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Abstract

Results are reported concerning the synergetic effect observed in the oxidation of propane to acrylic acid over the ortHddhantbic
hexagonaM2 phases present in the most active and selective MoVTe(Sb)NbO catalysts. The pure phases and phase mixtures containin
either tellurium or antimony have been prepared and individually tested as catalysts. The results obtained confirm that the phase responsib
for the catalytic properties of the efficient catalysts is pHddéeand thatM2 is poorly active. Mechanical mixtures of the pure phases have
also been prepared and tested. All of the catalysts have been characterized before and after the catalytic reaction by X-ray diffraction, X-ra
photoelectron spectroscopy, and high-resolution electron microscopy with EDS analyses. Although the synergetic effect previously describe
(bifunctional catalysis with the oxidative dehydrogenation of propane molecules on the orthorivbdiase and the subsequent oxidation
of propene on the hexagondl2 phase) was observed, another cause related to migration of tellurium fra2tpbase to the surface of
theM1 phase was indicated. This migration should balance a loss of tellurium in the active phase occurring under the conditions of a catalytic
test, but may also create new dehydrogenation sites for propene and/or anneal total oxidation sites. The MXabeasalwould thus play
a role of tellurium reservoir for the activd1 phase. This effect was not reversible and concerned only the tellurium. Antimony, which is less
volatile, should not be lost by the active phase. Furthermore, it was shown not to diffuse at the surface of the phases.
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1. Introduction from phenomena as different as bifunctional catalysis, solid-
state reaction affecting the bulk phases, surface chemical

In recent years, many investigations have been conductedteraction (migration, contamination), formation of coher-
on multiphasic catalysts used for partial oxidation reaction. €Ntinterface, and supporting effect with the spreading of one
One reason for this is the great differences generally ob- phase on the other. When experimental evidence for such ef-

served in catalytic properties between this type of catalysts,feCtS is lacking, a remote effect control mechanism based on

which correspond to industrial catalysts, and single—phasean oxyger; sépnlgver ffr(?[[]n one E)hasetto trlle other hats_, befen
catalysts. This improvement of performance for a mixture proposed5,6]. One of the most spectacular synergetic ef-

of phases with respect to each phase component, desigfects reported is that observed when mixtures of bismuth and

nated the synergetic effect, has been attributed to Olifrerentcobalt molybdates are used as catalysts in the oxidation and

effects[1-4]. These effects have been described as resultingammoxldatlon of propene. In this IaSF case, several phenom—.
ena have to be considered to explain the synergetic effect:

(i) the spread of one phase on the other, (ii) formation of a
* Corresponding author. coheren_t mterphasg, and (i) bifunctional catalysis Wlth_ the
E-mail addressmillet@catalyse.cnrs.{J.M.M. Millet). concomitant activation of propene and oxygen on the differ-

1 Member of the European CONCORDE Coordination Action. ent phasefr-9].
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Recently very efficient catalysts based on MoVTeNbO 1:0.33:0.22(0.15):0.11. The slurries were evaporated to dry-
mixed oxides have been developed by Mitsubishi for the am- ness at 423 K and successively calcined at 573 K under
moxidation of propangl0,11] These catalysts were later air and at 873 K under nitrogen for 2 h. In the case of the
claimed to be efficient for several different reactions of antimony-containing catalysts, colloidal silica (Ludox) was
alkane oxidation, including oxidation of propane to acrylic added to the slurries before the drying step (i8o= 0.76).
acid and oxidative dehydrogenation of eth§h2-14] The The second type of catalysts corresponded to the Mdre
patented catalysts systematically contain several phasesandM2 phasesM1 phases were obtained by treatind/a
among these, two have been claimed to be necessary fomndM2 phase mixture prepared as described above for 5 h
obtaining high performances. These two phases, cMlgéd  with stirring in a 15% hydrogen peroxide aqueous solution
and M2, have orthorhombic and hexagonal structures, re- at 298 K. Under such conditions, thé2 phase was totally
spectively. The active phase of these catalysts has been prodissolved. Théi1 phases were then washed, dried at 383 K,
posed to be the phaddl [11], and later this was clearly and calcined under nitrogen at 873 K for 2 M2 phases
demonstrated when both phases were tested[p&teHow- were prepared by solid-state reactionQé, TeG, or ShOs3,
ever, the presence of the phadd@ was shown to improve  MoOs, and Mo were mixed in relative proportions corre-
the selectivity of the catalysts for acrylic acid, even when sponding to the theoretical stoichiometry (Te(Sk)@3013
the biphasic catalysts were prepared from simple mechan-(M = Mo and V, where YMo = 0.8) [21]. The oxide mix-
ical mixtures[16]. This improvement of performances for tures were sealed in a silica tube under vacuum and heated
a mixture of phases with respect to each phase componengat 873 K for 72 h. With this preparation procedure it was
has been proposed to be related to a bifunctional catalysis,not possible to synthesize pure Nb-containMg phases.
with one phase catalyzing the oxidative dehydrogenation To determine whether the presence of niobium in K2
of propane i1 orthorhombic) and the other one catalyz- phase was important in the occurrence of a synergetic ef-
ing the oxidation or ammoxidation of the formed propene fect between thé11 andM2 phases, we have prepared and
(M2 hexagonal)11]. In a recent publication we confirmed studied aM2 phase containing tellurium and niobium. For
this effect on the kinetic data obtained with a prepared me- that purpose the same protocol was used as favithe M2
chanical mixture catalyst and extended it to other phase phase mixtures, but with the starting ratio Mo/V/Te/Nb
mixtures[15]. More recently, a study by Holmberg et HI6] 1:0.30:0.41:0.10.
of mechanical mixtures df11 andM2 phases containing Te The third type of catalysts corresponded to mechanical
also confirms the existence of the synergetic effect and its mixtures of the prepared pure phases. We obtained these
bifunctional origin. However, it is difficult to believe that mixtures by mixing the respective powders and hand grind-
this effect alone can explain the synergetic effect, since it ing them for 5 to 10 min. The different phases are referred
was shown that the activd1 phase has all the sites needed to here by their type and Nb and Te or Sb contekt$(Sb),
to transform propane into acrylic acid or acrylonitrile, and M2(Nb/Te), M2(Sh), etc.). The phase mixtures are denoted
it is also very efficient at oxidizing propene to acrylic acid asM1+ M2(Nb/Te) andM1 + M2(Nb/Sb) when they were
[17,18] we have therefore undertaken further study of this synthesized anW1(Te)+ M2(Nb/Te) when they were pre-
two-phase system to find other possible origins of the syner- pared by mechanical mixing.
getic effect. Moreover, the latter effect did not seem to take
place when antimony was substituted for tellurium. We have 2.2. Catalyst characterization
thus investigated the influence of the ratio of the two phases
containing either Te or Sb on the catalytic properties of the  Crystal structures of the pure phases and phase mix-
mixture, and we have tried to characterize the catalysts bytures samples were controlled by X-ray diffraction with a
XPS and high-resolution electron microscopy (HREM) with Briiker D5005 diffractometer and CugKradiation. Metal
EDS analyses before and after the catalytic reaction to detectcontents of the solids were determined by atomic absorp-
a possible transformation of the solids. The results obtainedtion (ICP), and specific surface areas were measured by the
are presented and discussed in this paper. BET method with nitrogen adsorption. XPS measurements

were performed with a VG ESCALAB 200 R. Charging of
samples was corrected by setting the binding energy of ad-

2. Experimental ventitious carbon (C 1s) at 284.5 eV. Deconvolution of the
Mo 3d%/2 peak was accomplished with a Voigt function.
2.1. Catalyst preparation High-resolution electron microscopy was performed with

a JEM 2010 (Cs = 0.5 mm). Accelerating voltage was
Three types of catalysts were prepared that contained200 kV with a LaB emission current, a point resolution of
either tellurium or antimony. The first one corresponded 0.195 nm, and a useful limit of information of 0.14 nm. The
to M1 (orthorhombic) andM2 (hexagonal) phase mix- instrument was equipped with an EDS LINK-ISIS (spatial
tures. These compounds were prepared, according to aesolution: 1 nm). It allows the use of a probe size of 25 nm
patented proceduf&9,20], from an aqueous slurry compris-  to analyze isolated grains of each of the phases and avoid
ing Mo, V, Te(Sb), and Nb in the ratio Mo/V/Te(Sh)/Nb simultaneous analysis of grains of the two phases.
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2.3. Oxidation of propane was determined from X-ray diffraction patterns. The method
used was based on a comparison of the relative surface areas

The oxidation of propane was performed in a fixed- ofthe peaks at 30°3226 (M1 phase) and 36:®6 (M2 phase)

bed reactor operating at atmospheric pressure. The apparain the X-ray diffraction powder patterjg3]. The BET sur-

tus and the conditions have been described elsewhbte face area of th&11+ M2(Nb/Te) calculated from the single-

The catalytic properties were determined between 593 andphase surface areas and the phase ratio corresponded rela-

723 K in a conventional flow reactor with a catalyst amount tively well with that of the as-synthesized mixturgaple 5.

varying from 0.5 to 1 g. The feedstock composition was That of theM1+ M2(Nb/Sb) was larger. This difference may

02/C3Hg/Ne/Np/H20 = 3:1.5:1.5:10.5:13.5, and the total be explained by the presence of the small amount of silica

flow was 30 mL/min. added during the synthesis, which contributes to the adhe-
The reactants and gas products were analyzed with ansion of the particles to each other.

on-line gas chromatograph and Porapak-Q and CP-Molsieve

5-A columns. The organic substrates were condensed dur-3.2. Catalytic activity

ing the reaction and analyzed off-lifE5]. Products formed

under the reaction conditions were propylene, CO and,CO 3.2.1. Pure phase and phase mixtures obtained from

acrolein, and acetic and acrylic acid. In some cases the for-synthesis

mation of acetone was observed. The oxidation of propene  The oxidation of propane was conducted at 653 K with

has been studied on the phas&2 by replacing 10% of the  the pureM1 andM2 phases and with the synthesized phase

propane with propene and running the catalytic test in the mixtures. The results obtained with these catalysts are given

same conditions as described above. The catalytic tests wergn Table 2 The M2 phases, with or without niobium, were

conducted for at least 12 h, and we recovered the catalystsalmost completely inactive even at 683 K, and it was mean-

after catalytic testing by cooling them rapidly from 653 Kin ingless to report their catalytic properties. Thi phases

the flow of reactants. appeared to be both very active and selective and were un-
ambiguously responsible for the catalytic properties of the
2.4. Precision synthesized phase mixtures. The properties obtained were

comparable to those reported in the literature for Te catalysts
The precision of the chemical analyses and that of the and slightly better for Sb catalysts, which are, as for ammox-

BET surface measurements were evaluated, and both arédation, always less selectiy£8—20] TheM1+ M2(Nb/Te)
considered to be 2%. EDS determinations have been madehase mixture appeared to be more selective in acrylic acid
by at least 15 analyses, and standard deviations have been
systematically evaluated for atomic ratios. Qualitative analy- .. 1
sis of the XPS peaks, in terms of elemental ratios, was chemical analysis and surface area of the synthesized pure phases and
carried out as described previou$B2]. The experimental  phase mixtures

precision of the quantitative measurements was consideredcompound Chemical analysis Surface aréél/(M1+M2)
to be around 15%. The consistency of the catalytic tests (m?2g1
has been studied. Carbon balance based on the productgyNb/Te) MoVp 26Ten.11Nbp 12 8.4
listed above was satisfactory in all runs within 18®%. M1(Nb/Sh) MoVp 2gShy 13Nbg 15 25.1
The standard deviation of the selectivity was estimated to M2(Te) MoVo 4Tep 49 04
be+1%. M2(Nb/Te) MoVp.30Tep.41Nbp 10 3.1
M2(Sb) MoVp.4gShy 29 0.3
M2(Nb/Sb) MoVp 30Skp.20Nbp o7 9.1
3. Results M1+ M2(Nb/Te) MoVp3oTeg23Nbp11 4.6 0.45
M1+ M2(Nb/Sb) MoVp 30Sky 15Nbg.10 8.9 0.64

3.1. Characterization of the fresh catalysts

The pure-phase Te and Sh samples prepared were conl2?!e 2
by oo i Catalytic properties of thi11 andM1+ M2 phases mixtures as synthetized

firmed by X-ray diffraction to be single phases, and N0 . 53 . feedstock composition:fzHg/Ne/Ny/H,0 — 3/1.5/1.5/10.5/
phases other thail1 andM2 were detected with the same 13 5; total flow= 30 mL/min and catalyst mass 0.5 g; A4 acrylic acid,
technique in the prepared phase mixtures. The results ofAce= acetone, and AcA= acetic acid

the chemical analysis of the synthesized solids are gatherettompound Conversion Selectivities (%)

in Table 1 They were in good agreement with the phase (%) CO CO, AA CaHg Ace AcA

stoichiometry reported befofé8,21] All of the solids pre- MI(ND/SD) = s 1o 49 11 o 1

sented comparably low surface areas. It can be observed thalt/ll(Nb/Te) 33 9 16 55 11 1 8

the surface areas of thd1 phases were always larger than ML+ M2(NbISD) 34 0 2 4 1 o 1
; e +

those of theM2 or M1 + M2 phases as synthesized mix M1t M2(NDITe) 30 2 16 88 11 0 o

tures. The relative content of the synthesized phase mixture
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10 ——————F 71— 1
Table 3
Catalytic properties oM2 phases in propene oxidation in presence of
propane at 653 K; feedstock composition/O3Hg/C3Hg/Ne/Np/H20 =
3/1.3/0.2/1.5/10.5/13.5; total flow: 30 njimnin; catalyst mass- 1 g; AA = ~ 80 B
acrylic acid, Ace= acetone, Ace= acrolein, and AcA= acetic acid i,
Compound  Conversion Selectivities (%) 'g |
(%) CO CO, AA Ace Acr AcA 2 el .
M2(Sh) 13 0 29 17 11 0 42 P 1
M2(Te) 10 0 15 70 0 10 5 i
T 40 -
Table 4 g
Catalytic properties of the pur®ll phases and of th&1 + M2 phase \ L
mixtures obtained by mechanical grinding; reaction temperature 653 K; 20 | B
feedstock composition £3C3Hg/Ne/No/H>O = 3/1.5/1.5/10.5/13.5; total
flow = 30 mL/min; catalyst mass:= 1 g for M1(Te) + M2(Te), M1(Te) +
M2(Sb), andM1(Sb)+ M2(Te), 0.5 g forM1(Te) andM1(Sb); AA = acrylic
acid, Ace= acetone, and AcA= acetic acid o=t
0 20 40 60 80 100
Compound ConversionSelectivities (%) . .
(%) M2 content in weight (%)
CO CO, CgHg AA Ace AcA
M1(Nb/Te) 33 9 16 11 55 1 8 Fig. 1. Variation of the selectivity in acrylic acid at iso-conversion as
M1(Nb/Sb) 35 9 19 11 49 0 12 a function of theM2(Te) weight content in theM2(Te) + M1(Nb/Te)
phase mixture. The reaction was run at 653 K; feedstock composition:
M1(Nb/Te)+ M2(Te) 36 3 8 10 74 0 5 0,/C3Hg/Ne/Np/H,0 = 3/1.5/1.5/10.5/13.5; total flows 30 mL/min.
M1(Nb/Te)+ M2(Nb/Te) 37 4 10 9 72 0 5
M1(Nb/Sb)+ M2(Sh) 36 10 21 11 47 0 11
mgsgg?)i '\,\ﬁ(gs; g; g ig 18 gg 8 151 acid selectivity was observed for Sb-containing mixtures. It

was also observed that the presence or absence of Nb in the
M2 phase has only a small effect on the catalytic properties
than did theM1(Nb/Te) phase alone. This result was the ofthe phase mixtures. A slight decrease in acrylic acid selec-
opposite of that for the catalysts containing Sh. Because it ity was observed for the phase mixture wittV2 phase
was proposed that the synergetic effect was related to theyiinout Nb. This observation is in good agreement with the
fact that theM2 phase intervened in the transformation of [aqyits obtained when the tvid2 phases were tested for the
propene formed on thil1 phase in a manner very selective . .qation of propeng24].
for acrylic acid[11,12} the pureM2(Te) andM2(Sb) phases WhenM1 andM2 phase mixtures with different elements
were in the partial oxidation of propene. This was done with (Te or Sb) were compared with pulél phases, a syner-
the replacement of 10% of the propane with propene in ordergetiC effect was observed for thesL(Nb/Sb)+ M2(T,e) phase
to run the catalytic test in redox conditions not too different ...\ .o\t ot for theM1(Nb/Te)+ M2(Sb) phase mix-
from the initial ones. We observed that both catalysts are ac- . . .

ture (Table 4. The selectivity for acrylic acid observed on

tive for propene oxidation, but they presented very different : .

selectivﬁiegn'able 3. Indeed theM2>(/TF;) phase was ¥/ery se- M1(Nb/Sb)-+ M2(Te). increased to 59% to slightly more that

lective for acrylic acid, whered€l2(Sb) gave mainly acetic of M1(Nb/Te) bqt did not reach that of thil1(Nb/Te) +
M2(Te) phase mixture.

acid. M1(NbTe)+ M2(Te) phase mixtures with differemil2
3.2.2. Phase mixtures obtained by co-grinding (Te) con_tents have been p_re[_)are_d and testegl _at isoconve_rsion
Two types of phase mixtures were prepared by co- (35%).F|g. 1sh_ows the variation in the select|v!ty for acrylic
grinding of the pure phases and studied. One corresponds2cid as a function of th#12(Te) weight content in the phase
to mixtures of phas&1 andM2 (with or without Nb) con- mixtures. A maximum yield was obtained for a composition
taining either Te or Sh. The other type also corresponds toWith around 40981(Te). This composition is different from
mixtures of phas#1 andM2, but with one phase containing  that patented for phase mixtures obtained by cosynthesis
Te and the other one Sb. The results obtained for the mix- (60%)[25] and that observed (50%) for phase mixtures ob-
tures are compared ifable 4with those obtained for pure  tained by co-grinding in the case of ammoxidatj@i, 18]
phases at almost the same conversion. The increase in acrylic acid selectivity was plotted for differ-
When M1 and M2 phase mixtures with the same ele- ent phase mixtures as a function of the reaction temperature
ment (Te or Sh) were compared with the corresponding (Fig. 2). We can see that the synergetic effect was observed
pure M1 phases, a synergetic effect was observed only for for all of the reaction temperatures studied between 600 and
Te-containing mixtures, with a strong increase in the acrylic 658 K and increased with reaction temperature. At the same
acid selectivity for phase mixtures. A decrease in the acrylic time its maximum moved from around 50-40%d(Te).
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25

Increase in acrylic acid selectivity (%)

M2 content in wt %

Fig. 2. Evolution as a function &fi2(Te) phase content of the synergetic ef-
fect on theM1(Nb/Te)+ M2(Te) phase mixtures expressed as the increase
in acrylic acid selectivity compared that of the pia(Nb/Te) phase and
determined at the same conversion rates at 60K 626 K (J), and

658 K (4).

Table 5

tion pattern as before the test. This observation is in good
agreement with our previous studies showing that no phase
transformation detectable by X-ray diffraction was observed
for M1 andM2 phase mixtures after the catalytic tfkh,18]

The BET surface areas of the phase mixture were measured
before and after catalytic testinggble 9. First it can be
seen that the grinding of the phases did not change the sur-
face areas of the individual phases and that the surface area
of the phase mixture after catalytic testing was comparable
to that measured before the test.

3.3.1. High-resolution electron microscopy with EDS
analyses

The study by high-resolution electron microscopy was
focused on two mechanical phase mixtured,(Nb/Te)+
M2(Sb) andVI1(Nb/Sb)+ M2(Te) (50-50 wt%), before and
after catalytic testing. The micrographs of the phase mix-
tures did not reveal any specific particle shape, and the mor-
phology appeared to be the same, according to the micro-
graphs, before and after catalytic testing. No new phase was
detected by electron diffraction. These results are in good
agreement with those obtained by X-ray diffraction and BET
surface area measurements. The analyses by EDS of several
particles of the mechanical phase mixtures before and af-

BET surface area of the synthesized pure phases and of the phase mixtureter catalytic testing have been used to calculate the atomic

before and after catalytic test

Compound Surface area %rg—l)
M1(Te) 8.4

M2(Te) 0.4

M1(Nb/Te)+ M2(Te)? before test 43 (4.9
M1(Nb/Te)+ M2(Te) after test 45

2 M1(Nb/Te)+ M2(Te) contain 50 wt% of each phase.
b Weighted sum of the surface areas of the starting single phase.

3.3. Characterization of the used catalysts

Allof the catalysts tested, corresponding either to pure

ratios for the two phases in the mixtures. These ratios are
presented orTable 6 Before catalytic testing the atomic
ratios were in good agreement with those previously deter-
mined for the phases in synthesized phase mixtures of the
typeM1+ M2(Nb/Te) andVi1 + M2(Nb/Sb)[18-20] In the
M21(Nb/Sb)+ M2(Te) phase mixture, the atomic ratios did
not vary much after catalytic testing, except that tellurium
was unambiguously detected in thE(Nb/Sb) analysis. At

the same time the observed antimony content of the phase
was slightly lower. Such a result, which was systematically
obtained, can be explained only by the migration of Te to
the M1(Nb/Sb) phase surface. In ti1(Nb/Te)+ M2(Sh)

phases or to phase mixtures, showed the same X-ray diffracphase mixture, the atomic ratios did not vary much after

Table 6

Results of EDS analysis of tHd1(Sb)+ M2(Te) andM1(Te) + M2(Sb) mechanical phase mixture before and after catalytic test. Standard deviations for

experimental values are given in parentheses

Catalyst Atomic ratios
V/Mo Nb/Mo Sh/Mo Te/Mo (Sb+ Te)/M2

M1(Sb/Nb)+ M2(Te) phase mixture

M1(Sh/Nb) before test 0.23(3) 0.17 (6) 0.13 (4) - 0.09(3)
M1(Sb/Nb) after test 0.21 (3) 0.15 (6) 0.08 (2) 0.06 (3) 0.10(4)
M2(Te) before test 0.35(4) - - 0.38 (6) 0.28 (4)
M2(Te) after test 0.35(4) - - 0.39 (6) 0.29 (5)
M1(Te/Nb)+ M2(Sb) phase mixture

M1(Te/Nb) before test 0.24 (3) 0.12 (6) - 0.10(2) 0.07 (1)
M1(Te/Nb) after test 0.25 (4) 0.14 (6) - 0.10 (2) 0.07 (1)
M2(Sb) before test 0.45 (3) - 0.35(2) - 0.32(2)
M2(Sb) after test 0.43 (4) - 0.35 (4) - 0.31 (4)

2 M =Mo+V +Nb.
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Table 7
Comparison of the surface elementary ratios of the cations in the mechanical mixtures calculated from XPS analysis data before (a) and after catalyti
reaction (b)

Compound Element Binding energy (eV) /Mo Mot /(M5 + Mo®+)
M1(Nb/Sb)+ M2(Te Mo 3cP/2 Mo®+ 232.3 1.00 0.40
Mo+ 231.2
v 2p3/2 \Vass 516.2 0.15
Te 3¢P/2 576.0 0.13
Sb 3¢/2 540.0 0.22
Nb 3dP/2 206.5 0.13
M1(Nb/Sb)+ M2(Te) Mo 3dP/2 Mo®+ 232.4 1.00 0.35
Mo®+ 231.2
vV 2p3/2 v4+ 516.3 0.14
Te 3¢P/2 576.2 0.28
Sh 3¢/2 540.1 0.28
Nb 3dP/2 206.6 0.11
M1(Nb/Te)+ M2(Shf Mo 3cP/2 Mo®+ 2325 1.00 0.12
Mo+ 231.7
vV 2p3/2 \Vass 516.7 0.14
Te 3cP/2 576.5 0.13
Sb 3¢/2 539.7 0.11
Nb 3cP/2 206.6 0.14
M1(Nb/Te)+ M2(Sbf Mo 3cP/2 Mo®+ 2325 1.00 0.14
Mo®+ 234.8
vV 2p3/2 \Vass 516.4 0.12
Te 3¢P/2 576.4 0.09
Sb 3¢/2 539.8 0.08
Nb 3cP/2 206.6 0.17

catalytic testing, and no migration of Sb KL(Nb/Te) was M2(Sb) phase mixture. Such a feature appeared clearly when

observed, or of Te frorM1(Nb/Te) toM2(Sb) (Table §. the Te/Sb surface ratios of the compounds before and after
catalytic testing were compared. The ratio changed from 0.6
3.3.2. XPS analysis to 1.0 in the first case and only from 1.1 to 1.2 in the second
XPS was used to characterize the surface ofMi€Nb/ case.

Sb)+ M2(Te) andM1(Nb/Te)+ M2(Sb) phase mixtures (50—

50 wt%) before and after catalytic testintpple 3. In each

case, Mo, V, Te, Sb, Nb, and O were analyzed. The surface4. Discussion

compositions of the phases mixtures were slightly differ-

ent from those calculated from the EDS analyses. WHe The results for catalytic activity presented in this study

phases were not as rich in vanadium at the surface as in theconfirm that the active and selective phase of the MoVTe-

bulk, and an excess of antimony or tellurium was observed. NbO catalysts is thd1l phase, whether it contains Te or

Both phase mixtures contained Moand Mo’. The larger Sh, and clearly demonstrate that a synergetic effect takes

MoV content ofM1(Nb/Sb)+ M2(Te) compared with the  place between th#11 and M2 phases Fig. 1). The max-

M1(Nb/Te)+ M2(Sb) phase mixture can be explained by the imum yield was observed for a relative mass ratioMf

fact that theM1(Nb/Sb) phase contained significantly more andM2 around 55% at 600 K. This maximum moves slightly

MoV than theM2(Sb) phase in the bull26]. toward high ratios with temperatur€if. 2). These results,
We showed that the surface composition of the pgufe obtained from tests of mechanical phase mixtures, corre-

phases did not vary after catalytic testing for the Sb-con- late well with the phase composition of the most efficient

taining phase but decreased for the Te-containing pl2&$e patented catalysts when they are tested for ammoxidation

We found that the surface compositions of M#&Nb/Sb)+ or oxidation of propane. It was observed, however, that the

M2(Te) and M1(Nb/Te) + M2(Sb) phase mixtures corre- synergetic effect was higher with mechanical mixtures than

sponded before testing approximately to that of the two with cosynthesized mixtures, which indicates that the syn-

phases, taking into account their relative weight content and ergetic effect is not just a support effect between the two

respective surface aretable ). After catalytic testingitcan  phases. The synergetic effect betweerMieandM2 phases

be observed that an enrichment in tellurium occurred in the was observed only for mixtures in which thé2 cocat-

M1(Nb/Sb)+ M2(Te) phase mixture, that was not present alytic phase contained Te. This correlates well with previous

or was present in very small amounts in ti&(Nb/Te)+ studies showing that a synergetic effect occurred only for
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mixtures of phases that were efficient in activating propane Furthermore, the fact that the presence or absence of Nb in
molecules with phases containing telluridfb]. This syn- theM2 phase has only a slight influence on the selectivity of
ergetic effect cannot be explained by a change in the mor-the phase mixtures, whereas it had been shown to be deter-
phology of the sample. Scanning electron microscopy study minant when tested in the oxidation of propd@d], tends

of the two phases and measurements of their surface arg confirm that the subsequent oxidation of propenévian

eas clearly show no difference in the phases before andig ot the predominant cause of synergy. Finally, the fact that
after catalysis and, in particular, no wetting of one phase {he formation of acetic acid depends on whether the catalyst
by another, which is likely to occur with molybdatg7]. contains Sh or Te and is observed to be produced from either
We have seen that when the phad#(Nb/Te) was tested propane or propene confirmed that the elements cited are in-

alone or in mixture withM2(Sb), a loss of tellurium at the . . S
. volved in the step corresponding to the oxidation of propene
surface was observd@3] (Table §. The loss of tellurium : . ; L
to either acrolein or acetic acid via acetone, as proposed ear-

of the M1(Nb/Te) phase should be related to its reduction

from TeV to T, which occurred as a side reaction of the €7 [29]- . o _
catalytic oxidation of propane. A similar effect has been ~ 1he second question that may arise is how Te that mi-
observed with bismuth at the surface of bismuth molyb- 9rates on the activk11(Nb/Te) phase intervenes to increase
dates during the propene oxidation reac'[iﬁa]_ However, the SeleCtiVity for acrylic acid. It has been shown that the
it should be recalled that no $evas observed at the surface catalyst had a tendency to lose Te during catalysis because
of the catalysts by XPS. Such a loss of tellurium was not of its volatility in the temperature range concerned. Te that
observed wheM1(Nb/Te)+ M2(Te) phase mixtures were migrates would thus replace the lost Te initially present in
studied after catalysis, and, indeed, an increase in the surthe hexagonal channel of the active phase structure. The loss
face tellurium content was even observed. This can be ex-of tellurium occurs preferentially at high conversion rates
plained by the diffusion of tellurium at the surface of the and explains why the synergetic effect is better observed
phases from the/2(Te) to theM1(Nb/Te) phase surface. ynder the latter conditions. It is worth noting that the in-
A comparison of EDS analyses of tha1(Nb/Sb) phase  ¢rease in acrylic acid selectivity observed was mainly de-
in the M1(Nb/Sb)+ M2(Te) phase mixture conducted be- pendent on occurring in COWhen propene is formed on

flf’ref and after c;}atalyttlc tt(:‘stlngt]hcon:‘;rmsor_r;fg rr|1t|gtrat;or; o the catalytic active site, the absence of a Te site, allowing
€ Irom one pnase to the other. it Is diicult 1o deter- . dehydrogenation and subsequent oxidation to acrolein
mine from EDS and XPS whether the presence of Te at . : . . :
or acrylic acid, may lead to its total oxidation. It is also

the surface of thevil(Nb/Sb) phase correlates with a de- . . .
crease in Sb content. Th2(Te) phase does not show possible that Te that had migrated also occupied the hep-
tagonal sites of the active phase. In that case it would cre-

any loss of tellurium during catalytic testing, but it is inac- ) X
tive. ate new sites of propene oxydehydrogenation and maybe

The first question that may arise is whether the first at- SUPPress sites responsible for total oxidation. P. de Santo
tribution of the synergetic effect to a bifunctional cataly- et al. suggested recently that the effective diameter of the
sis with theM2 phase, selectively oxidizing the propene heptagonal channels was comparable to that found in the
formed on theM1 phase, has still to be considered. The zeolites LTA and ZSM-5 used for propane separation and
results obtained for the antimony-containing catalysts al- cracking and that they may, when unoccupied, trap propane
ways fits with this interpretation, since the catalytic test and facilitate the formation of combustion produ¢sg].
of M1(Nb/Sb)+ M2(Sb) did not show any synergetic ef- It is difficult to propose, from the results of the charac-
fect, and theMi2(Sb) phase was not selective for transform- terization of the catalysts after catalytic testing, one or the
ing propene into acrylic acid. It can be observed that the gther localization. The fact that the selectivity observed for
M1(Nb/Te)+ M2(Sb) phase mixture was more selective for - the M1(Nb/Sb)+ M2(Te) phases mixture corresponds well
acetic acid than was thel1(Nb/Te) phase_ alone. Further- \vith that of the pureM1(Nb/Te) and that the change in
more,_such a feature seems to be relat|ve_t(_) the IOresenc%electivity of the phase mixture, when compared with that
of antimony, since all of the phases qontgmmg antimony of M1(Nb/Sb), depends on that in acetic acid and not that in
were more selective for producing acetic acid from propane CO. . indicates miaration in the hexagonal channel in place
or propene. Since we know that there was almost no tel- .’ . g . g P

of the Sb sites. However, it seems more probable that tel-

lurium diffusion from one phase to the other, this can be luri . both £ Finally it h b
explained only by the transformation of propene formed on urlum migrates on both types of sites. Finally it has to be

the M1(Nb/Te) phase by th12(Sb) phase, which was se- noted that the diffusion of tellurium from thHeé2 phase to
lective for acetic acidTable 4. This clearly shows that the ~ the M1 phase should depend not only on the ratio of the
cause of synergy, earlier described as the oxidative dehydro- W0 phases, but also on their relative surface areas allow-
genation of the propane molecules on M phase and the ing the best contacts. This is indeed what has been observed
subsequent oxidation of propene on M2 phase, has to be by Holmberg et al[16], who stressed that almost no syn-
taken into account, although it may be markedly less impor- ergetic effect was observed when very large particles of the
tant than the synergy related to the diffusion of tellurium. two phases were mixed.
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5. Conclusion [7] J.F. Brazdil, M. Mehicic, L.C. Glaeser, M.A.S. Hazle, R.K. Grasselli,
in: M.L. Deviney, J.L. Gland (Eds.), ACS Symposium Series, vol. 288,
American Chemical Society, Washington, DC, 1985, p. 26.

The results obtained in this study clearly confirm that a [8] H. Ponceblanc, JM.M. Millet, J.C. Vedrine, in: T. Oyama, G. High-

synergetic effect exists between the tW(_:’ phaﬂ&sandMZ tower (Eds.), ACS Symposium Series, vol. 523, American Chemical
of the MoVTeNbO catalysts for the oxidation of propane. Society, Washington, DC, 1993, p. 262.
This synergetic effect is not observed when the aciiie [9] T. Ushikubo, K. Oshima, A. Kayou, M. Vaarkamp, M. Hatano, J. Ca-

tal. 169 (1997) 394.
[10] M. Hatano, A. Kayou, US Patent 5,049,692 (1991), assigned to Mit-
subishi chemical Co.

phase contains antimony instead of tellurium. The results
show that this synergetic effect can be reproduced and ampli-

fied simply by mechanical mixing of the powders of ti& [11] T. Ushikubo, K. Oshima, A. Kayou, M. Hatano, in: C. Li, Q. Xin
and M2 phases prepared independently. The synergetic ef-  (Eds.), Stud. Surf. Sci. Catal., Elsevier, Amsterdam, 1997, p. 473.
fect could have two origins: (|) the participation of thM2 [12] T. Ushikubo, H. Nakomura, Y. Koyasu, S. Wajiki, US Patent 5,380,933
phase in the selective transformation of the propene formed _ (1995), assigned to Mitsubishi chemical Co. .

. . . .. . . [13] P. Botella, E. Garcia-Gonzalez, A. Dejoz, J.M. Lopez Nieto, M.I.
on th_eMl phase into acrylic acid and (ii) the m|graF|on of Vazquez, J. Gonzalez-Calbet, J. Catal. 225 (2004) 428.
tellurium of theM2 phase to the surface of the activkl [14] W. Ueda, K. Oshihara, D. Vitry, T. Hisano, Y. Kayashima, Catal. Surv.

phase. Thé/1 phase has been shown to lose tellurium. The Jpn. 6 (2002) 33.
second cause seems to be major Compared with the first onel15] M. Baca, A. Pigamo, J.L. Dubois, J.M.M. Millet, Top. Catal. 23 (2003)

. . . . 309.
The best phase ratio for the higher catalytic activities and se [16] 3. Holmberg, R.K. Grasselli, A. Andersson. Appl. Catal. A 270 (2005)

lectivities depends slightly on the reaction temperature. It is 121.
around 55-60 wt% oM2 at 658 K. However, since one of  [17] R.K. Grasselli, J.D. Burrington, D.J. Buttrey, P. De Santro Jr., C.G.
the major causes of the synergetic effect is related to the dif- Lugmair, A.F. Volpe Jr., T. Weingand, Top. Catal. 23 (2003) 5.

. . Catal. 232 (2002) 77.
phase ratio should depend on the relative surface areas O{[lQ] J.L. Dubois, S. Serreau, J. Jacquel, Patent 2 833 005 Fr (2001), as-

the two phases allowing the best contacts. The question tha signed to Atofina.

remains to be asked is, where exactly is the tellurium com- [20] J.L. Dubois, S. Serreau, French Patent FR2844263 (2002), assigned to
ing from theM2 phase located on the active (00 1) plane? It Atofina. _ _ .
may be that it occupies the hexagonal channel sites liberated?1l J-M-M. Millet, M. Baca, A. Pigamo, D. Vitry, W. Ueda, J.L. Dubois,

" : Appl. Catal. A 244 (2003) 359.
by the volatilized tellurium or the empty heptagonal ones or ;) 5=\ eqrine, v. Jugnet, in: B. Imelik, J.C. Védrine (Eds.), Les tech-

even thatitis randomly spread over the surface. niques physiques d’'étude des catalyseurs, Technip, Paris, 1988, p. 365,
Chap. 10.

[23] M. Baca, Ph.D. Thesis, Université Claude-Bernard Lyon 1, 2004.

[24] P. Botella, J.M. Lopez-Nieto, B. Solsona, Catal. Lett. 78 (2002) 383.

[25] F. Borgmeier, A. Tenten, H. Hibst, K. Muller-Engel, S. Unverricht,

WO 02/06199A2 (2001), assigned to BASF.
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