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A new silver molybdenum phosphate, AgMo3P,014, involving
a mixed molybdenum valency, was found to play a role in mild
propane oxidation (6% propane conversion, 70% propene selec-
tivity, 6% acrolein selectivity at 733 K). Comparisons with results
obtained with other molybdenum phosphates showed that silver
presented a positive influence when it was able to migrate inside
the MoPO host lattice. Characterizations of this catalyst, by XRD,
X-ray absorption spectroscopy, and XPS, performed before and af-
ter catalytic tests, emphasized the importance of the redox couple
MoV/MoV". Moreover, the ability of the framework to allow the es-
tablishment of a correct MoY/Mo"" balance of 2/1 was found to be
a determining factor.  © 1997 Academic Press

INTRODUCTION

The selective oxidation of alkanes into useful chemical
compounds is becoming increasingly important, from both
fundamental and industrial points of view. In fact, the cost
of propane feedstock is about five to six times less than the
cost of propene. Thus, the two main technological options
for producing acrolein are based on propane as the main
material:

—a two-stage process based on a first dehydrogenation
step of propane to propene followed by a conventional unit
for propene oxidation to acrolein, which is currently the
commercially available process.

—a direct one-stage propane conversion to acrolein
which appears, economically, to be an attractive alterna-
tive.

Nevertheless, the latter solution is accompanied by many
difficulties due to the low reactivity of propane compared
to that of propene and formed oxygenated products. De-
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velopments in this subject would suggest the employment
of bifunctional catalysts. But little has been reported on the
partial oxidation of propane (1-11).

Since the selective oxidation of n-butane to maleic anhy-
dride has been successfully established using VPO cata-
lysts (12-14), this system has also been investigated for
mild propane oxidation (15-22). Other studies have also
been carried out in order to develop multicomponent oxide
catalysts such as BiMoO, BiMoVVAgO, BiBaTeO, and BPO
systems (1-6). In particular, Moro-Oka and co-workers (2)
reported that an Ag-doped bismuth vanadomolybdate cata-
lyst with a scheelite structure was selective to acrolein and
acrylonitrile.

One of the main characteristics of oxidation reactions is
that they are structure-sensitive. We attempted to study the
relationships between the structure and the composition of
well-defined original compounds, here molybdenum phos-
phates in various Mo oxidation states with their catalytic
properties. In this paper, we investigate the catalytic behav-
ior of molybdenum phosphates, involving silver as the in-
serted cation, or not, for propane mild oxidation. The com-
pounds display different new formulations, AgMo3P,014
(23), SrMo3P,014 (23), AgMoPOg (24), AgMosPgO33 (25),
NaMosPgOs3, and AgosNagsMosPgOs3, and offer the op-
portunity for well-defined active centers in ordered matri-
ces which had previously been characterized by XRD. The
influence of silver in several host lattices with different Mo
reduction states is appreciated. Different catalyst charac-
terizations (XRD, EXAFS, XANES, and XPS) performed
before and after reaction allow one to specify the possibility
of eventual modifications during reaction.

EXPERIMENTAL

Preparation of the Catalysts

Preparation methods for AgMo3P;014, SrMo3P;014,
AgMOoPOg, NaMosPgOs33, and AgMosPgO3s phases have
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TABLE 1

Prepared Phases

Average
oxidation
state for First step Temperature
Final prepared  molybdenum intermediate of the second
phase atoms product step (K)
AgM03P2014 5.66 AgM02_33P2014 873
SrMozP,014 5.33 SrMo,.667P2014 1023
AgMoPOg 6 AgMoPOg 923
AgM05P8033 5 AgMO4,167P8033 1123
AdosNagsMosPgO33 5 AdosNagsMo04.167PsO33 1123
NaM05P8033 5 NaMO4,157P8033 1123

already been described in the literature (23-25). We have
extended them to the synthesis of the AgosNagsMosPgO33
compound.

All the compounds described in this paper, except
AgMOoPOg, involve molybdenum in a reduced oxidation
state. The formal molybdenum oxidation states in the
phases studied are reported in Table 1. To prepare such ma-
terials two steps were necessary. First, (NH;),HPO,4, M0oOs3,
and A,CO3 (A = Ag, Na) or SrCO3 were mixed in an agate
mortar in a ratio adequate for obtaining intermediate com-
pounds involving molybdenum species with V1 valency. The
formulations of these intermediate compounds, which are
givenin Table 1, were therefore substoichiometric in molyb-
denum compared to the final products. The various mix-
tures were heated at about 673 K in air (873 K in the case
of the strontium compound), in a platinum crucible, for at
least 3 h in order to eliminate CO,, NH3, and H,O. In a
second step, the finely ground products were mixed with
an appropriate amount of metallic molybdenum to allow
reduction of molybdenum MoV' to the above-mentioned
values (Table 1). The mixtures were heated in evacuated
silica tubes for 6 h at different temperatures according to
the nature of the prepared phase (Table 1).

Catalytic Tests

Reaction Procedure

The catalytic tests were carried out in a fixed-bed
continuous-flow quartz microreactor (capillary U tube, i.d.
2 mm), under atmospheric pressure, in the temperature
range from 573 to 723 K. The catalyst loading was made of
1gofgranulesinthe size range of 0.16-0.3 mm. To minimize
possible homogeneous reactions, the volume was reduced
as far as possible by filling the reactor before and after the
catalytic bed with quartz powder. It was also checked, by
using a reactor filled with quartz powder instead of catalyst,
that there was no significant catalytic contribution from the
glasswalls of the reactor and that the homogeneous reaction

SAVARY ET AL.

could be neglected. The temperature of the catalyst bed was
maintained within +1 K of the required value, controlled by
athermocouple located close to the wall of the quartz tube.
In each case, the catalyst was heated to 573 K in the stream
of reactants, and this temperature was held for 2 h. The tem-
perature was then gradually raised to 623, 673, and 723 K,
each temperature being held for about 1 h. The catalytic
activity analyses were successively performed at 45-min in-
tervals. The feed was a C3Hg—O, mixture diluted with N,
with a C3Hg/O2/N, molar composition of 60/20/20. The total
flow rate was 8 ml/min to realize a W/F of 3.5 g - h - liter 2,
which corresponds to a contact time T, of above 8s.

For the study of AgMo3P,014 activity as a function of
contact time, the reactive flows were adjusted to correct
values to obtain a contact time ranging from T,=0.15 to
10s.

Analyses

The reactor inlet and outlet gases were analyzed on line
by gas chromatography. The tube connecting the reactor
to the chromatographs was heated at 453 K in order to
avoid any condensation of reaction products. The analyses
were performed on line by means of two chromatographs
in series: a Hewlett Packard HP 5890 gas chromatograph
equipped with two parallel detectors [a flame ionization de-
tector (FID) and a thermal conductivity detector (TCD)]
and a Varian chromatograph equipped with a TCD. In fact,
the gases entering and leaving the reactor passed through
a sampling system involving two gas valves: a 10-way valve
fed the reactants or effluent gases to the two parallel detec-
tors of the HP chromatograph and to a 6-way valve, situated
at the exit of the previous one, which fed the gases to the
third detector (Varian). The injection valves were actuated
automatically by means of an HP 3396 integrator.

Separation of organic oxygenated compounds was per-
formed on a CPSIL column (50 m, i.d. 0.32 mm). A suitable
separation of O, N, CO, and CO, was achieved by using
the two TCD detectors: (i) Oy, N2, and CO were separated
on a molecular sieve 5A column (4 m, i.d. 2.2 mm) con-
nected to the HP TCD detector; (ii) (air + CO), CO,, and
propene were analyzed by means of two packed columns
in series: a Hayesep Q (3 m, i.d. 2.2 mm, T=2353 K) and
a Hayesep DB (2 m, i.d. 2.2 mm, T =353 K) connected to
the Varian TCD detector. Each analysis was about 45 min
long, and a temperature program was required to analyze
the products separated on the HP chromatograph: the tem-
perature was maintained at 313 K for 30 min, and then was
raised to 353 K (40 K/min).

In the following discussion, conversions and selectivities
are defined as follows:

conversion in propane
summation of moles of all formed products
N moles of propane initially present
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selectivity in product X
. moles of X product formed
"~ summation of moles of all formed products
5 number of carbons in X product
3 .

This analytic procedure was found to be effective, as the
carbon balance was very close to 1. The activity measure-
ments were performed several times for each catalyst and
for each temperature. Their reproducibility allowed us to
be confident of the results, even those obtained at low con-
version.

Characterization Methods

XRD

X-ray diffraction patterns of AgMo3P,014, STM03P2014,
AgMoPOg, and AgMo3zPs033 samples were indexed fol-
lowing the crystallographic symmetries and parameters
deduced from the single-crystal studies (23-25). The
isotypy of AgosNagsMosPgOsz3 and NaMosPgOss with
AgMo3Ps033 was also checked by indexing their X-ray
powder diffraction using the crystallographic parameters
of AgMo3PsO33. These characterizations ensured that sam-
ples were single phase and very well crystallized but
therefore implied very low specific areas for all samples
(<1 m?/g).

No modification of X-ray powder diffraction patterns was
detected after catalytic tests.

X-Ray Absorption Measurements

X-ray absorption measurements were carried out at the
French Synchrotron Laboratory LURE, using the DCI stor-
age ring and EXAFS 1V beamline equipped with a two-
crystal Si (311) monochromator. During the experiments,
the storage ring using 1.85 GeV positrons with average in-
tensity 250 mA.

Data were collected in transmission mode chambers at
room temperature.

Samples were pressed into pellets of absorbance close to
1 above the Mo K-edge. EXAFS Mo K-edge (19,999 eV)
spectra were taken at room temperature with 2-eV steps in
the energy range 19,900-20,700 eV. Threshold spectra were
recorded in the range 19,950-20,100 eV, with 1-eV stepsand
a measuring time of 2 s per data point.

XANES Data Processing

The normalization procedure used throughout this work
was a standard one: after subtraction of the same diffu-
sion background from the XANES and EXAFS spectra,
recorded under the same experimental conditions, a point
at high energy where no more EXAFS oscillations were
still observable was set to unity. Then the intensity of a
point with an energy between 50 and 100 eV from the edge
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was recorded on the EXAFS spectrum and was reported
on the XANES to set the normalized height.

EXAFS Data Processing

The EXAFS analysis was performed following a well-
known procedure (26, 27), through a chain of pro-
grams written by Michalowicz (28). The absorption
spectra studied were obtained by summing two exper-
imental spectra recorded under the same conditions
w(E)=In(Z1/Z1). The EXAFS signal u(E) is equal to
[1(E) — n1(E)V[1a(E)— no(E)], where u(E) is the ob-
served absorption, w1 (E) the atomic absorption, and wo(E)
the sample absorption. This last parameter was deduced
from an analytical expression using the formula of Lengeler
and Eisenberg (29). The atomic absorption coefficient
w1(E) was approximated by a fourth-degree polynomial ex-
pression from 20,036 to 20,690 eV. The EXAFS contribu-
tion was calculated between 20,044 and 20,690 eV with, Eg
taken equal to the energy at half the edge jump, 20,007 eV.
The EXAFS spectramultiplied by a cubic k factor were then
Fourier transformed (FT) inthe k 3.3t0 12.4 A~ range after
application of a KAISER window (t =2.5). After FT, the
contribution of each atomic shell surrounding the absorb-
ing atom Mo could be isolated in the R space. The positions
R’ where the peaks appear were lower than the true dis-
tances to the corresponding scatterers (by displacements of
0.3-0.5 A) because FTs were obtained without correction
for the backscattering phase and amplitude functions. The-
oretical backscattering phase and amplitude were then used
(30) and the positional agreement between the calculated
structure and the experimental data was quite good.

A fitting procedure with simplex and gradient meth-
ods using the MINUIT program (31) was applied. For all
the fits, the number of variables was chosen so as not to
pass beyond (Nj,g — 1), with Nj,q defined as the number
of independent variables and equal to 2AKAR/IT, where
AK = AKmax — AKmin @and AR is the size of the back-Fourier-
transformed window.

kx(k) = -S> Ni/R? exp(—2K?o?)
x exp(—2R T'/K) fi (IT, k) sin[2k R + ®; (K)],

where Sy is the scale factor (just a fraction of the photoelec-
trons ejected are taking part in the EXAFS phenomenon);
N; is the number of neighbors at a distance R; from the ab-
sorbing atom; I' = k/A, where A is the mean free path of the
photoelectron; fi(I1, k) and ®;(k) are respectively the ampli-
tude and phase shift functions characteristic of the ejection
of the electron from the central atom and its backscatter-
ing by the neighbors; and o is a damping coefficient due to
thermal motion and distance distribution in the shell, i.e.,
the Debye-Waller factor. When theoretical amplitude and
phase shift are used, Sp and I" can be considered agreement
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factors. Therefore, they are not allowed to vary for the en-
tire series of samples.

XPS Measurements

The XPS analyses were performed in a Riber system
equipped with a hemispherical analyzer (Leybold). The
residual pressure in the spectrometer was in the range
7 x 107" to 7 x 1078 Pa. The source was the Ko ray of a Mg
anode (10 mA-13 kV). The pass energy of the analyzer was
constant and tuned at 50 meV. The spectra were scanned
with 50-meV steps for 50 ms for each step. No flood gun
was used.

The integral intensities of the most intense peaks of each
element were measured after subtraction of the satellite
peaks and subtraction of the Shirley type background.

The samples were introduced into the spectrometer with-
outin situ thermal treatment and were outgassed overnight;
the C;5 peak was too broad to be used for binding energy
calibration. The Py, peak, for which the oxidation state was
constant whatever the sample, appeared to be a more ac-
curate internal reference. The charge correction was done
by fitting the binding energy of P,, at 135.0 eV.

RESULTS AND DISCUSSION

Reactivity Results

AgM03P2014 and SrMosP,044

First, the catalytic performances for propane partial ox-
idation of the AMo3P,014 (A= Ag, Sr) system were stud-
ied. Conversion variations were achieved by varying the
inlet temperature between 573 and 733 K. The main re-
sults in terms of C3Hg and O, conversions and selectivities
which were obtained on the two samples between 623 and
733 K are reported in Table 2. It appears that although
AgMo3P,014 is less active than SrMo3P,014, it is more se-
lective in mild oxidation products than the latter. The major
organic product was propene; acrolein, propanal, and acetic
acid were also formed as minor products. The increase of
conversion with temperature is more pronounced in the
case of SrMozP,014, Whose propane conversion reaches
11.5% versus 7% in the case of AgMo3P2014.

The selectivity in propene reaches a maximum for
AgMo3P,014 (82%) at 683 K and then decreases to 70% at
733 K, whereas in the case of the SrMo3P,0;4 compound,
it decreases with increasing temperature to reach 35% at
733 K.

The selectivity in acrolein is low in the two cases, but
the variations with temperature are once again different:
it increases with temperature for AgMosP,0y4 (6% at
733 K), whereas it is quite independent of temperature for
SrMo3P,014 (~2%). Propanal and acetic acid are formed
in low proportions.

SAVARY ET AL.

TABLE 2

Catalytic Results Obtained on AgMo3P,014 and SrMo3P,014 Sam-
ples for Propane Mild Oxidation between 623 and 733 K

Temp (K) AgM03P2014 SrMo3P,014
Propane conversion (%) 623 1 15
683 3 5
733 7 11.5
Selectivity in propene (%) 623 80 77
683 82 42
733 70 35
Selectivity in acrolein (%) 623 2 3
683 4 2
733 6 2
Selectivity in propanal (%) 623 3 5
683 2 4
733 1 3
Selectivity in acetic acid (%) 623 0 2
683 2 1
733 2 0
Selectivity in CO; (%) 623 15 13
683 6 8
733 8 16
Selectivity in CO (%) 623 0 0
683 1 41
733 10 43

As far as COy selectivity is concerned, at low tempera-
ture (623 K) the two solids exhibit almost the same CO,
selectivity, whereas at or above 683 K the COy selectivity
of SrMo3P,014 is much higher than that of AgMo3P,014
(59% versus 18% at 733 K), the main difference resulting
from CO selectivity (41% versus 1% at 683 K). The bal-
ance is propene selectivity. More precisely, as temperature
increases to 733 K, CO; formation increases because of
secondary oxidation reactions, as shown by its yield values
(Yco, = 0.15, 0.18 and 0.56% at respectively 623, 683, and
733 K). Nevertheless, for both compounds, at above 683 K,
CO, reaches a minimum of selectivity. We can note that this
temperature corresponds to the appearance of CO, which
is a high-temperature product, in high quantity. This thus
results in a decrease in CO, selectivity.

The fact that CO; selectivity is higher at 623 K than at
683 K could also indicate that it is partially a primary prod-
uct. This result is confirmed by the study of the variation
of the selectivities as a function of contact time: activity
was measured at several contact times (0.15 to 10 s) by
varying the reactive flow with C3Hg/O,/N, = 60/20/20 and
T =733 K. As expected, propane conversion is quite linear
as a function of contact time. Figure 1 reports the variations
of propene and CO; selectivity as a function of contact time.
The other products detected are quite minor reaction prod-
ucts under those conditions. Since the contact time is very
low, propene and CO; selectivities are quite equal; as T,
increases up to T, =1.2 s, CO; selectivity decreases rapidly
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(propene formation is thus improved). These results ob-
tained at low contact time indicate that propene and CO,
are both primary products. When T is as high as 1.2 s, sec-
ondary oxidative reactions occur, and CO selectivity then
gradually increases. CO; is thus both a primary and a sec-
ondary product. While T is as high as 6 s, propane conver-
sion increases to 5%, and CO selectivity seems to stabilize,
in relation to the appearance of quite high CO selectivity
as already reported above.

Performances of AgMo3P,014 were also studied under
more oxidative conditions (O,/C3Hg=1.6, with a W/F of
3.59-h-liter L. The conversion is increased to 8% at 483 K
versus 7% for O,/C3Hg = 1/3 whereas propene selectivity is
lower, 55% versus 70% under reductive conditions. The bal-
ance is COy selectivity (indeed, acrolein selectivity remains
6%, whatever the temperature). When the O,/C3Hg value
is increased even more (O,/C3zHg=10), no more propane
conversion is observed whatever the temperature.

Comparison with AgMoPQOg, AgM05PgO33,
NaM05P8033, and AgolsNa0,5M05P8033

In order to explain the differences in activity and selec-
tivity for propane mild oxidation of these two isotypic com-
pounds, the influence of their structural differences, on the
catalytic properties, i.e., the nature of the intercalated cation
and the molybdenum average oxidation state (see below),
was studied. In fact, on the one hand, many systems involv-
ing silver are reported to be active (2), and on the other
hand, a convenient equilibrium between the Mo¥ and Mo"!
species could also be fundamental for good catalytic perfor-
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FIG.1. Study of AgMo3P,0;4 catalyst as a function of contact time:

propene and CO; selectivities.

TABLE 3
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Comparison of Catalytic Results Obtained on Five Samples
for Propane Mild Oxidation at 733 K

Propane Propene Acrolein COy
conversion selectivity selectivity selectivity
Compound (%) (%) (%) (%)
AgM03P2014 7 70 6 18
SI’MO3P2014 11.5 35 2 59
AgMosPgO33 35 81 7.5 7
Ago_5Nao_5MO5P3033 1 85 5 4
NaMosPgO33 0.5 86 6 3
AgMoPOg 0 / / /

mances. Complementary catalytic tests have thus been per-
formed on AgMo"'POg, and on three compositions of the
solid solution of formulation Angal_xMo},’PBO% (x=0,
0.5, 1) to try to evaluate the role of the silver cation sep-
arately from the role of the molybdenum oxidation state.
Table 3 summarizes the main results in terms of C3Hg con-
version and selectivities which were obtained on the six
samples at 733 K. It appears that the four other Ag sam-
ples are much less active in propane oxidation than the
AMo3P,014 samples, AgMoPOg being completely inactive
under the test conditions used. As far as the solid solution
compounds are concerned, the lower the silver content, the
lower the activity, the selectivity in propene being almost
constant. It can be noted that the conditions of isoconver-
sion of propane of about 3% correspond to 683 and 733 K,
respectively, for AgMo3P,014 and AgMosPgO33 samples;
the propene selectivities are thus of the same order (81%),
the acrolein selectivities being slightly higher in the case of
AgMo5P8033.

Characterization Results

XRD Results

The crystalline structures of the different compounds
have been described separately elsewhere (23-25). Nev-
ertheless, a comparison of their structural features must be
presented to allow structure—activity results to be discussed.

First, the six samples studied correspond to three differ-
ent host lattices: [MoPOg]w (Fig. 2), [M0sPgOs3]e (Fig. 3),
and [Mo3P20u]e (Fig. 4). In these three frameworks,
molybdenum species exhibit different oxidation states and
surroundings. In the [MoPOg]. framework, the molybde-
num atoms are Mo"' species and are located in isolated
octahedra, whose geometry corresponds to classical iso-
lated MoV'Og octahedra (two “free” molybdenyl bonds).
In the [MosPgO3s]~ host lattice, molybdenum atoms are
pentavalent species and are located in two kinds to MoV Os
octahedra: the first one corresponds to isolated octahe-
dra with its classical characteristics (32), i.e., one “free”
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FIG. 2. Projection of AgMoPOg along [001] (dark circles at the apex
of MoOg octahedra mark oxygen of molybdenyl bonds).

molybdenyl bond; the second one is involved in infinite
(MoQO3)., chains, once more with one short molybdenyl
bond, but a “linked” one, in this case. The latter is involved
inthe O=Mo - - - O bridge [the molybdenyl bond (~1.65 A)
is represented here and in the following text by Mo=0O to
differentiate it from the long trans-molybdenyl bond, rep-
resented as Mo---O (~2.3 A), and from the equatorial
bond (22 A)]. In [M03P,014], the Mo atoms are located
on three independent crystallographic sites and their rela-
tive positions lead to an Mo3O;5 unit which is composed of

FIG. 3.
apex of MoOg octahedra mark oxygen of molybdenyl bonds).

Projection of AgMosPgO3; along [100] (dark circles at the

SAVARY ET AL.

FIG. 4. Projection of AMo3P,0, structure along [010].

two octahedra linked by one edge and one trigonal bipyra-
mid linked to one of the two octahedra by one corner.
The exact geometry of this unit is described in Fig. 5 for
AgMo3P,014. In this case, the average molybdenum oxi-
dation state is 5.66, the mixed valency being a localized
one with the repartition (M0")eet(M0V"oct(M0Ypipyr in
the Mo3O35 unit (23). When strontium (divalent cation)
in substituted for silver (monovalent cation), the aver-
age molybdenum oxidation state becomes 5.33 with the
new repartition (Mo")ect(M0")oct(M0Ypipyr (23). These
valency localizations have been obtained from electrostatic

FIG. 5.

Mo03015 unit in AgMO3P2014.
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TABLE 4

Geometry of the Central Octahedron in Mo3015
Units in AgMo3P,014 and SrMo3P2014

AgM03P2014: SI'M03P2014Z
MoO bonds (A) in Mo¥'Og  MoO bonds (A) in MoYOg
1.865 1.92
2.302 2.33
1.673 1.63
1.866 197
2.002 2.06
2.002 2.06

valency calculations (33). Note that the MoO bonds of the
central octahedron are slightly different as a function of
the oxidation state of the Mo atom (Table 4): in the MoVOg
central octahedron of SrMo3P,014, the molybdenyl bond
is shorter and the five other bonds are longer than those
in the MoVY'Og central octahedron of AgMo3P,014. These
geometric data are in agreement with results obtained on
isolated octahedra (32).

As far as cations are concerned, three kinds of situa-
tions must be considered. In the [MoPOg)., framework,
silver cations are blocked inside windows delimited by the
host lattice, the “free” oxygen atoms (molybdenyl bonds)
of each MoY'Og octahedron, which are represented by dark
circles in Fig. 2, participate quite strongly in the coordina-
tion of the silver cations (~2.37-2.72 A). In AgMO05P3O3;3,
silver cations are located inside large tunnels (Fig. 3), and
they exhibit very high thermal factors (Beq = 4-6 AZ). These
high values can be related to the fact that, in contrast to the
case of the previous compound, the oxygen atoms of the
free molybdenyl bonds of the framework, which are also
marked by dark circles in Fig. 3, do not participate in the
coordination of the silver atoms and do not allow them to
be strongly stabilized (Ag-O distances ranging from (2.35
to 2.282 A) Lii and co-workers (25) suggested that, due
to the low stabilization of the inserted cation, this frame-
work could, possess some ionic conduction properties. Nev-
ertheless, technical problems do not yet allow verification
of this physical property. When sodium is progressively sub-
stituted for silver, no ordering phenomena are found, so we
can consider that there is a random repartition of all the
cations on silver crystallographic sites. The [M03P2014]
host lattice is a layer structure; the cations (silver or stron-
tium) are thus intercalated between the [M03P;014] lay-
ers (Fig. 3). This can make possible the displacement of the
cations between the layers.

XANES Results

The Mo K-edges of molybdenum metal and of some ox-
ides used as references for Mo(0), Mo(V) (34), Mo(5.33)
(35), and Mo(V1) (36) valence states and the AgMo3P,014
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--------- Mo metal
[| —Mo(vi) s
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Energy (eV)

FIG.6. XANES, Mo K-edge of molybdenum phosphate references
involving different Mo valencies: Mo® metal, MoV NaMo3P,013, Mo®3
NaMozPsO16, MoV! BaMo,P,01,, and AgMosP,0y4 before (B) and after
(A) catalytic test.

before [Mo(5.66) (23)] and after catalytic test are shown
in Fig. 6. The edge energies for each compound have been
measured on the derivative spectra and correspond to mid-
height of the main absorption jump: they are reported in
Table 5. From the edge energies of the reference spectra for
Mo(V) [NaMo3P,013 (34)] and Mo(5.66) (AgMosP,014 be-
fore catalytic test) and assuming a linear dependence of the
edge energies on the mean formal valence state of molyb-
denum cations, an estimation of the Mo valency is proposed
for the AgMo3P,014 compound after catalytic test (Table 5)
which indicates clearly that a random of molybdenum from

TABLE 5

Mo Valencies Estimated from Mo K-Edge Energies

Mo formal Energy (eV) at
valence  midheight of the Estimated formal
Compound state main jump valence state
Mo metal Mo(0) 11.2+0.3
NaMo3P,013 Mo(5)? 154403
NaMo3P¢O16 Mo(5.33) 17.2+£0.3 5.45+0.3
BaMo,P,01, Mo(6) 18.6+0.3 5.80+0.3
AgMosP;014 (B) Mo(5.66)* 18.1+0.3
AgMo3P,014 (A) 16.4+0.3 5.25+0.3

Note. (B) Before catalytic test; (A) after catalytic test.
@ Theoretical formal valence state deduced from the crystallo-
graphic data and assuming the oxygen stoichiometry given above.
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5.66 to 5.25 occurs during the catalytic process. The struc-
tural changes involved in such a reduction will be described
more precisely in the EXAFS paragraph.

An important indication of the local structural changes
involved in the catalytic process can be obtained from the
variation in intensity of the prepeak marked by an arrow in
Fig. 6. The prepeak arises from an electronic transition from
the Mo(1s) core level to the hybridized Mo(4dg)-O(2p)-
Mo(5p) molecular orbitals, allowing insight into the 4d or-
bitals to be gained at the Mo K-edge, although the 1s — 4d
transition is dipolar forbidden. The prepeak intensity is di-
rectly linked to the degree of hybridization of the Mo(4d)
and O(2p) orbitals; this hybridization increases with the dis-
tortion of the MoOg octahedron and more precisely with
the deviation of the molybdenum position with respect to
the center of symmetry of the octahedron. The strong in-
crease of the prepeak intensity on the Mo K-edge of the
AgMozP,014 compound after the catalytic test (Fig. 5) is a
clear indication of a strong increase in the MoOg octahe-
dron distortion which is linked to the molybdenum reduc-
tion.

EXAFS Results

The local bonding around the molybdenum center was
examined using the EXAFS technique, above the molyb-
denum X-ray absorption threshold. The moduli of the
Fourier transforms of the experimental EXAFS spectra of
AgMo3P,014 before and after catalytic tests are shown in
Fig. 7.

All peaks are shifted to radii shortened by 0.35 A ow-
ing to the presence of a backscattering phase shift. When

SAVARY ET AL.

theoretical backscattering phase shifts and amplitudes are
included in the calculation of model spectra, the positional
agreement between the calculated model structure and the
experimental data is quite good. As far as the oxygen shell
is concerned, two kinds of peaks can be considered: those
corresponding to molybdenyl short bonds and those cor-
responding to the longer Mo—O bonds. Therefore, the fits
performed between 3 and 13.2 A% on ky (k) EXAFS spec-
tra from a back-Fourier transform taken from 1 to 2.2 A
took into account two separate layers corresponding to the
oxygen short Mo=0 layer and to the Mo-O (&2 A) layer.
These two layers are respectively characterized by (N;-Ry,
N,-R;) parameters (N-R = number of O atoms and MoO
average distance of one layer). Taking into account that the
amplitude and phase shift are theoretical files, we took I' = 1
and Sp=0.8, and then the other parameters were refined.

AgMo3P,0;4 before catalytic test. The (N1—-Rj;, No-R2)
values are consistent with the (Nicm—Ricm, Nocm—R2em) (Cm
means crystallographic model) values which were calcu-
lated from X-ray monocrystal diffraction determination
(23) (Table 6). Figure 8a exhibits the simulated and exper-
imental EXAFS spectra. The short Mo=O bond present
at 1.72 A'is clearly seen and the peak associated with the
longer equatorial Mo—O and with the trans-molybdenyl
bond is the most intense. The N1 + N, =5.63 value is con-
sistent with the crystallographic model and corresponds to
two Mo atoms in octahedral coordination and the third in
trigonal bipyramidal coordination as described in Fig. 5. A
narrow comparison with the crystallographic model shows
that, on the one hand, the N; value is higher than Ny¢m (and
N2 < N2cm), and on the other hand, the Ry value is higher

F(R)
6.00000 N
4.00000
2.00000
a
b
1 ] 1 N\
.000000 2.00000 4.00000 6.00000 8.00000 10.0000 " 4
R (A)
FIG. 7. Fourier transform EXAFS spectra of AgMo3P,014 samples: (a) before catalytic test; (b) after catalytic test.
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FIG. 8. Simulated and experimental EXAFS spectra of AgMo3P,014: (a) before catalytic test; (b) after catalytic test.

than Ricm (R2 < Raem); this could be related to the difficulty
in separating the two oxygen layers experimentally. Indeed,
as seen from crystallographic data (Table 4), the two Mo—-O
distances of 1.86 A to the central octahedron which have
been attributed to the second layer in the crystallographic
model could be partly included in the first layer.

AgMo3P,04 after catalytic test.  First, let us recall some
structural results obtained on molybdenum phosphates. It
has been shown that MoV coordination polyhedra are very
specific: one short Mo=0O bond (*1.65 A), four equatorial
Mo-O bonds (&2 A), and the long trans-molybdenyl bond

(32). Asfar as Mo"! coordination polyhedra are concerned,
until now, two kinds of polyhedra have been known: a trig-
onal bipyramid with two molybdenyl bonds, and an octahe-
dron with also two molybdenyl bonds (these two bonds are
slightly longer (~1.7 A) than the bond in the MoV octahe-
dra); the other Mo—O bonds are shorter than those in MoV
octahedra, so that the summation of electrostatic valences
(33) leads to a valence of VI for the molybdenum species
concerned.

After the catalytic test (Fig. 8b, Table 6), the (N1 + Ny)
value is increased to 6. Moreover, the N; and R; values
have decreased whereas N, and R, have increased. As seen
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TABLE 6

Variation of the EXAFS Parameters before and after Catalytic
Test for AgMosP,014: Comparison with the Initial Crystallographic
Model Results

First oxygen layer Second oxygen layer

Crystallographic model Nicm=1.33 Nacm = 4.33
Ricm=1.682(4) A Roem=2.018(5) A
AgMo3P,014 EXAFS N;=1.39 N,=4.24
parameters Ri=172(1) A R,=2.00(1) A
before catalytic test 01=472x1072 0,=457x 1072
T1= 1 T2= 1
AE;=6.34eV AE;=3.00eV
AgMo3P,014 EXAFS N;=1.12 N, =4.90
parameters Ry =1.68(1) A R,=2.02(1) A
after catalytic test 01=457 %1072 0,=457x 1072
T1= 1 Ty= 1
AE;=3.00eV AE;=8.26 eV

above, the decrease of the R; value seems to indicate an in-
crease of molybdenum V species in the molybdenum clus-
ter. The variation of the N; value confirms this result. Nev-
ertheless, when the molybdenum cluster exhibits only MoV
species in octahedral coordination, N; and N3 values should
be 1and 5, respectively. On the other hand, the hypothesis of
two MoV Og octahedra (linked by the octahedra edge), the
third one being MoV'Og, would lead to N3 = 1.33, N, = 4.66.
The experimental values are intermediate between these
two solutions. In fact, as seen from XANES Mo K-edge
results (Table 5), after the catalytic test, the average Mo
oxidation state is about 5.25, which corresponds to three
Mo species clusters with two MoV and one Mo""V! species.
This result is in agreement with the global reduction of the
sample as seen from Ry, N3, and N value variations.

XPS Results

AgMo3P,0;4 was analyzed by XPS. It was studied be-
fore and after catalytic tests performed at 723 and 623 K.
In this latter case, the catalyst presents no activity. After
the test, the catalyst was quickly cooled down under argon
atmosphere to minimize any structural evolution under air.

Relative surface concentration. The surface atomic ra-
tios are presented in Table 7. The values corresponding
to bulk composition determined by chemical analysis are

TABLE 7

Relative Surface Concentration Measured by XPS

Mo/Ag Mo/P P/Ag
Before catalytic test  2.79(3)  1.22(1.5) 2.27(2)
After catalytic test
Tr=623 K 2.79 1.17 2.38
Tr=723K 2.36 1.06 2.22
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noted in parentheses. After the catalytic test performed
at 623 K (low propane conversion), surface concentrations
stay very close to those measured before the reaction. Con-
versely, after the reaction performed at 723 K, some changes
are observed. We note an increase in Ag and P concentra-
tions of, respectively, 15 and 13% compared to the initial
values. Because the material was prepared at higher tem-
perature (873 K) and was stable under inert atmosphere at
the temperature of the catalytic reaction, it can be shown
that modifications on the catalyst occur only when the re-
action occurs.

Surface oxidation state of molybdenum. In order to
specify the effect of the reaction on the oxidation state
of molybdenum species, the Mo peaks were decomposed
into components characterizing Mo3ds;; and Mo3ds, in
the V and VI oxidation states. The samples AgMosPgO33
and MoOg3;, which present only one oxidation degree of
Mo, respectively V and VI, were used as reference com-
pounds. Their Mo3ds, and Mo3ds, peaks were fitted. For
these reference compounds, the best fits were obtained us-
ing Lorentzian curves with parameters such as:

—For AgMosPgOs; (Fig. 9):

Mo3ds)2, E; = 231.7 eV; FWHM = 1.5 eV
Mo3ds 2, E; = 234.9eV; FWHM = 1.5eV.

—For MoOs:

Mo3ds,2, E; = 232.6 eV; FWHM = 1.3 eV
Mo3ds)2, E; = 235.7 eV; FWHM = 1.3 eV.

The parameters obtained for these two compounds
(binding energy, FWHM, shape) were used to analyze the
molybdenum peaks of the mixed valency sample. The de-
composition of the peaks of AgMo3P,014 before reaction
is presented in Fig. 10. The measurement of the area of the
Mo3ds, peaks corresponding to Mo(V) and Mo(V1) allows
us to calculate the average oxidation degree of surface Mo.
The value obtained (5.57) is in very good agreement with
the bulk value (5.66). The spectrum of the same compound
after the catalytic test performed at 723 K shows an increase
in the contribution of the Mo(V) peak (Fig. 11). In this case,
the surface Mo average oxidation degree is 5.34.

DISCUSSION

The different catalytic performance of AgMo3P,014 and
SrMosP,014 can be explained by taking into account the
molybdenum oxidation state and the nature of the cations.

Evaluation of catalytic properties of other molybdenum
phosphates showed that the silver cation may act positively
when the organization of the host lattice allows silver migra-
tion. Indeed, it appears that, among the three frameworks
[M03P2014] 0, [MO5PgO33]00, and [MoPOg], only the first
one enhances both cation migration (in relation to its layer
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FIG. 11. XPS spectrum of the Mo3d peaks of AgMo3P,014 after reaction at 723 K.

structure) and electronic exchanges inside Mo03O;5 units.
This last point must be particularly noted because such elec-
tronic exchanges are supposed to occur in redox mechanism
reactions. As far as the [MosPgOs3]. framework is con-
cerned, if the existence of large tunnels could allow cation
migration, the organization of MoOg octahedra would cer-
tainly be less favorable than in the previous case because of
the presence of isolated octahedra and of infinite (M0O3)
chains instead of limited polynuclear clusters as M03Oss
units. These structural particularities result in a lower ac-
tivity of this host lattice than of the [Mo3P,014]  lattice, but
the positive influence of silver could nevertheless clearly be
shown in this example. The last [MoPOg]., framework ex-
hibits only isolated octahedra and, moreover, it does not
allow cations to move.

It can be concluded that the main structural criterion for
obtaining a good catalytic result in mild propane oxidation
concerns the nature of the host lattice and, in particular, the
situation of Mo atoms relative to each other. Polynuclear
transition metal clusters of limited size seem to enhance
electronic exchanges, and the presence of double bridges

o
7 ON
M M
No”

in these clusters, already seen in vanadyl pyrophosphate
(VO),P,07, which is active for n-butane oxidation reaction

(37), is certainly favorable. The influence of cations also
occurs, but it is largely related to the framework, which can
inhibit or promote its effect.

Even if, as shown by XRD characterization, no deep
modification of the AgMosP,014 catalyst occurred during
the reaction, other complementary characterizations used
in the present study show that the catalyst is slightly modi-
fied during the catalytic test. Let us remember here that the
host lattice [M03P2014] is stabilized by mono- or divalent
cations, which involves the central octahedra containing a
MoV! or MoY atom, respectively, and indicates a large flexi-
bility of the framework, which can accept various oxidation
states without strong geometrical modifications.

The main result obtained by XANES and confirmed by
EXAFS spectra concerns the partial reduction of the av-
erage molybdenum oxidation state in AgMosP,0;4 from
5.66 before catalytic test to 5.25 after reaction. Comparison
of surface (XPS) and bulk characterizations showed good
agreement between the molybdenum oxidation states mea-
sured by the two techniques. This indicates that the modifi-
cation of the catalyst affects the whole volume and not only
the first layers. This kind of result has already been seen
in oxidation catalysis. For example, isotopic exchanges per-
formed with O proved the participation of the oxygen
atoms of the whole catalyst lattice in the oxidation reac-
tion (38). If we consider the molybdenum average oxida-
tion state of 5.25 found for AgMo3P,0, after the reaction,



SELECTIVE OXIDATION OF PROPANE

we could explain the better activity of the strontium iso-
typic compound by its initial quite good balance between
the MoV and Mo"! species (M0°2%). Moreover, the total in-
activity of AgMozP,014 over a very oxidative atmosphere
(0,/C3Hg = 10) (the required 2/1 MoV/Mo"! equilibrium
can not be achieved in such an oxidative atmosphere) in-
dicates once more the importance of the establishment of
a convenient redox equilibrium. As far as AgMo3P,014 is
concerned, and considering the Mo3O35 units described in
Fig. 5, we can propose a structural model (after catalytic
reaction performed under reductive conditions) based on
absorption X-ray results. First, the reduction of the molyb-
denum state from 5.66 to 5.25 should result in a different
distribution of MoV and Mo"" species in this unit. We must
recall here that the molybdenum atom of the central octahe-
dron of the Mo3O35 unit has been found to be either Mo or
MoV! according to the valence of the intercalated cation.
It could therefore be considered that at least part of the
observed reduction (Mo*% — Mo°2%) corresponds to the
reduction of this central molybdenum in the Mo3O15 unit.
This modification should result in a shortening of the aver-
age molybdenyl bonds. This is effectively observed in the
first oxygen shell considered by EXAFS (R; =172 A-
R,=168 A).

To explain the increase of the molybdenum coordination
number (Ni+ N;=5.63— N;+ N,==6), the decrease of
molybdenyl bonds (N; =1.33 — N; =1.1), and the molyb-
denum oxidation state, which is slightly lower (5.25) than
that expected from the above considerations (5.33), the
third molybdenum atom environment, whose coordination
polyhedron initially is a trigonal bipyramid, must be taken
into account. Three hypotheses must be considered.

The trigonal bipyramidal coordination of this atom may
be transformed into octahedral coordination (N;+ N;=
5.63— N;+ N,=6). The apparent paradox between a
larger coordination number and a more reduced state can
be overcome by involving different bond lengths. More-
over, the increase in the molybdenum coordination num-
ber does not necessarily imply an increase in the num-
ber of oxygen atoms in the host lattice: for example, the
new octahedron can share one edge with the central one,
since the EXAFS technique does not give any information
about the position of the third octahedron in comparison
with the others. Nevertheless, due to the global reduction
of the MoPO lattice, the problem of electroneutrality of
the structure must be considered. As far as the surface is
concerned, the increase of its silver composition observed
by XPS could compensate the ionic deficit. However, such
a feature would not be convenient with the global partici-
pation of the whole framework.

The increase in oxygen atom neighbors close to molyb-
denum atoms could also be due to the presence of water
molecules in the environment of the third molybdenum
atom, inside the framework. Indeed, water is produced in
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the oxidation reaction, and the layer structure could quite
easily stabilize the water molecule. If the eventual depar-
ture of some oxygen species to compensate for the partial
reduction of molybdenum atoms in the framework would
be in contradiction with the N; 4+ N, increase to 6, the re-
placement of one oxygen of the molybdenyl ions of the
trigonal bipyramid by one hydroxyl group should be con-
sidered.

The phosphorus enrichment on the surface observed by
XPS measurements has already been seen in VPO sys-
tems in butane oxidation (39, 40). The excess of phos-
phorus at the surface was thus said to stabilize the active
phase (VO),P,07. Such stabilization could also occur in
the present case: the active sites described above as trinu-
clear molybdenum clusters are isolated from each other by
phosphorus atoms. This isolation of active sites performed
by phosphorus species could thus avoid deeper oxidation,
as already suggested by Centi (41).

As far as the role of silver cations is concerned, the in-
crease in their concentration at the surface could be inter-
preted as evidence of silver displacements occurring during
the catalytic reaction. This cationic migration could partic-
ipate in electronic exchange mechanisms related to molyb-
denum reduction. Many investigations have revealed that
the lattice oxygen ions are incorporated into the oxidation
products in several complex oxides (38, 42), suggesting that
good catalytic activity involves good participation of the
oxygen lattice in the oxidation. In order to verify the par-
ticipation of the oxygen lattice in the oxidation mechanism,
experiments without oxygen in the flow were performed:
low propane conversion was thus obtained and acrolein
formation was even detected in the first minutes of the re-
action. We could therefore consider that one of the roles
of the silver cation is to accelerate, by its movements inside
the host lattice, the diffusion of bulk oxygen ions (the labile
oxygen species are certainly those involved in molybdenyl
bonds) and to maintain a high activity of oxygen on the
catalyst surface. This interpretation considers the catalyst
to be a dynamic system. An EXAFS in situ study at the Mo
and Ag edges is in progress and should help to clarify the
role of silver in the reaction mechanism.

CONCLUSION

A new silver molybdenum phosphate, AgMo3P,014, was
found to play a role in propane oxydehydrogenation (6%
propane conversion, 70% propene selectivity at 733 K). The
isotypic SrMo3P,014compound is even more active (12% of
propane conversion at 733 K), but less selective in propene.
Even if they both present structural units which seem to act
favorably in this kind of reaction (Mo3O15 unit and a mixed
valency MoV/MoV"), other properties must be involved to
explain their different catalytic performances such as the
initial balance between the MoY and MoV species: the best
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equilibrium between these two species seems to be about
MoV/MoV'~ 2/1, which corresponds to the initial and final
distributionsin the strontium and silver compounds, respec-
tively. The presence of silver as cation seems to have a good
influence on the behavior of the catalyst during the reac-
tion. XPS and X-ray absorption spectroscopy show that sil-
ver cations migrate toward the surface during the reaction.
This movementinduces electronic exchanges particularly in
the Mo3O15 units, which are partially reduced after the cata-
Iytic reaction (5.66 — 5.25). The silver species would then
stabilize the active phase and facilitate a kind of “breath-
ing” of the catalyst during the catalytic reaction.
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