1 structure was higher. This was the case
of the M7 sites and since these sites when occupied by V are acti-
vating propane, the catalyst activity was higher. The sites remained
the same and this is in agreement with the non-variation of the
apparent activation energy but they simply increased in number.
Interestingly, the selectivity to acrylic acid also increased but more
slightly. This may be due to the increase of the V occupancy of
the other neighboring V containing sites that may indirectly mod-
ify the catalytic properties of the catalytic sites. A recent structure
analysis of the M1 phase reports that V can very partially occupy
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the M4 and M5 sites [34]. It may thus also be hypothesized that V
content of these sites would increase and this would have a posi-
tive effect on their catalytic efficiency.

5. Conclusion

The results obtained showed that substitutions of cations in the
octahedral network of the M1 phase were possible although very
limited. M1 phases containing Ti, Sn and W cations have been
obtained but with limit of solid solutions, which did not exceed
10% in cations. Attempts to introduce Ge, Mn or Re in the struc-
ture have failed. However if only M2 or Mo5O14 type phases were
obtained with Mn and Re, M1 and M2 phase mixtures similar to
those obtained without substituting elements were formed when
Ge was present in the starting slurry. XANES spectroscopy at V K-
edge showed no change in oxidation state of vanadium, which tend
to show that mainly isovalent substitutions were taking place. This
is confirmed by chemical analysis for M1(W) but not M1(Ti) and
M1(Sn).

The study of the catalytic properties of the substituted M1
phase showed that (i) W had no effect on the activity but slightly
decreased the selectivity to acrylic acid, (ii) the introduction of Ti
and Sn decreased both the activity and the selectivity to acrylic
acid and (iii) the addition of Ge in the slurry although not present
in the final M1 phase, increased strongly the activity and to a
lesser extent the selectivity to acrylic acid. This indirect effect has
been related to the vanadium content of the M1 phase, which
increased in comparison with the pure M1 phase. The alkane-
activating site has been proposed to correspond to a V occupying
a given crystallographic site (M7). This site being shared by V and
Mo cations, we proposed that the increase of vanadium content
of the phase would lead to a higher occupancy of this site by V
and consequently to more active sites. This observation tends to
show that there is a track of improvement in finding a preparation
method for the catalyst allowing to increase the vanadium con-
tent in the M1 phase at the expense of Mo. Otherwise none of the
substitution attempted led to an improvement of the catalyst effi-
ciency.
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