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ABSTRACT

The influence of niobium and/or palladium in MgXDy on both solid state
chemistry and catalytic properties in the oxidatd®thane to acetic acid and ethylene
is examined. Catalysts without molybdenum (NBde-£O) are also studied for
comparison. The structural properties of the premsrand of the catalysts obtained by
calcination of precursors at 350 and 400°C areiatlioly X-ray diffraction, and by laser
Raman and X-ray photoelectron spectroscopies. Tpreperties depend on the
presence or absence of niobium, and to a lessentexif palladium. Nb-free precursors
and catalysts are heterogeneous mixtures of clipstalxides, among which hexagonal
and orthorhombic Mo® The presence of Pd favors the instability of m#cursors
and catalysts. The catalysts are poorly activeemion < 4%), but they are mainly
selective to acetic acid {Smax = 61-73 mol%) and to CqScox max= 30-72 mol%).

The Nb-containing precursors without or with Pd rmaiere stable, and the catalysts are
made up of nanocrystalline particles of V,Nb-dopmbO14 and of AM01.4O3.x2. They
are active (conversion < 15%) and very selectivethylene and acetic acid{S= 90-

96 mol%). The surface being enriched with vanadiumost cases, the discussion
deals with the relative role of Nb and Pd and tpessible location in the identified
oxides. Because no M1 and/or M2 oxides could betified, synergistic effects
between nanocrystals of (VMoNK):4 and \4Mo0;.,0s.0 5 are proposed to account for

the high catalytic performance of the multicompdridoVNb(Pd)oxides.
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1. INTRODUCTION

The Mo-V-O system is the base of catalysts whiehcéimed by several companies
to be active and selective in — at least — fivelaton reactions. Benzene to maleic
anhydride [1] and acrolein to acrylic acid [2,3¢ &nhe oldest ones. Attempts to make
value of ethane, which is available at low costntfollowed. The mild oxidation of
ethane to ethylene and/or acetic acid on niobiupeddvo-V-O was proposed in the
open literature in 1978 by Thorsteinson et al. §d studied later on [5-11]. More
recently, to the Mo-V-O system have been addedrabgkements among which W, Nb,
Sb and Te, which take part in the formation of tafme structures. These
multicomponent oxides have been studied for then{oridation of propane to
acrylonitrile or acrylic acid [12-19]. Other catatg based on vanadium were also
proposed for gHg [20-24] and GHs [25,26] oxidations.

The tuning of Mo-V-O properties to fit one or thiéher reaction is a feature of this
system which is versatile enough to incorporateghements. The presence of these
elements (whatever their nature and their coniergbviously a prominent factor, as it
is responsible not only for the stabilisation ofiige crystal structures, but also for the
oxidation state of the component atoms at the gtstde, in given operating
conditions. Indeed, the reducing power of the gasewixture, and also the presence or
absence of steam, strongly influence these chaistate. Restricting ourselves to
Mo/V > 1:1 phases, several Mo-V-O compounds arevknfsom literature [27,28]. The
X-Ray diffraction pattern of some of them preséat tamous XRD line atd = 4.0 A
supposed to be related to selectivity to acrylid @fitom acrolein) [2, 3, 13], or to
ethylene (from ethane) [4]. Depending on theirdtice, these Mo-V-O phases may, or

may not, incorporate extra ions (dopants) in ssdilition. Hexagonal bronze-type



precursors may be obtained as ammonium salts dpregaration. Tungsten, niobium,
aluminum, antimony, tellurium, etc., may partly leege molybdenum in Mo-O oxides,
in the presence, or not, of vanadium. V-Sb-Al-Ogg#sawere first proposed to
(amm)oxidize propane to (acrylonitrile) acrylic &@¢25,26]. Higher yields being
obtained with Mo-V-O doped with Nb and Te (or Shg latter system has been
recently the subject of numerous investigationso Taulticomponent crystalline phases
have been identified by several teams, beginniniglibtyubishi authors [14], which
today are quite universally called M1 and M2 [29-F&omoters of Mo-V-0O like Al,

Ti, Fe, Cr, Ga were proposed by Ueda et al. [34jnmounts close to those of the
propane (amm)oxidation catalysts, e.g.,sM@l 04, MogVGa Ok, and M@V 3Fe Oy,
respectively. The structures of M1 and M2 have beeently determined

[30,33,35,36]. DeSanto et al. refined the M1 stee{35,36]. Its formula is
Mo7sV1sNbTeQyg and its structure is orthorhombic, while that afdVie;VO2o (M2) is
hexagonal. Both X-ray diffraction (XRD) patternshéit a strong line at@2= 22.2°.
According to the most recent findings, a synergistfect between M1 and M2 could be
responsible for the high yields of acrylonitrile9s) [37].

The catalytic performance of Mo-V-Nb-O phases west examined in the
oxidative dehydrogenation of ethane to ethylen@lhyrsteinson et al. [4], who
determined the optimum composition §4eVo.1dNbp O«. Acetic acid was also formed
but in small amounts and only at high pressure 2B bars). Analysis by XRD showed
patterns typical of YWoeO4c-type oxides. Solids MgV 3Nb, O, of stoichiometry close to
Mo0g.73V0.1dNbp 0O« With the same XRD pattern were also studied bycBand
Swarnakar [5], and later by Ruth et al. [7,8]. Qtbatalysts based on vanadium and

able to form directly acetic acid were tested [#,23]. Merzouki et al. [6,20] studied



the preparation of MgraVo.1dNbp 0O« catalysts. The formation of acetic acid at low
temperature (250°C) and atmospheric pressure Watededo the presence of V,Nb-
doped M@O14 (besides Mog). Instead of \YM0gO4o (and/or \EM04055) [4,5,7,8], the
MosO,4-type was obtained because of hydrochloric or oxatid added during
preparation [6,20]. The authors suggested that Indielgum oxide was stabilised by
means of microdomains of (VNbMt),4 [6], a hypothesis recently proposed in a study
of MoVO4 and MoVNbQ containing more vanadium [28]. More recently, the
MoV .29\ bp 104 catalyst doped with palladium has been the maftarthorough
structural and kinetic study for the same readtidh11], in which Pd was claimed to be
responsible for the oxidation of ethylene to acatil in a Wacker-like process. Other
recent and thorough studies were mostly devotédetgolid state chemistry of phases
based on MgD;14[17,18,38-41]. Among interesting results, the awfound a typical
XRD pattern with a strongly amorphous charactenjlar to that of the MoVW catalyst
claimed by BASF [13,18] to be active and selectoreacrolein oxidation to acrylic

acid. They have demonstrated that the XRD patiesnvell that of a mixture of
nanocrystallites of (VNbM@PD;4 and of MoQ. However in their recent papers the

possibility that M1 or M2 phases could be preseas$ wot mentionned.

Although Te (Sb) does not seem to be the prefetopédint when one wants to
oxidize ethane, the question as to whether chatnedtures like the one of M1 and/or
M2 type phases may form without Te but in the pneseof Nb is important. The role of
Nb alone on Mo¥Y.4Oy properties has already been addressed in a fqrapar by
Bouchard et al. [28] who used X-ray diffractiorséa Raman spectroscopy and X-ray
photoelectron spectroscopies in normal emsitu conditions. We have decided to

examine the influence of Nb and/or Pd dopants erptbperties of Moy O system,



which is the basis of efficient catalysts for ethaxidation to acetic acid and ethylene
[9]. A catalyst without molybdenum but containing Bind Pd was also prepared in
order to compare with Mo-containing solids. Thadtmmetry was kept constant, that

IS M0V o.4Nbp 1P .0y When all atoms are present. Precursors were eal@h350

and at 400°C, in order to examine the influenceabfination temperature on the phases
present and on their catalytic properties. The jgoghemical properties of catalysts

and of the precursors obtained before calcinatierevalso studied using several

techniques and correlated with the catalytic penfoice.

2. EXPERIMENTAL

2.1. Preparation of Catalysts

Catalysts MoV 4O« (MoV), MoV sNbg 1204 (MOVND), MoV 4P Oy (MoVPAd),
MoV o.4Nbpy 1P % O« (MOVNDPd), and VNb3Pd O« (VNbPd) were prepared
according to Karim et al. [9] from ammonium heptdybdate (AHM), ammonium
metavanadate, niobium oxalate and palladium chéaamgueous solution. After
dessication of the mixture, the resulting powdes @Waed at 120°C overnight yielding
the precursor P, which was then calcined in aitouf, = 350°C or 400°C (2 hrs). P-is
preceding the label in the case of precursors, (B:y1oV for the precursor of M¥ ¢ 4),
while the temperature of calcination is writtereafthe label, as in MoV-350 (M@\VOx

calcined at T= 350°C).



2.2. Techniques of Characterisation

The specific surface area was determined by thelBsiagle point method. The
range of surface areas was 15-3%gn XRD patterns were acquired on Huber
diffractometer using Cui radiation. Lines were assigned to crystalline phassing
the DIFFRACPIus software (Bruker) in the ran@e=23-60°. Laser Raman spectra
(LRS) were recorded using a Labram Infinity lasanfan spectrometer (JY-DILOR®)
equipped with an optical microscope. The lasemisitg (Ar’, 514.5 nm) was reduced
by various filters (< 1 mW), and the data wereteddy Labspec software. The spectral
resolution and the accuracy of Raman shifts weatueted at ~2 cth About ten
particles of each sample were examined by opticedascopy to check their
homogeneity. The reactivity of samples in air waaligatively examined by submitting
powder grains to the laser beam with the samevimhig procedure. Filters of various
powers (D3: 0.04; D2: 0.05; D1: 0.08; D0.6: 0.48 &0: 0.67 mW) were used
successively, the time of acquisition being diffgraccording to the filter (600, 540,
120 and 60 s for D3, D1, D0.6 and DO, respectively)

X-ray photoelectron spectroscopy (XPS) was perforoseng the VG-ESCALAB
220XL spectrometer. The powder samples were preasee@ mm hole in a steel block.
The Al Ko monochromatized line (1486.6 eV) was used at A2@Qiking a 500 um
spot diameter in the sample. The spectrometer pasated in a constant pass energy
mode (Eass= 30 eV) for the high resolution spectra recordismg the electromagnetic
lens mode. There was no need of flood gun sourteeasamples were conducting
enough. Binding energies were referenced tisCore (530.20 eV). During experiment
the vacuum level was less than’I®a. Experimental quantification level and spectral

simulation were obtained using the Eclipse softwaowided by VG Scientific. The



area of Mo 8ds/2, 305/2), V (2p312) and Nb 8dsp, 3dk2) peaks was measured for each
sample and the surface stoichiometry was determBigdals were decomposed in
order to get the relative amount of oxidized ardlioed cations. The surface oxygen
stoichiometry was then calculated and comparedddwo extreme values obtained
from bulk stoichiometry by considering cations it oxidized or in their reduced

forms, respectively.

2.3. Catalytic Testing

The catalytic properties were measured using aaaional flow set-up, effluents
being analyzed by on-line gas chromatography. Tdialsss-steel fixed bed reactor was
placed in a tubular furnace and connected to théysis set-up. The inlet gas mixture of
propane, oxygen and nitrogen was controlled usiagsifiowmeters. The reactor
(volume of catalyst = 3 mL) was fed withis/O./N, = 40/6/54 and operated at 240-
280°C and contact tinee= 1.2 s. Reactants and products were analysethenvlth a
gas chromatograph equipped with a double detetttermial conductivity and flame
ionization) and two columns, HayeSep D 80/100 mast,LAC446. In these

conditions, the carbon balance was satisfietl 2.

3- EXPERIMENTAL RESULTS

3-1. Characterisation and Reactivity of Precursors
XRD patterns of precursors obtained after dryingwskthat several crystalline or
poorly crystalline phases are present accordirigdgresence (Nb series), or absence

(Nb-free series) of niobium, the case of P-VNbPithdpspecial. In the complex pattern



of Nb-free series precursors (P-MoV and P-MoVP&).(E) are identified several Mo
phases containing ammonium, among which ammoniytahelybdate tetrahydrate
(AHM) (JCPDS 70-1707), Np)2M04013(JCPDS 80-0757) and (N}d.2V0.2M0o.60s
(JCPDS 73-0039). The intense line at 8.3° couldoeaattributed. (Nk)o.2Vo. M0 g03
is isostructural to hexagonal molybdenum oxide hel]dhe structure of which is
known to be stabilised by ammonium and/or prot@2s43]. The patterns of Nb-
containing precursors present a markedly amorpbbasacter (Fig. 2). In P-MoVNDb,
the two main lines centered & 2 17.5° and 22.0-22.2° may be assigned tQ\\b4,
but also to MgO,4 (calledB-phase) stabilised by V and/or Nb [44], respectivel
Because it is impossible to check if V and/or N&, @r not, inserted, the latter
compound will thereafter be noted (VNbM®@) 4. The main line in P-MoVNbPd at
22.2° and the broad line at 25.5° (correspondinggteeral lines) are also assigned to
(VNbMo0)s014. The pattern of P-VNbPd is different but it exkslbalso a partly
amorphous character, with few sharp lines belontgrgmmonium vanadium oxides
(NH.)xVy0O,, among which NiVO3, and to VOs.

Few Raman reference spectra of the mixed Mosx\pliases have been recorded in
literature [45], and none for precursors. The saspf the Nb-free series (P-MoV, P-
MoVPd) are not homogeneous. For a dozen of pastedected under the microscope
before acquisition of the spectrum, three typegatfern are obtained (Fig.3a, b, c). As
expected, the spectrum of AHM (Fig. 3b) is the ntmshmon [46]. It consists in two
broad intense lines at 860 and 935%camd a wide weak band ca. 1450 tassigned to
NH,". The two other spectra show that part of AHM Heessaaly been transformed into
(mixed) oxides. Indeed, the pattern a) on Fig. @asle up of the main lines of

orthorhombica-MoOs (995, 820 crif), V,0s (995, 700 cnt), ammonium metavanadate



(1437, 1416, 931, 498 ¢ty and lines of h-Mo@type with a weak band appearica.
1420 cmi'. That band is absent in the third type, c), otspen which is close to that of
‘disordered’a-MoQO; or of a-V,Mo01.xOz.0.5« (Vide infrg (Fig. 3c). On the contrary, all
particles of Mo,Nb-containing precursors (P-MoVi¥MoVNbPd) display the same
AHM-like spectrum (Fig. 3b). In first approximatioNb could be responsible for a
better homogeneity of the precursor material. in#he spectrum of P-VNbPd
resembles that of Nf¥Os. However the lines are broader, and the high sitgof

NH," line (as compared to thant in pure N#3) could account for a strong
perturbation of the lattice of NNO3 by Nb.

The reactivity of the precursors was estimated B% by means of the heating
action of the laser beam while changing the protedilter (Figs. 4, 5). In spectra of
the Nb-free series (P-MoV and P-MoVPd), the formmaif crystallinen-MoO3 (994,
820, 670, etc., cl) is observed every time the AHM spectrum wasafijtiexhibited.
Laser heating provokes the decomposition of AHMlaswvn by the disappearance of
the NH," bands. Bands at 980—-850 tmay be characteristic of the intermediate
hexagonal h-\Wo01.4O3.0.5x mixed oxide (x = 0.12-0.13), which is finally desposed
into a-MoO;s (or a-V,M01xOs.05,), and probably ¥Os (shoulder at 700 ¢ (Fig. 4).

In the case of P-MoVPd exhibiting disordereoO3 spectrum, lines at 1100, 790 and
560 cni® after heating are characteristic of silicates assigned to the glass holder. The
examined particles had therefore been volatilizasdt also happens with P-VNbPd
samples. Therefore, the presence of Pd is asswonimresponsible for less stability of
these Nb-free materials during laser heating.

On the contrary, in Nb series, the heating of P-Mb\particles constituted of AHM

(Fig. 5) gives mostly rise ta-MoOs (990, 820, 667, 285 ci and to some (disordered)
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V05 (shoulder at 985 and broad barad 700 cnt). In the presence of Pd (P-
MoVNbPd), at first AHM gives rise ta-MoO; (995 cmt') and \LOs (700 and 290 cin
1), while lines at 960-850 cnare assigned to hexagonab:.Os.0.5x Which remains
stable up to the last change. Among lines of des@di-MoO; (or a-VxM01-xO3.0.55)
and \,Os (700 cmt'), a small massif centered at 900 tis retained which remembers

that found in LRS of MgD,4-type oxides [45].

3-2. Characterisation of Catalysts Calcined at 2&@ 400°C
X-Ray Diffraction

Two main types of diffraction pattern are obseraedording to the composition of
catalysts (Figs. 6, 7, Table 1): (i) numerous lifed\b-free crystalline solids, (ii) an
almost amorphous pattern for Nb-containing solidsyhich are superposed several
lines in the cases of MoVNb-400 and of VNbPd. Linésrystallinea-MoO; are often
observed, particularly when samples were calcin&d@°C. A feature common to all

Mo-containing catalysts is the presence of a ling(A)/20°= 4.0 /22.2.

Besidesn-MoOs, several phases can be identified in Nb-free sasngdlcined at 350
and 400°C (MoV and MoVPd) (Figs. 6, 7). The fadttmost lines ofi-MoO; are
shifted as compared to the standard pattern (JGBEI®03) may be assigned to a
modification by vanadium (e.g. orthorhomloieVxMo0;.4O3.0.54) Or to the formation of
oxygen vacancies, as in M@ The presence of MO, 4-type structure is ascertained
by the strongest reflections at d(2)72= 3.99/22.2 and 3.56/24.94, and by two medium
lines at 11.4/7.74 and 10.2/8.67 (JCPDS 31-14379s& lines are absent in MoV400

pattern. Triclinic \§.9ggVI0g 9705 (JCPDS 77-0649), the pattern of which is very eltus

11



that proposed for VM#®;; [2, 3], is characterised, among others, by adin® ~ 22.0°
that cannot be mistaken with the one at 22.2° of@®fptype. In MoV-350 pattern, a
fourth phase is related to the hexagonal defettiddoO; oxide, its XRD lines fitting as
well those of \§.12M00 860294 (JCPDS 81-2414). These lines are not present i-Mo
400 pattern because of the poor stability of thes&Os-type phases which are
transformed intm-MoQOg; or isostructural orthorhombie-V«Mo01.403.9 5x above 350°C.
The lines ofa-MoOs-type are indeed more intense, as they are indbe of MoVPd-

400.

The pattern of Nb-containing catalysts exhibitsaarorphous character . For
MoVNDb-350 and MoVNbPd-350 (Fig. 6), several vergdut reflections ate~12.5
and ~27° have been assigned to particles-bfoO; by Mestl et al. [38] who

emphasized the nanocrystalline character of thégénmahLines at 3° ~ 7.8, 8.7 and

22.2 (the most intense) correspond to (200), (2bd)(001) planes and are
characteristic 08-Mos014 structure [44] The pattern of NfMo30,; (JCPDS 18-0840)
shows intense reflections at d(20/2 10.92/8.08° and 4.00/22.2°. It is very clos¢hiat

of (Nbg.0dM00.01)O2.80(JCPDS 27-1310) but the latter formula fits better Nb/Mo =

0.12 stoichiometryBecause of the amorphous character of the pattesmot possible

to choose between M0 .995014 (JCPDS 31-1437), (NdVI00.91)5s014 (JCPDS 27-
1310), or a ternary solid solution,(NbyMo01.x.y)sO14. The pattern of MoVNb-400 (Fig.
7) exhibits the main lines @-MoOj3; (or of a-VxMo0;1.403.055) Superposed to the
preceding pattern. This indicates that thMoOs-type nanoparticles, already present at

T.= 350°C, have partly grown as bigger crystals. Hmvgethe pattern of MoVNbPd-
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400 does not exhibit these lines. The stabilisatioom-MoOs-type nanoparticles may be

considered as an indirect proof of the incorporatibvanadium\(ide infra).

The XRD patterns of VNbPd-350 and VNbPd-400 (Tdblexhibit lines
characteristic of YOs and of NbVQ[5, 47, 48], the strongest reflection of the latter
being at B = 21.92° The crystalline state is improved whes#00°C (VNbPd-400).
A feature common to MoVND catalysts is the amorgghcharacter of the XRD pattern
of VNbPd-350, meaning that Nb is responsible ferfttrmation of small and

disordered particles.
Laser Raman Spectroscopy

The Raman spectra of Mo-containing catalysts cattet 350°C (Fig. 8) are almost the
same (Table 1). They are characterized by an iateipet in 950-820 cfhrange, and

a wide medium massif centered. 700 cm. Slight differences seem to be related to
the presence/absence of Nb. In Nb-free samples §oss assigned @-MoO3
(particularly the vibration of Mo-O-Mo and Mo=0 hdmat 818 and 994 ¢
respectively) are more (MoV-350) or less (MoVPd-Bilkense (Fig. 8). The triplet,
which is observed at 925, 890 and 845'dmMoV-350, is shifted to 928, 872, 830
cm’ in MoVNbPd. Generally, Raman lines at 860-940'are assigned to the M-O-M’
stretching mode of polycrystalline MM’O mixed metadides, while thosea. 1000

cm™ are assigned to the M=O (or M’=0) stretching mddere particularly, lines at
932 and 873 cihare related to Mo-O-V phases. In their study of W® system

doped with tungsten, Mestl et al.[45] assigneddiae940-860 cihand massif ca. 700
cm’to a ‘nanocrystalline’ MgD14-type mixed oxide with partial substitution of Mg b

V and/or W. Indeed, as niobium, tungsten also &fete crystallinity of Mo-mixed
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oxide [39]. Therefore, our MoV and MoVPd samplescdatain (VMo}O;4 while
nanocrystalline MoVNb and MoVNbPd do contain (VNbMD, 4, in accordance with
XRD patterns. However, the question as to whetkgagonal mixed oxides could also
be present in samples calcined at 350°C canndydmsanswered, because their main
lines are located in the same range. A noticealflereince exists between Nb-
containing and Nb-free samples calcined at 4001¢. &. In the LRS spectrum of the
former, the characteristic lines of nanocrystallhesO14-type are still present (950-820
and 700 cnt), whereas in Nb-free catalysts either they haveptetely disappeared, or
their intensity has considerably decreased. Therlatodification occurs
simultaneously with a relatively strong increaséhaf intensity obx--MoOgs-type lines.

A completely different spectrum is exhibited by Mfee samples (Table 1).
Whatever T, the spectrum of VNbPd exhibits lines at 993, BXH, 482, 405, 304,
282, 200 and 146 ciwhich are characteristic of crystalline®. The presence of
VNbO:s detected by XRD could be accounted for by the vetmlulder at ca. 970 ¢n
but other lines at 740, 310 and 220 tsaid to be characteristic [49] could not be

observed.
X-Ray Photoelectron Spectroscopy

The binding energies of M80s,, V 2ps» and Nb3ds, for catalysts calcined at 350
and 400°C are reported in Table 2. In the litetthie ‘standard’ values are 232.4+0.2
for Mo®", 516.6 + 0.1 for V", 515.9 + 0.4 for ¥ and 207.4+0.9 eV for N [50-54]. In
our samples, the Mo photopeak is characteristMaf by its BE as well as by its
FWHM. Reduced Mo specie as R¢230.8-231.8 eV) or M [50,51] are absent,
while on the contrary part of vanadium is redudgte relative amounts of*Vand \*

are reported in Table 3 after peak decompositidobiNm remains as Nb because its
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Nb 3ds, BE is higher than 205.2—206.1 eV as recorded fd [89]. Palladium was not

searched for because of its very low concentration.

The comparison of atomic ratios along the Mo catadgries (= 350°C) reveals
the influence of Pd and/or Nb on surface compasititd addition to MoV (V/Mo =
0.40 to 0.36), or to MoVNb (V/Mo = 0.50 to 0.43%sults in an increase of the amount
of surface vanadium (or a decrease of the amousuirédice Mo). The same observation
applies when adding Nb to MoV (0.43 to 0.36) oMoVPd (0.50 to 0.40). In other
words, both Nb and Pd dopants contribute to ssbpart of molybdenum in the bulk,
since the Nb/Mo ratio does not change much (althouig lower than for fresh
catalysts). The amount of oxygen determined frorfase composition is lower than
when it is calculated from bulk stoichiometry (dlassumed to be ) in only two
cases: MoV-350 and MoVPd-350. It means that a samatlunt of reduced specie

(Mo>*, V**) could be present.

The VP*/V>*+V** ratio ranges from 0.76-0.80 (MoVNbPd-350, MoVP®B® 0.81-
0.83 (MoVNDb-350, MoV-350) (Table 3), which showsatlboth Pd and Nb increase the
reducibility of vanadium. When catalysts are cadmat 400°C, this ratio is generally
lower. Because this means that the reducibilityihaeased, it may be that less
vanadium is inserted in the mixed Mo(Nb) phasélkg effect of vacuum in XPS
apparatus is also known to provoke the reducticspafe \V* [55], but this happens
only if these ions are not properly stabilized moxide matrix. The Nb/Mo values do
not change much and they are similar to those at350°C. A part of Nb is therefore

located inside the bulk.

The spectrum of VNDbPd is different from those of-Btntaining catalysts. There is

more Nb on the surface as compared to the bulkl§\#12.06 vs. 3.2). Table 3 shows
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no difference of oxygen stoichiometry whepchanges. The relative amount df Vs
smaller (13-15%) as compared to 17-30% in Mo-basgalysts, which means that the
vanadium is less reducible in the presence of niokjand Pd) than in the presence of

Mo.

3-3. Catalytic properties

The products obtained by oxidation of ethane armlynathylene and acetic acid,
and carbon oxides. Very little acetaldehyde anthéddehyde are formed (less than 1
mol%). Experiments were carried out so as to mairtaygen that is not fully
converted. In these operating conditions, the marinconversion (X) of ethane to
acetic acid (AA) and ethylene (EE) (at 100 mol%estVity) is 10 and 30 mol%,
respectively.

When examining the activity of catalysts calcine8%0°C by varying the reaction
temperature g between 240 and 280°C, two series are noted: M@ArfddvNbPd are
poorly active (fax = 4 mol%), whereas the conversion varies stronglyn increasing
Trby only 40°C (Xnax = 13.8 mol%) with MoV-350 and MoVNb-350 (Fig. 1ahe
selectivity to carbon oxides as compared to thel s#lectivity (2a + Sge) to mild
oxidation products is higher for those catalysteM®d and VNbPd, which are poorly
active. The formation of carbon monoxide compacethat of CQ is also informative.
The &o/Sco+co2amounts to 0.3-0.1 for the latter and 0.6-0.5 mfw#4dvioV-350 and
MoVNDb-350. Catalysts calcined at 400°C are less@cparticularly MoV-400. The
two categories remain when comparing selectivibesthylene and acetic acid (Figs 11,
12). The highest selectivity to ethylene (70-55 h)pis obtained with MoV-350 and

MoVNDb-350, while it is very low for MoVPd-350 andNbPd-350 (9-0 mol%). These
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values are not much modified for catalysts calciaed00°C, except for MoV-400 in
which case the Cproduction increases strongly. Acetic acid follatws reverse trend.
Saa is high for MoVPd-350 (72-65 mol%), and for VNbBEO at k = 240°C only,
while S\a = 30 mol% for MoV-350 and MoVNDb-350. To summarizee increase of ;I
from 350 to 400°C results in an increase ofi@0Othe expense of both acetic acid and
ethylene. Whereas MoV catalyst experiences thegést variations, the catalytic
performance of MoOVNb remains quite constant. THiedince of activity of all
catalysts calcined at 350°C becomes striking wiedgctivities are plotted against
conversion (Fig. 13). Their performance can be crexg at low isoconversion only.
E.g., at X = 3.5 mol%, & decreases along MoVPd (58) > MoV = MoVNDb (28 mol%)
= VNbPd, and & decreases along MoVNDb (72) > MoV (65) >> MoVPd£5yYNbPd

(3 mol%). A high total selectivity to acetic aciddaethylene is obtained only with MoV
and MoVNDb catalysts, in which cases the selectitatZQ, is as low as 7-13 and 3.8-7
mol%, respectively. In the same conditions, a sampMoVNbPd-350 catalyst gives

Saa =45.5 and & = 42.5, respectively, at X = 6.0 mol%.

4- DISCUSSION

Several parameters influence the physicochemicaktisas the catalytic properties
of the mixed oxides. The nature and crystallinitplbases and the surface composition
of the fresh catalysts depend of the temperature of calcination. Because the whole
chemical analyses show that the presence of NlmaRd/in the solids is a determining
factor even at the precursor stage, the discusgibbe led by considering the Nb-free
(MoV, MoVPd) or Nb-containing (MoVNb, MoVNbPd) ses. VNbPd catalysts belong

to one or the other series, depending on the exahproperties.
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Precursors: Influence of Nb and of Pd

After drying, phases in the precursors are mosifgtalline in the Nb-free series (P-
MoV and P-MoVPd) or mostly amorphous (P-MoVNb, P\NbPd and P-VNbPd) in
the presence of Nb (Figs. 1, 2). In the partickeNlofree precursors, some unreacted
ammonium heptamolybdate remains but part of itdess already transformed during
the heating of solution and/or dessication andmdyyindeed, other ammonium salts like
(NH4)-Mo040:3 and hexagonal ammonium and/or protonic bronzes lik
(NH4)0.2V0.2M0g 803 or HV«Mo1.4O3 are particularly well identified by XRD. Micro
Raman spectroscopy shows that Nb-free particlea@rbBomogeneous, since several
phases are present:MoO;3, V,0s, and NHVO3 or (NHy)xHy(Mo,V),0, bronze, are
identified. XRD shows that in the Nb-containingissy theB-phase (VMoNb)O14 has
already been formed, even at room temperatureo@gh it is probable, the insertion of
V and/or Nb at this stage cannot be directly chddecause the XRD linewidth is too
large. LRS reveals the presence of AHM in therldepth of all particles analysed, the
two lines of which (860 and 935 ¢happear in the same range than thosgqtiase
(830, 870, 928 cif) (Figs. 3b and 8). One must also remember the Raghan
scattering cross section of molybdenum [56] whidymask lines of V (Nb) oxides.
Indeed, lines of ammonium metavanadate were méease in the spectrum of the Mo-
free P-VNDbPd.

When examined under laser beam heating, the ré@gativorecursors again depends
on the presence of Mo, Nb or Pd (Figs. 4,5). Tme&tion ofa-MoOsis observed at
the end of experiments everytime AHM was identifie@ precursor spectrum (Nb-
free: P-MoV and P-MoVPd). Hexagonal ammonium-prdiconzes give rise to

hexagonal mixed V,Mo oxides which are finally dega®ed intax-MoOs or a-

18



VxMo01.x0O3.05% and probably into ¥Os, particularly in Pd-containing precursors (P-
MoVPd and P-VNbPd). Palladium can be said to fakerinstability of the materials
because the spectrum of the glass holder is finatigvered after volatilization of the
material. However, Nb-containing precursors (P-Mdvahd P-MoVNbPd) behave
differently. Besidest-MoOs (probably V-doped) and XDs which are generally
observed, hexagonal mixed oxides likg (¥100.89)O2.94 0r (Vo.13M00.87)O2.925 remain
stable. Therefore, apart from the fact that thedNBd atomic ratio is very high, their
respective role is different. Niobium is responsifdr a textural effect consisting in a
partial amorphization of the (MoV)&olids which is related to the nanosized particles
Palladium is responsible for the instability of quesors in the absence of Nb, if it is not

properly accommodated in the oxidic network.
Catalysts: Influence of;land of Pd in Nb-free catalysts

During calcination of the precursors up to 350 @@L, the remaining oxalate and
ammonium groups are eliminated as; &0d NH and/or NO, depending on the
atmosphere, heating rate, and precursor type.rticpir, it is well-known that the
oxidation of NH to NG, proceeds because vanadium and/or molybdenum wumderg
reduction. In air, pure unreacted AHM particles farsd transformed into h-Mo9
(providing the rate of heating is slow enough ap& B50°C) and then to orthorhombic
0-MoOs (T, = 400°C). The structure of h-Ma@ depicted as double chains of face-
sharing MoQ octahedra arranging channels along c axis in whlichline ions and/or
protons are displayed. Compositions asgJA1x]M06.1)O15 (LI = Mo vacancy; A = Na-
2H,0, K, NH,, Rb, Cs, etc.). In the presence of vanadium, m{kgdrated) hexagonal
oxides isotypic to h-Mo®, like AVxM01.4O3 (X = 0.13-0.20) and ¥ M0;.xO3 (0.06<

X < 0.18), have also been synthesized [42,43]. Thieasgs are stable as long as
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ammonium (or alkaline cations) and/or protons renh@tated in the channels.
According to Dupont et al. [42], the heating af 1B/ 0.1IM00 803 in air at 350°C leads
to the formation of hexagonal {¥4Vi0o.s7)O2.935 Which is stable up to 460°C, contrary
to V-free hexagonal bronzes. Moreover, the autbbosved that, above this
temperature, this solid is irreversibly transfornmeo a stable orthorhombic mixed
oxide, isotypic tax-MoQOs, which retains the same V/Mo = 0.13/0.87 ratio. Efene
when calcined at = 400°C, these Mo,V mixed phases could be transfdrinto
orthorhombic \§.13M00 5702925 The free diameter of channels in the structure of
Ho.13V0.19M100 8703 or of hexagonal ¥1dV0g g702.035iS large enough=(3.5 A) to
accommodate Bt (r = 0.86 A for 6-coordination) [57] (Table 4). &lstudy of the
reactivity of P-MoVPd shows that this hypothesiamdikely for this material. Indeed,
the hexagonal phase could not be identified by XRDRS in MoVPd-400, the reason
being that the presence of Pd quickens its decoitiga3 he6-(VMo)s0:14phase has
also been identified in Nb-free samples calcine8s&°C (XRD, LRS), but in lower
amounts, and in a higher crystalline state, thabrcontaining catalysts. By
calcination at 400°C, th@-MoOs (or a-V.19M0g /02,929 Nanoparticles observed after
calcination at 350°C have grown. Again, when prigsent, palladium quickens this
recrystallization. In their study of Pd-doped VP&atyst, Merzouki et al. [20]
demonstrated that Pd acts as a catalyst of th&/{/ redox system, but that if Pds

not properly stabilized, its effect (or that of mlét Pd) may be detrimental to the
formation of acetic acid. In our samples, the vedestate and the exact location of Pd
cannot be determined. In the case of MoVPd thaltoéivanadium is to migrate

towards the surface when ihcreases. As no vanadium oxide but molybdenurdeoxi
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could be detected (XRD, LRS), this points out imtthe state and location of

vanadium, that will be discussed later.

The catalytic performance of the ‘Nb-free’ catasysthich includes MoV-400 (but
not MoV-350), MoVPd, and also VNbPd (whateve), Ts characterized by a low
activity in the studied operating conditions. Thage of conversions of ethane is
narrower for MoVPd and VNbPd (X = 1.0 to 4.4 moldépending on J than for the
Nb-containing series (X = 1.5-13.5 mol%). Nb-fre¢atysts are more selective to acetic
acid than to ethylene. The selectivity to ethylenessentially zero in the absence of Mo
(VNbPd). S\ is about 2.5 times higher (at low conversion) viitbVPd-350 than with
MoV350. Yields to AA are 0.87-2.2 for MoVPd and .5 for VNbPd, compared to
0.9-3.3 mol% for MoV-350. These catalysts have al®igh proportion of vanadium on
their surface as compared to the bulk, as showKkR%y. Therefore, a high selectivity to
acetic acid could be related to a high number dase vanadium sites. However, these
poorly active catalysts give more combustion praésiand proportionally less CO than
Nb-containing catalysts (g3/Scox = 0.0-0.4 instead of 0.5-0.6). If some (or all)iBdot
stabilized as Pd inside a given oxidic phase, the lesser amouf@fould be related
to the presence of some metallic palladium, wheclell known for its high activity in

the combustion of CO, even at low temperature.
Influence of Tand of Pd in Nb-Containing Catalysts.

The amorphous character of Nb-containing catalgstsept VNbPd) makes it
difficult to propose an accurate description ofsthé&lb-containing catalysts. Hexagonal
mixed oxides like YMo01.4O3.x2and tetragond-(VNbMo)s0;4cannot be distinguished
by XRD (most of their main XRD lines lie in the sar®-range), nor by LRS (Mo-O-V

vibrations give rise to similar massif than Mo-O-hathe same range of
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wavenumbers). Following Merzouki et al. [6] and Mes al. [38], we assume that
MoVNb and MoVNbPd catalysts are compose®-¢¥MoNb)sO,4 anda-MoO;
nanoparticles, although part of the excess of éergainly accommodated asV,Mo;.-
xOs.x2. Indeed, thé-phase accounts for the similarity between MoVNtalkyats and
the industrial MoVW catalyst of acrolein oxidatif8113], because W, like V and Nb, is
known to stabilize th@8-oxide [44]. The framework d-Mos0,4 contains Mo@
pentagonal bipyramids, the equatorial edges of wvare shared with five Mo
distorted octahedra ([Mo®MoOs clusters). This pattern is isolated from the three
others by corner-shared Mg6xtahedra. Vanadium (as'y is supposed to replace Mo
in octahedra, while NB, whose size is large enough to be 7-coordinateddiradius r
=0.73 A) (Table 4), may be located in pentagoi@yramids. In this way, there is no
need to consider M&ions (r = 0.65 A) which are known to be detriméttecatalytic
activity. The large width of the (001) line 8f(VMoNb)sO,4 nanocrystals accounts for
a high degree of disorder in the stacking of (Q@ldhes, which could be provoked by
the insertion of V, Nb. The same interpretation rhayroposed for V in the case of

stacked (010) planes of orthorhomhid/M01xO3.x/2.

The growing ofa-MoOs (a-VxMo1.4Os.x2) particles when J= 400°C (Nb-free
series) is not observed for Nb-containing catal{/gtsVNb-400 and MoVNbPd-400). It
means that these crystals are stabilised in tla@iometer size, which is another
(indirect) evidence of the insertion of V& (VMoNb)s014 and in \{M014O3.9 5%

During thein situ XRD reduction of MoVNb-350 by K the formation of a ¥Wo01.xO»
solid solution could be observed by Bouchard €28}, while MoG, only was
identified in MoV-350. For a reason which is not kaown, it seems that Nb promotes

the formation of solid solutions of (V,Mo)}Jprobably as early as the stage of
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preparation, as infered from LRS experiments. Fogmee had attempted to explain
this stabilisation by considering the formation &sdlation’ [58] of the

[M0o0O7],5M00¢ clusters 0B-(VMoNb)sO14 coherently grown in a matrix of (016}
MoOs [6,28,58,59-61]. This model fits well the findingEWerner et al. [17] on
Mo4VO14, Which is isostructural tB-oxides. Using high resolution transmission
electron microscopy, the authors showed that “diconm random network of basic
structural units (distorted octahedra) was detegtade up of approximately circular
clusters embedded in a quadratic network” . Howewer surface composition of
several MoV catalysts of different compositions &éver T] does not show an excess
of Mo (except for MoV-350), but most often it showslight excess of V (except in the
case of MoOVNbPd), as compared to bulk stoichiometey us recall that the crystal
structure of \{Os and related ¥O,n+1 SUboXxides is very close to thataiMoO; (and

thus of \b.19M00 87/02.039: a similar framework (corner-sharing and/or edparing
octahedra] and the same mean size of octahedmislthe reason why so many mixed
oxides exist in the V-Mo-O system [62]. Therefdegiers or intergrowths of VQwith

theB-oxide (or part of its framework) could be as wlhsidered.

Finally, the relative role of Nb and Pd is worthsvib compare. NB is an early
transition metal cation which behaves similarlytand Mo cations (in their highest
oxidation states), except that it is less reducibilee V>Os, M0QO;, etc., the structure of
its various oxides is related to that of ReOn the contrary, Pdis a large cation often
square-coordinated but which also accepts to beoédmated (Table 4). Moreover,
oxides of early transition metal cations are farenacidic than PdO, as shown when the
scale of ‘optical basicity’/\, is used [63,64]. The optical basicity takes intoaint not

only the type (ionic to covalent) of the M-O bonat lalso the extent (through
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polarizability) of the negative charge borne by @y linked to the metallic cation. A
scale of this acidity vs. the samé& Base enables one to rank cations by means of their
N value which depends on their valence, coordinatimh spin in the considered oxides.
When comparing the optical basicity for the sammérdination A = 0.61 for NB* is
close to that of V' (A = 0.63) or \* (A = 0.68), while M8" (A = 0.52) and W' (A =
0.51) (all hexacoordinated) are slightly more acidiable 4). On the contrary, ¥ds a
soft cation, more basic than the early transiti@tahcations/f = 1.11). Nevertheless,
the question of the location of Pd is raised. Liekal. [10] observed that the surface
composition of their MoY9Nbg 1P e Oy catalyst was enriched with Pd after catalytic
experiments, and proposed that @hghase could serve as a host structure. Indeed, thi
structure contains hexagonal channels which aes(étically) large enough (diameter
~ 2.15 A) to accommodate palladium ag’PHowever Pd could be also associated with
the surface vanadium oxide phase, in a similaracteon as that the one proposed by
Seoane et al. [65] forXDs, or by Merzouki et al. [20] for V-P-O. In thesedwases, Pd
was shown to accelerate the rate of the#e . V** redox. Moreover, in the first case
(V20s) the formation of a specific suboxide,®, was observed instead of Y{®5].

As both crystal structures of VORIDVO),P,0; [66,67] and ¥Os have a layered
character, but no room to accommodat&'Rdhich is too big, the only way for Pd to be
stabilised is to be trapped in between the lay@bsiously, in such a case the
stabilisation of P& is poor, particularly in a reducing atmospheremParatively, if

Pd** can be accommodated in the channels of (VMe®f)structure, its stabilisation is

expected to be stronger.

From the catalytic performance point of view, Mo¥e83and MoVNb-350 behave

similarly. They give the same high selectivity thydene, which has been attributed to
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the presence of tHeoxide [28]. These catalysts are more active ancerselective to
mild oxidation products (AA + EE) than MoVPd and MRd. The conversion of ethane
varies by a factor of 2 to 3, the selectivity i&/&y to acetic acid than to ethylene
(Saa/Saa+ee ~ 0.3), and the selectivity to G& about 4-15% that of the total selectivity
Saa+ee. The comparison to the catalytic performance ob®?N is fruitful. The direct
contribution of NB* as active site in VNb©seems very small [68], although Nb in Mo-
V-Nb oxide was found to inhibit the total oxidatiohethane to carbon oxides [69].
Therefore the catalytic properties of VNbPd arentyailue to vanadium oxide
(eventually doped with Pd) besides VNH@ may be inferred that (Pd)\\@s
responsible for high selectivity to acetic acidsgibly by making easier the selective

oxidation of ethylene [6,10,21].

In our MoV-based catalysts, Mo- (according to bstilsichiometry) and/or V-oxides
(according to surface stoichiometry) are necegsprésent besides tidephase.
According to most patents, the convenient rangd@¥/Nb ratios is 1/0.25-0.40/0.10-
0.12, and it seems nearly impossible for an unjghaese to be responsible for catalytic
properties. However, the two MoV-based oxides kntavhave a definite composition,
M1 and M2, and claimed to be highly active anddele in the (amm)oxidation of
propane to acrylonitrile or acrylic acid [30,31,3%}, give the opportunity to compare

with our results.
Comparison of MoV(NbPd) catalysts with MoV-based M2 oxides

At this point, it becomes necessary to considerakeof channel structures. In this
work, two compounds with a channel structure haenbkevidenced, the hexagonal

bronzes or mixed Mo,V oxides, and the disordérgdhase. It is important to remember
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that the typical XRD ‘amorphous’ pattern of MoVNbdaMoVNbPd is similar to that

of M0g 54V 2.4Wo.odOx in @ BASF patent [7], but also to that of Mo 1Me (Me = Cr, Fe,
Bi, Al, Co, etc.) catalysts, which have been sysited by Ueda et al. [34]. Recently,
other mixed oxides with channel structures have lsgathesized with the same
hydrothermal technique [31], particularly Me¥Oy which exhibits the same XRD
pattern than phases of Mo-V-Te-Nb-O [70]. The atghgwinted out that Te or Sb is
unnecessary for the formation of this orthorhondbracture, whose framework is based
on the [MoQ,5(Mo(Gs)] pattern of theéd-phase but differ in the way they are linked
together. When Te(Sb) is added [32,33,35,36,718]crystallisation of orthorhombic
M1 (Mo7sV1sNbTeGyg) and of hexagonal M2 (M@e,VO,) is observed. According to
Vitry et al. [70], the XRD patterns of Ma\Ox, MoV 44T €10« and

MoV 3Nbg 12T € 2404 exhibit characteristic peaks @ 2 6.6, 7.9, 9.0, 22.2, 27.3 and
45.3°. Because of the amorphous state of our MoYPNp¢atalysts, the presence of M1
and/or M2 cannot be verified. These phases beinthegized by hydrothermal methods
followed by heat treatment in lean oxygen atmosphe&e doubt that they could be
formed in the ‘simple’ conditions of preparation wsed, the more so because a higher
content of vanadium is present in our (MoVNb) oatd. Other authors claim that Te is
necessary to get the M2 phase in cooperation WweB-Mos0,4, association which is
responsible for high yields of ethylene in ODH tfane [72,73]. Finally, the role of Pd
is worth mentionning. Adding Pd as a promoter camesult in the same properties as
adding Te (or Sb), although their basicity lieshie same rangé\(= 1.10-1.18) [63,

64]. Palladium (1) is a large metallic cation walstable oxidation state in usual
conditions, while T&, SB* are small (r = 0.60-0.56 A), non-metallic, vergatedox

cations, exhibiting various valences and coordameti
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Moreover, the operating conditions (on which thiualcoxidation states of the active
sites at the steady state depend), the kineticgaflj and the chemical nature of both
reactants and products, are very different. Thikesdt difficult to say at first that M1,
M2 and the like should be better industrial catzlysr ethane oxidation to acetic acid
than those we studied. Typically, the oxidatiompadpane is carried out close to 350-
380°C, using an oxidizing gazeous mixturg/(@; > 1:1). As the C=C bond is already
present, propene is a useful (adsorbed) intermediatecule to make acrylic acid from
propane, whereas ethylene is mostly produced aralpl way to acetic acid (at low
temperature) [21,22]. The ODH of propane or etrameecurrently performed at higher
temperature (400-550°C) and in a reducing mixt@#d, < 1:1). In order to get a high
enough yield of acetic acid, the oxidation of ethamust be operated at lower
temperature (250-300°) than for ODH, as alreadyatestnated [4, 6, 9, 20]. Therefore,
at first sight, there is no reason to find thatshene catalyst is selective in these
reactions. In order to classify the various reagiof oxidation of hydrocarbons, Bordes
et al. [74] and Moriceau et al. [64,74-76] usedditierence of ionisation energgy),
between the reactant (e.g., ethane) and the preelgct acetic acid), as a measure of the
‘thermodynamic’ selectivity. Thes® were plotted against the ‘optical basicity’of
the respective catalysts, which resulted in cotiggldines for mild oxidation and total
oxidation of hydrocarbons. Among 18 reactions dfirokidation of G-C, alkanes and
C7-Cg alkyl-aromatics in thél = 0.46-0.92 eV range, thE values for ethane oxidation
to acetic or oxidative dehydrogenation to ethylaree0.86 and 1.01 eV, respectively,
andAl = 0.35 eV for propane oxidation to acrylic acda the slope ol = f(A) is

positive, the correlation shows that in mild oxidatto acids, a less acidic catalyst is
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required for ethane (to acetic acid) as compargutdpane (to acrylic acid), and that a

more basic catalyst is required for ODH of ethdrantfor its mild oxidation.

5. CONCLUSION

This work was devoted to the study of Mo-V-O catdydiffering by the nature of
additive(s) for ethane oxidation to acetic acid atid/lene, with the aim of assigning a
given role to the components of the system. The,tgmount and characteristics of the
oxides identified by several methods of analysizete on the presence of Nb and/or
Pd in Mo-containing catalysts. Precursors were etssidered, with the hope that their
composition and properties could highlight thoseatflysts after calcination at 350
and 400°C. Nb-free catalysts are characterizethéyptesence of several crystalline
oxides, among which hexagonal and orthorhomi)afolybdenum trioxide, that have
probably incorporated part of the vanadium. Whesheddo MoV, palladium is
responsible for decreasing the stability of theystalline oxides. This is particularly
the case of hexagonal Mg@r h-Mao,xVxOs.x2) Which is transformed inta-MoOgs (or
0-Mo1.4xVxOs.42), Which, in turn, is detrimental to catalytic pgrhance. Nb-containing
catalysts are almost amorphous materials that senaes to be made up of
nanocrystallin®-(VMoNb)s014 and Ma .4V xOs.x2 oxides. The high degree of disorder
in the stacking of these layered oxides is attaub ions like Nb, Pd (and possibly V),
‘sandwiched’ between the layers if they are nogiitedd into the constitutive oxides.
When added to MoVNb, Pd could be accommodatedeiciiannels of the-oxide
structure, thereby reducing the instability of thaterial observed in the absence of Nb.

In comparing the Mo-free VNbPd catalyst, which iighty selective to acetic acid and
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CQO,, to MoVNb and MoVNDbPd catalysts, which are higbgJective to mild oxidation
products, a picture emerges that invokes synecgffiects [20,59-61] instead of the
very specific properties of a given phase. Ind#eelfact that an “excess” of
molybdenum and vanadium (as compared to the krtbWigoMog 9502.50 OF
Nbo.0dV00.9102.80, and \b.1IM 00 87/02.929 IS needed to ensure high catalytic performance
in ethane oxidation, must also be taken into accdatches 08-(VMoNDb)s014
(possibly doped by Pd) could be ‘isolated’ in a (M@, matrix. Alternatively 6-
(VMoNDb)s014 could serve as a basis stabilizing or isolatimfese patches of
(Mo,V)Ox. In both hypotheses, the (main) active sites esbably the vanadium atoms,
according to XPS analyses showing that the nedaairs slightly enriched with
vanadium. In such cases, the interfaces must bereotfor the redox ¥/V** to

proceed at the boundaries betw8g{VMoNb)sO14 and (Mo,V)Q, or to help &
diffusion to the surface [59-61]. This redox systould proceed faster with the help
of Pc*. The possibility of a complementary redox systetwieen M8* and Md™ at

the steady state cannot be discarded. Howevemribceeds, the rate of reoxidation of
Mo®>* to Mc®* would be far enhanced by the neighboring vanadinrthe presence of

which Mo™* specie are known to be fairly unstable.
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Table captions

Table 1. Main phases and characteristics of XRBepa and Raman spectra for catalysts
calcined at 350 and 400°C.

Table 2. XPS experimentBinding energies of Mo-containing catalysts caldia¢ 350°C and
400°C. Only the last digit is written in () for efitsts calcined at 400°C.

Table 3. XPS experiments: Atomic ratios and staietgtry of Mo-containing catalysts calcined
at 350°C.

Table 4. lonic radius [57] and optical basioky63, 64] of some cations of interest.
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Table 1.

Catalysts XRD* Raman
VoV-350 a-MoOs, M0osO14, h-M0O;,  950-820 crit triplet, lines ofa-MoOs,
O -
V.99V 0g 9-05 medium massita. 700 cnit
a-MoOs3, Vg.0dV0g 0705 a-MoOs, medium massiéa. 900 cnit,
MoV-400 . . 1
Mo05sO14 medium massita. 700 cm
0-M0O3, M0s014 h-M0O;, 950-820 crit triplet, a-MoOs,
MoVPd-350 ' . .
V0.99M0g 9705, VoM0gO4g medium massita. 700 cm
MoVPd-400 0-MoO3, Vg 95V0g 9705 a-MoOs
MoVNb-350, Nand a-MoOj; and 950-820 cri triplet,
MoVNDb-400 nanoMos014 medium massi¢a. 700 cni"

MoVNbPd-350

nanoa-MoQO; and

950-820 crit triplet,

MoVNbPd-400 nano-M@Oi4 medium massi¢a. 700 cni*
VNbPd-350,  VNbOs, V205 V05 and shoulders at 970 and 1017
VNbPd-400 cm* (NbVOs)

* Lines may be shifted as due to the incorporatib and>/or Nb, see text for more detaﬁwano
stands for smooth pattern (see text)

Table 2.
BE (eV) Mo® v v Nb>* Ols
232.8
MoV-350 (400) (8)* 517.6 (.9) 516.4(.5) - 530.7
MoVPd-350 (400)  232.8 (4) 517.7(4) 516.3(.0) - 530.8

MOVND-350 (400)  232.6 (.7) 517.7 (.7)

516.3 (.3206.9 (9) 530.8

MoVNbPd-350
(400)

232.8(.9) 517.7 (.9)

207.0
516.3 (.7)
(206.7)

VNbPd-350
(400)

- 517.8 (.5)

207.2
516.2 (.2) 530.8
(206.9)
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Table 3.

Cat. Ref. VIMo %XI/C)) l(\\ljj//ll\jﬂ b()) V™V, Surface stoichiometry
MoV-350 0.36 3.87 - 0.83 MOV >0 30V 0,060 67
MoV-400 0.50 4.18 - 0.74 MOV 0.3V 010418

MoVPd-350 0.40 3.86 - 0.80 M8/ 5V *0.0603 86"
MoVPd-400 0.45 4.08 - 0.78 N/ >0 38V *0.1d04 06"
MoVNb-350 0.43 4.28 0.10 0.81 0.3V 0.08NDo 1004 28
MoVNb-400 0.43 4.29 0.11 0.84 NI > 26V * 0,000 1104 20

MoVNbPd-350 0.59 4.57 0.08 0.76 R95"0, 38V 4 0.21NDo 04 57

MoVNbPd-400 0.44 4.25 0.09 0.68 R0 30V 0 1Nbg 004 2%

VNbPd-350 - (3.57)  (2.08) 0.86 6.5V **0.1NDg 4603 58

VNbPd-400 - (3.70)  (2.04) 0.85 54 2V 0.1NDo 4003 65

* Pd ommitted; Bulk stoichiometry: MoV and MoVPd:dV>*, ,0, to Mo®V* ,05 5 MoVNb and
MoVNbPd: MJ*V®>*5 ;N5 1404 30t0 M0™V**5 ND>5 1004 1; VNDPd: VV'NB**) 3105 57t0 V*Nb>' 310, 77
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Table 4.

Cation lonic radius CN* Lambda Cation lonic radius CN* Lambda
(A) (A)
% 0.355 4 0.69 v 0.54 6 0.63
v 0.58 6 0.68 v 0.64 6 0.55
Mo®* 0.41 4 0.55 M& 0.59 6 0.52
Mo>* 0.61 6 1.17 M& 0.65 6 0.96
Nb>* 0.48 4 0.64 NB' 0.64 6 0.61
Nb>* 0.69 7 0.60 NE 0.68 6 0.81
P 0.64 4 (square) 0.85 Pd* 0.86 6 1.11

* CN: coordination
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FIGURE CAPTIONS

Fig. 1. XRD patterns of Nb-free precursors: P-MoM &-MoVPd. Symbols: AHM
(m); (NHg)2M04043 (); h-MoO; or (NHy)o.2V0.2M00 603 type ©)

Fig. 2. XRD patterns of Nb-containing precursors/i®b, P-MoVNDb, and P-
MoVNbPd. Symbols: YOs (¥): NH,VO3 (<); a-MoO;z (3%); 8-(MoVND)sO014 (@).

Fig. 3. Laser Raman spectrum of the three typgmudicles in Nb-free precursors (a-c),
and of P-MoVNb and P-MoVNbPd (b). Symbols: N3 (&); V205 (¥); a-MoO3

(%¢); h-MoQ; or (NHs)o.2V o, M0 g0 type ©)

Fig. 4.Effect of laser heating on P-MoV particle. SymbMsOs (V¥); a-MoOs (7%).

Figure 5: Effect of laser heating on P-MoVNDb pdetiSymbols: ¥Os (V¥); a-MoOs
(7).

Fig. 6. XRD patterns of MoV-based phases without &ith Nb and/or Pd calcined at
350°C. Symbols: h-Mogor Vo 1IM0g.8702.925 (O); a-MoQOs (¥); 8-(MoVND)s014 (®);
V0.09M00.970s (L1); M0gV 9040 (D).

Fig. 7. XRD patterns of MoV-based phases without &ith Nb and/or Pd calcined at
400°C. Symbolsa-MoOs (¥¢); 8-(MoVND)sO14 (®); Vo.08M00.970s (OJ).

Fig. 8. Laser Raman spectra of MoV-containing gatalcalcined at 350°Ck(: MoOs)
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Fig. 9. Laser Raman spectrum of MoV-containin@lyasts calcined at 400°Gx(
MoOs)

Fig. 10. Conversion of ethane vs. temperature aftren for catalysts calcined at 350°C
(full symbols, plain lines) and at 400°C (open swisbdashed lines); lozenges: MoV;
triangles: MoVND; circles: MoVPd; squares: VNbPd.

Fig. 11. Selectivity to acetic acid vs. temperatirecaction for catalysts calcined at
350°C (full symbols, plain lines) and at 400°C (omgymbols, dashed lines) (same
symbols as Fig. 10).

Fig. 12. Selectivity to ethylene vs. temperatureeaiction for catalysts calcined at
350°C (full symbols, plain lines) and at 400°C (ogmbols, dashed lines) (same
symbols as Fig. 10).

Fig. 13. Selectivity to mild oxidation products esnversion of ethane for catalysts
calcined at 350°C; acetic acid: full symbols, plemes; ethylene: open symbols, plain

grey lines (same symbols as Fig. 10).
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