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Abstract

The catalytic behaviour of �-Bi2Sn2O7 was investigated within the framework of the remote control theory. Mixtures of

bismuth pyrostannate with typical oxygen donors (Bi2O3, Sb2O4) or acceptors (MoO3, WO3) were therefore prepared and

tested in the isobutene±methacrolein conversion at 648 and 673 K. The catalysts were characterized before and after their use

by X-ray diffractometry, X-ray photoelectron spectroscopy, scanning electron microscopy and BET speci®c surface area

measurements. The experiments indicate that cooperation for partial oxidation occurs when Bi2Sn2O7 is mixed with acceptor

phases. Several mechanisms allowing to explain the synergetic effects observed in the Bi2Sn2O7±WO3 and the Bi2Sn2O7±

MoO3 mixtures are discussed. In the Bi2Sn2O7±WO3 catalysts, arguments are presented showing that surface enrichment by

one oxide or the in situ formation of a bismuth tungstate phase cannot be reasonably considered as responsible for the

cooperation effects. Bismuth stannate is consequently concluded to behave as an oxygen donor with respect to WO3. Bi2Sn2O7

could `̀ a priori'' display the same behaviour in the Bi2Sn2O7±MoO3 catalysts and cooperate with MoO3 via a remote control

mechanism. But in the latter case, as �-Bi2Mo3O12 is generated in situ, the intrinsic catalytic activity of this bismuth

molybdate must probably be taken into account as an additional explanation for the synergy observed in these mixtures. On

the other hand, the hypothesis of coverage of one oxide by the other one seems to be ruled out in these Bi2Sn2O7±MoO3

catalysts. # 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cooperative effects between separate oxide phases

have been reported on many occasions in the ®eld of

partial oxidation of hydrocarbons [1,2]. They usually

result, either in increased selectivities to given pro-

ducts, or in inhibition of deactivation, and have been

rationalized mainly through four different mechan-

isms: (i) formation of a new (mixed) phase from the

two initial phases in contact (this being possibly

limited to the contact zone), (ii) epitaxial matching

between selected crystal planes of the two oxides,

(iii) surface contamination of one phase by metallic
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elements from the other phase and (iv) a remote

control mechanism based on the activation of mole-

cular oxygen by a donor phase into mobile species

(spill-over oxygen), which migrate to an acceptor

phase, where they create and/or regenerate selective

catalytic sites [2]. In the latter case, cooperation is

achieved between two separate and non-contaminated

phases.

Bismuth pyrostannate, �-Bi2Sn2O7, has been men-

tioned as a catalyst in several partial oxidation reac-

tions such as dehydrodimerization [3±5] or aromatic

dehydroaromatization [6] of propene, selective oxida-

tion of propene into acrolein [7], oxidative dehydro-

genation of 1-butene into butadiene [6] and oxidative

coupling of methane [8]. In a previous paper, we have

shown that mixtures containing both Bi2Sn2O7 and

SnO2 display high catalytic activity in the total oxida-

tion of isobutene [9]. The present work is devoted to

the study of the catalytic behaviour of the �-Bi2Sn2O7

phase in the selective oxidation of isobutene to metha-

crolein and the catalytic potentialities of this ternary

phase were investigated in the context of the remote

control theory [10]. Mixtures of bismuth pyrostannate

with typical oxygen donors like bismuth oxide, �-

Bi2O3 [10] or antimony oxide, �-Sb2O4 [11], and with

typical oxygen acceptors like molybdenum(VI) oxide,

MoO3 [11], or tungsten(VI) oxide, WO3 [12], were

therefore prepared and tested catalytically in the iso-

butene±methacrolein conversion. The objective was to

determine whether �-Bi2Sn2O7 was: (i) an acceptor,

namely a phase whose catalytic properties depend on

the action of spill-over oxygen, (ii) a donor, namely a

phase displaying no intrinsic catalytic activity but

controlling that of the former one, and (iii) a third

possibility being that this pyrostannate might exhibit

an intermediary behaviour, like SnO2 [10].

We show in this paper that when Bi2Sn2O7 is mixed

with acceptor phases, cooperation between the two

oxides occurs and several hypotheses are put forward

and discussed to explain the synergetic effects.

Because these cooperation effects could be assigned

to a mutual contamination, to a surface enrichment of

the catalyst in one oxide or to the eventual formation

of new mixed phases by solid state reactions between

the two starting oxides, all the catalysts were sub-

mitted to several characterization techniques before

and after catalytic use in order to evidence any bulk or

surface modi®cations. X-ray photoelectron spectro-

scopy was used to collect informations on the disper-

sion of the various phases present on the catalyst

surface. More particularly, the atomic intensity ratios

were determined for the various elements to get an

idea of the surface stoichiometry of these catalysts and

to evidence a possible contamination of coverage

effect. The nature of the phases present in the samples

after calcination or catalytic test was determined by X-

ray diffraction and compared with the initial bulk

composition of fresh catalysts, in order to control

the eventual formation of a new compound. The

catalysts were also characterized by scanning electron

microscopy coupled with energy-dispersive X-ray

analysis (SEM-EDX) to determine shape, size and

composition of the particles, and to detect possible

changes in their morphology during the test. Because

the two mixed phases Bi2Mo3O12 and Bi2WO6 are

known as catalysts for the oxidation and ammoxida-

tion of unsaturated hydrocarbons [13±17], they were

also prepared and tested catalytically in the isobutene±

methacrolein conversion.

2. Experimental

2.1. Preparation of the pure oxides

Bismuth pyrostannate, Bi2Sn2O7, was obtained

from a dispersion in n-heptane of pure tin(IV) oxide

and bismuth(III) oxide in stoichiometric amounts. In

this procedure, commercial Bi2O3 (JANSSEN, 99.9%)

was ®rst dispersed at room temperature, in 100 ml

heptane (ACROS, 99�%) under ultrasonic stirring for

15 min. SnO2, prepared by acidi®cation of

SnCl4�5H2O (JANSSEN, 98�%) [9], was then added

to the former slurry and the mixture was submitted to

further sonication for the same period. The solvent

was then removed slowly under reduced pressure. The

resulting powder was ®nally calcined at 1033 K for

20 h under controlled air ¯ow (1 l minÿ1). The speci®c

surface areas of the ternary phase, as determined by

BET, were in the range 1±3 m2 gÿ1. The literature

mentions that, under controlled conditions, three dif-

ferent bismuth pyrostannate phases exist depending on

the temperature: �-Bi2Sn2O7, probably tetragonal,

stable below 363 K, �-Bi2Sn2O7, cubic, appearing

in the temperature range 363±953 K and 
-Bi2Sn2O7,

cubic, existing above 953 K [18]. However, X-ray
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diffraction measurements carried out between 293 and

1033 K on our samples con®rmed the presence of the

�-phase in all the fresh and used catalysts throughout

the investigated temperature range.

Molybdenum(VI) oxide was obtained by a com-

plexation procedure from ammonium heptamolybdate

(MERCK, 99%) and citric acid (MERCK, 99.5%) [19]

and presented a speci®c surface area equal to

1.6 m2 gÿ1.

Antimony oxide, �-Sb2O4 (SBET�0.7 m2 gÿ1) was

prepared by calcination of Sb2O3 (MERCK, p.a.)

under air at 773 K for 20 h [20]. Commercial bismuth

and tungsten oxides (Bi2O3 JANSSEN, 99.9%; WO3

JANSSEN, 99�%) were used for the mechanical

mixtures with Bi2Sn2O7. Their speci®c surface areas

were 0.3 and 3 m2 gÿ1, respectively.

�-Bismuth molybdate, Bi2Mo3O12, was prepared

from an acidic solution containing ammonium hepta-

molybdate and pentahydrated bismuth nitrate

(FLUKA, >99%) in the presence of citric acid

(0.33 mol lÿ1) [21]. After drying (373 K), the powder

was calcined in air (1 l minÿ1), ®rst at 573 K for 20 h,

then at 773 K for the same period and presented a ®nal

speci®c surface area of 1.7 m2 gÿ1.

To synthesize bismuth tungstate, Bi2WO6, commer-

cial Bi2O3 and WO3 were intimately mixed in a

mortar and then calcined at 1173 K for three days.

The presence of Bi2WO6 was checked by XRD and its

BET speci®c surface area was shown to be 1.9 m2 gÿ1.

2.2. Preparation of the mechanical mixtures based

on Bi2Sn2O7

The biphasic catalysts Bi2Sn2O7±MoO3 and

Bi2Sn2O7±WO3 were prepared by mechanical mixture

of the two starting oxides in n-heptane under ultra-

sonic stirring according to the procedure described

above. The engaged amounts were calculated to obtain

a series of mixtures characterized by the following

compositions: Rm �0.25, 0.50, 0.67, 0.75 and 0.91,

where Rm refers to the weight ratio of bismuth pyro-

stannate in the mixture, i.e.

Rm � wt Bi2Sn2O7=�wt Bi2Sn2O7 � wt B�;
where B � other oxide:

Bi2Sn2O7±Sb2O4 and Bi2Sn2O7±Bi2O3 mixtures

corresponding to Rm�0.5 were prepared under the

same conditions.

2.3. Calcination experiments

Further calcination experiments were carried out

on the Bi2Sn2O7±WO3 and Bi2Sn2O7±MoO3 systems

in order to examine whether ternary bismuth tungstate

or molybdate phases could be generated under experi-

mental conditions comparable to those of the catalytic

test, and to look at the possible propensity of one

phase to cover the other one. Mixtures corres-

ponding to different compositions (Rm�0.25±0.91)

were therefore calcined in the temperature range

673±1073 K and characterized by XRD, SEM-EDX

and XPS.

2.4. Measurement of the catalytic activity

2.4.1. Catalytic tests

The catalytic performances of these catalysts were

evaluated in the partial oxidation of isobutene into

methacrolein, using air, in the temperature range 623±

673 K. The experimental set-up includes a U-shaped

®xed bed glass reactor (internal diameter 8 mm),

temperature and mass ¯ow regulation systems, and

an on-line gas chromatograph for the analysis of the

reagents and products. To maintain the isobutene

conversion at moderate values, while keeping the total

catalyst amount constant, the quantity of active phase

was reduced to 62.5 wt% in all the catalysts, mechan-

ical mixtures and pure oxides, by diluting the active

phase with an extensively sintered silica calcined at

1273 K for 24 h (SBET�0.5 m2 gÿ1), that was demon-

strated to be inactive for the investigated reaction. The

mass of catalyst (active phase�SiO2) used for each

run was ®xed at 400 mg. Before their use in the

catalytic tests, the catalysts (active phase�SiO2) were

pelletized into granules of 0.5±0.8 mm diameter.

Reactants were introduced as a 3.4%, 20.3%, 76.3%

volume mixture of isobutene, oxygen and nitrogen,

respectively. Total gas ¯ow was equal to 30 ml minÿ1.

Temperature control was ensured by chromel±alumel

thermocouples. The composition of the gaseous mix-

ture at the reactor output was analysed with a gas

chromatograph INTERSMAT IGC 12M, equipped

with two 2.5 m columns, the ®rst one for the separa-

tion of isobutene, CO2 and water (stationary phase

PORAPAK), the other one for the analysis of partial

oxidation products (stationary phase TENAX).

Helium was used as carrier gas and detection was
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made by catharometry. CO2 and formaldehyde were

found to be the major side products in all the catalytic

tests and, together with methacrolein, accounted for

the mass balance in the reactor. Traces of CO (<1%)

were detected independently and carbonaceous depos-

its were evidenced at the surface of the used catalysts

by XPS.

2.4.2. Expression of catalytic results

Catalytic results are expressed as isobutene conver-

sion (X, %), yield in methacrolein (Ymet, %), selectiv-

ity in methacrolein (Smet, %) and yield in CO2 (YCO2
,

%). The conversion is de®ned as the ratio between the

number of moles of isobutene converted and the

number of moles of isobutene introduced. The yield

in methacrolein represents the ratio of the number of

moles of methacrolein formed to the initial number of

moles of isobutene in the reactor. The yield in CO2 will

be tabulated as YCO2
=4 to take into account the form-

ation of four moles of CO2 per mole of isobutene

converted. The selectivity in methacrolein is de®ned

as the ratio between methacrolein yield and isobutene

conversion (Smet�Ymet/X).

2.4.3. Quantitative evaluation of the

synergetic effects

The differences between the speci®c surface areas

of bismuth pyrostannate and those of the various

oxides involved in the mixtures were not very impor-

tant; nevertheless, to check whether the increase of

catalytic performances in the mechanical mixtures

might be assigned to a real cooperation effect, or

merely re¯ects the change of the global speci®c sur-

face area, we calculated the intrinsic yield, i.e. the

yield normalized for a standard speci®c surface area of

1 m2 gÿ1. The synergy on this parameter was then

evaluated from the difference between the real intrin-

sic yield of the AB mixture, Y�AB, and the theoretical

yield, �Y�AB�th i.e. the yield that would be obtained in

the absence of any cooperation, assuming zero-order

reactions as a ®rst approximation. Because it is impos-

sible to measure the respective surface areas devel-

oped by each phase in the mixture, the calculation of

the theoretical intrinsic yield �Y�AB�th was based on a

total surface area which is evaluated from the

weighted sum of the respective surface areas of the

two components. The considered parameters were

de®ned in the following way:

1. Theoretical intrinsic yield of AB mixture, �Y�AB�th:

�Y�AB�th � �YA � Rm � YB � �1ÿ Rm��=��SBET�A
� Rm � �SBET�B � �1ÿ Rm��; (1)

where A�bismuth stannate, B�other oxide and

(SBET)i is the speci®c surface area of the oxide i.

2. Real intrinsic yield of AB mixture, Y�AB:

Y�AB � �YAB�=��SBET�AB�; (2)

where (SBET)AB is the experimental specific sur-

face area of the AB mixture and YAB is the experi-

mental yield of the AB mixture.

3. Synergy on yield for the AB mixture, �Y�AB (in %):

�Y�AB � 100 � �Y�AB ÿ �Y�AB�th�=��Y�AB�th�: (3)

In the same way, we defined the intrinsic conver-

sion, X�AB, which was normalized for a standard

specific surface area of 1 m2 gÿ1.The synergy on

methacrolein selectivity is defined by the following

expressions:

4. Theoretical selectivity, (SAB)th:

�SAB�th � �YA � Rm � YB � �1ÿ Rm��=
�XA � Rm � XB � �1ÿ Rm��: (4)

5. Real selectivity, SAB:

SAB � �YAB�=�XAB�; (5)

where XAB is the experimental conversion of the

AB mixture.

6. Synergy on methacrolein selectivity, �SAB (in %):

�SAB � 100 � �SAB ÿ �SAB�th�=��SAB�th�: (6)

2.5. Physical characterization techniques

Powder X-ray diffraction (XRD) patterns were

obtained with a SIEMENS D-5000 diffractometer

using the Cu-K� radiation (��154.18 pm). Phases

were identi®ed with reference to the JCPDS ®le.

X-ray photoelectron spectra were registered on a

SSI-X-probe (SSX-100/206) spectrometer from

FISONS, using a monochromatized Al-K� radiation

(E�1486.6 eV) and a ceramic sample holder. Charge

compensation was achieved by the use of a ¯ood gun

®xed at 10 eV. The binding energy scale was cali-

brated with respect to the C1s photopeak of hydro-

carbon contamination, taken at 284.8 eV. The analyses
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of tin, bismuth, molybdenum, tungsten and oxygen

were based on the following photopeaks: Sn3d5/2,

Bi4f7/2, Mo3d5/2, W4f7/2 and O1s.

BET speci®c surface areas were measured with a

MICROMERITICS ASAP 2000 apparatus at 77 K,

using krypton as adsorbing gas.

Scanning electron microscopy was carried out on a

LEICA Stereoscope S260 equipped for energy dis-

persive X-ray analysis (EDAX 9100). Samples were

®rst dispersed in acetone and deposited on a Cu±Al

sample-holder. Because of their non-conductive char-

acter, they were coated by a thin gold ®lm in order to

reduce charge effects.

3. Results and discussion

3.1. Catalytic results

The catalytic performances of the various samples

towards the selective oxidation of isobutene into

methacrolein are listed in Table 1. It suggests the

following comments:

1. Pure bismuth stannate was found to display a poor

catalytic activity for the considered reaction in the

temperature range 648±673 K. Isobutene was

slightly converted into formaldehyde and CO2,

but no methacrolein was produced.

2. No synergetic effects were evidenced in the

Bi2Sn2O7±Sb2O4 and Bi2Sn2O7±Bi2O3 systems

which were found to be completely inactive for

the investigated reaction.

3. On the other hand, significant cooperative effects

resulting in increased conversion, yield and selec-

tivity in methacrolein were clearly observed in the

mixture between bismuth stannate and molybde-

num oxide.

4. Pure bismuth molybdate, �-Bi2Mo3O12, was found

to be active and selective for the considered reac-

tion.

5. The systems containing bismuth stannate and tung-

sten oxide also resulted in positive cooperation

effects on both the yield and the selectivity in

methacrolein. The most selective catalyst was

the mixture containing 75 wt% of Bi2Sn2O7

(Rm�0.75). However, the WO3-poor catalyst con-

taining only 9.1 wt% WO3 (Rm�0.91) was found to

be essentially inactive and to produce no metha-

crolein. These Bi2Sn2O7±WO3 systems exhibit a

lower intrinsic activity than those containing

MoO3. This can be explained by the difference

in the catalytic potentialities of MoO3 and WO3,

the latter oxide being well known to be a less

performant catalyst for the partial oxidation of

alkenes into oxygenated products [19]. Similarly,

pure Bi2WO6 only showed a moderate activity and

selectivity while Bi2Mo3O12 is highly active and

selective.

Figs. 1 and 2 describe the synergetic effects

observed on methacrolein yield and selectivity in

the Bi2Sn2O7±MoO3 catalysts.They show that synergy

Fig. 1. Synergy on methacrolein yield in Bi2Sn2O7±MoO3

mixtures vs catalyst composition.

Fig. 2. Synergy on methacrolein selectivity in Bi2Sn2O7±MoO3

mixtures vs catalyst composition.
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is especially important in the Bi2Sn2O7-rich region

and is still more pronounced at 673 K. Positive syner-

getic effects are also observed on both total isobutene

conversion and CO2 yield.

In the Bi2Sn2O7±WO3 catalysts, the synergy on

methacrolein yield and selectivity is similarly the

highest in the Bi2Sn2O7-rich mixture but is unaffected

by the reaction temperature (Figs. 3 and 4). The

synergetic effects on aldehyde yield are however less

pronounced than in the Bi2Sn2O7±MoO3 system.

Synergy on isobutene conversion and CO2 yield

(Figs. 5 and 6) are rather low or even negative.

3.2. Physico-chemical characterization of the

catalysts

3.2.1. XRD

Whereas in the Bi2Sn2O7±MoO3 mixtures, the tern-

ary �-bismuth molybdate, �-Bi2Mo3O12, was

detected in low quantities in the used catalysts, the

presence of any mixed phase (tungstate) was never

revealed after the catalytic test in the Bi2Sn2O7±WO3

samples.

Table 2 shows the in¯uence of the calcination

temperature on the nature of the different crystalline

phases identi®ed by X-ray diffraction.

Fig. 3. Synergy on methacrolein yield in Bi2Sn2O7±WO3 mixtures

vs catalyst composition.

Fig. 4. Synergy on methacrolein selectivity in Bi2Sn2O7±WO3

mixtures vs catalyst composition.

Fig. 5. Synergy on CO2 yield in Bi2Sn2O7±WO3 mixtures vs

catalyst composition.

Fig. 6. Synergy on isobutene conversion in Bi2Sn2O7±WO3

mixtures vs catalyst composition.
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The XRD analyses revealed traces of bismuth mo-

lybdate, �-Bi2Mo3O12, after calcination at 673 K.

Quantitative conversion into this phase was observed

above 873 K.

On the other hand, the formation of 
-bismuth

tungstate, Bi2WO6, only appears above 873 K in a

very low amount and its presence is clearly established

at 973 K only. In a 1/1 Bi2Sn2O7±WO3 mixture, 
-

bismuth tungstate was found to become the major

phase above 1073 K. Any other Bi±W±O phase was

never detected in our calcined samples. These experi-

ments con®rm thus the fact that, contrary to the case of

the bismuth molybdates for which the formation

temperatures are rather low, the bismuth tungstates

do not form very easily and only appear after calcina-

tion above 873 K. The requirements for high tempera-

tures to synthesize mixed Bi±W±O phases are

mentioned in the literature [22±24], and were a key

point to suggest the use of WO3 as oxygen spill-over

acceptor in the present work. To establish the

donor character of Bi2Sn2O7, it was indeed essential

to choose acceptors in a relevant way, in order to

obtain a system which would not easily induce the

formation of new mixed phases that might be cataly-

tically active.

3.2.2. BET specific surface area

As indicated in Table 1, the experimental speci®c

surface areas of the various mixtures are in agreement

with the values which could be calculated from the

respective speci®c surface areas of the constituting

oxides. This observation suggests that the procedure

followed to prepare the mechanical mixtures does not

induce any signi®cant change of the size and mor-

phology of the starting particles. When the Bi2Sn2O7±

MoO3 mixtures are calcined up to 1033 K, there is a

40% decrease in the speci®c surface area which is

thought to re¯ect mainly a classical sintering effect,

without any clear evidence of spreading or morpho-

logical change.

3.2.3. SEM-EDX

Because the explanation of the SEM-EDX results is

easier in the case of the Bi2Sn2O7±WO3 systems than

in the corresponding ones containing MoO3, we will

begin with the presentation of the former.

3.2.3.1. Bi2Sn2O7ÿWO3 systems. While tungsten

oxide particles appear as large smooth crystallites

(30±160 mm), the Bi2Sn2O7 particles are small

(a few mm) and spongy. When these two oxides are

Table 2

XRD characterization of the catalysts

Catalyst

Bi2Sn2O7/B/Rm
a

Calcination

temperature (K)b

Phases detected by XRDc

Bi2Sn2O7/MoO3/0.5 673 Bi2Sn2O7 MoO3 Bi2Mo3O12ff SnO2ff

Bi2Sn2O7/MoO3/0.5 773 Bi2Sn2O7 MoO3 Bi2Mo3O12f SnO2ff

Bi2Sn2O7/MoO3/0.5 873 MoO3 Bi2Mo3O12 SnO2m

Bi2Sn2O7/MoO3/0.5 973 MoO3 Bi2Mo3O12 SnO2m

Bi2Sn2O7/MoO3/0.5 1033 MoO3 Bi2Mo3O12 SnO2m

Bi2Sn2O7/WO3/0.25 873 Bi2Sn2O7 WO3

Bi2Sn2O7/WO3/0.25 973 Bi2Sn2O7 WO3 Bi2WO6ff

Bi2Sn2O7/WO3/0.5 673 Bi2Sn2O7 WO3m

Bi2Sn2O7/WO3/0.5 873 Bi2Sn2O7 WO3f

Bi2Sn2O7/WO3/0.5 973 Bi2Sn2O7 WO3f Bi2WO6f SnO2f

Bi2Sn2O7/WO3/0.5 1073 Bi2WO6 WO3f Bi2Sn2O7m SnO2m

Bi2Sn2O7/WO3/0.67 873 Bi2Sn2O7 WO3f

Bi2Sn2O7/WO3/0.67 973 Bi2Sn2O7 WO3f Bi2WO6f

Bi2Sn2O7/WO3/0.75 873 Bi2Sn2O7 WO3f Bi2WO6ff

Bi2Sn2O7/WO3/0.75 973 Bi2Sn2O7 WO3f Bi2WO6f

Bi2Sn2O7/WO3/0.91 873 Bi2Sn2O7 WO3ff

Bi2Sn2O7/WO3/0.91 973 Bi2Sn2O7 SnO2ff Bi2WO6f

aRm�wt Bi2Sn2O7/(wt Bi2Sn2O7�wt B) with B�other oxide.
bDuring 20 h.
cPhases detected in a low amount are noted, by decreasing order: m>f>ff.
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mixed, their morphology remains the same and the

WO3 crystallites are decorated by bismuth stannate

particles. The dispersion of these ones seems however

to decrease in the calcined samples when the tem-

perature increases above 673 K, in such a way that

tungsten oxide appears either naked or inhomo-

geneously ornamented. In the mixture containing

75% Bi2Sn2O7 (Rm �0.75), this inhomogeneity is

already observed in the uncalcined catalyst. The

presence of particles containing simultaneously Bi

and W is clearly evidenced by EDX in the samples

where Bi2WO6 was revealed by XRD to become the

major product (mixture calcined at 1073 K).

After the catalytic test, the morphology and the

composition of the catalysts are unchanged when

comparing with the corresponding sample before

test.

3.2.3.2. Bi2Sn2O7ÿMoO3 systems. The interpretation

of the SEM images of MoO3-containing samples

is rather difficult because of the wide diversity in

the morphology of MoO3 particles. Indeed, pure

molybdenum oxide appears curiously, either like

very small particles (<10 mm), free or agglomerated,

or like very long lamellas (140±290 mm). The

latter are sometimes smooth but often decorated

by small planes (a few mm) and can present step-

like fractures.

The SEM pictures of the Bi2Sn2O7±MoO3 mixtures

display a great number of small MoO3 particles with

from time to time, a free lamella or a mass containing

simultaneously both intermixed lamellas, spongy

agglomerates made of small molybdenum oxide

and stannate particles, and, occasionnally, crystallites

(25±90 mm). The latter seem to consist either in

molybdenum oxide decorated by stannate particles

or more often in pure bismuth stannate. Calcination

at 673 K does not alter the morphology of the oxide

particles. However, the SEM-EDX technique was

found to give indication in detecting the generation

of a ternary Bi±Mo±O phase from 873 K, ®rst as small

particles (a few mm), then as large rough ones (20±

210 mm) when the temperature was increased up to

1023 K.

SEM pictures of samples after test show that their

general morphology remains relatively the same as

initially. We have, however, to note the reduced size of

the molybdenum oxide lamellas (20±50 mm).

3.2.4. XPS

The binding energy values (Eb) of the analytical

peaks in pure Bi2Sn2O7, MoO3 and WO3 are 486.2,

159.1, 233.2, 35.4 and (530.0�0.3) eV for tin, bis-

muth, molybdenum, tungsten and oxygen, respec-

tively. In mechanical mixtures, the Eb values of

these elements slightly differ from the previous values

and appear in the range (486.2±487.0), (159.2±159.8),

(232.5±233.2), (35.4±35.9) and (529.9±530.9) eV,

respectively. These values remain the same after

calcination or use in the catalytic tests, and there is

no indication of the presence of new oxidation states.

The XPS data obtained for the Bi2Sn2O7±MoO3 and

Bi2Sn2O7±WO3 systems are listed in Tables 3 and 4,

respectively. We have to note that the analysis of these

results is particularly dif®cult and could consequently

be incomplete. Nevertheless, we will try to give an

interpretation as accurate as possible. First, we would

like to remember that the intensity ratios can depend

on several factors, namely:

1. The difference in the particle size of each oxide,

which can in turn be modi®ed during the catalytic

test. Initial small particles which give rise to an

enhanced XPS signal can, indeed, undergo sinter-

ing during the catalytic use, resulting in decreased

intensities.

2. The surface contamination of one phase by metal-

lic elements from the other phase.

3. The formation of a monolayer (or multilayer) of

one phase on the surface of the other.

4. The formation of a new compound during the test.

5. The deposition during the catalytic test of a thick

carbon film on the oxide surface, which can be

predominant on one of the partners and conse-

quently affect the intensity of the photoelectrons

with low kinetic energy (high binding energy).

3.2.4.1. Bi2Sn2O7ÿMoO3 systems. Table 3 reports the

XPS atomic ratios of Bi2Sn2O7±MoO3 samples and

suggests the following comments:

1. First, any coverage effect of MoO3 on Bi2Sn2O7 in

fresh, i.e. uncalcined and untested, samples might

apparently be ruled out because the experimental

atomic intensity ratios Sn/Mo and Bi/Mo corre-

spond to the theoretical bulk values. In the same

way, the XPS data collected after various calcina-

tion treatments did not indicate any coverage of

bismuth stannate by molybdenum oxide. It is
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Table 3

Atomic intensity ratios measured by XPS in Bi2Sn2O7±MoO3 mixtures

Rm
a Bulk values

Bi/Mo�Sn/Mo

Calcination

temperature (K)

Fresh catalysts Used catalysts

Bi/Sn Sn/Mo Bi/Mo C/Sn C/Bi C/Mo Bi/Sn Sn/Mo Bi/Mo C/Sn C/Bi C/Mo

0.25b 0.13 Ð 0.96 0.16 0.15 8.8 9.2 1.4 0.64 0.17 0.11 16.8 26.3 2.9

0.5b 0.37 Ð 0.75 0.20 0.15 6.3 8.4 1.3 0.68 0.20 0.13 16.4 24.3 3.2

0.75b 1.1 Ð 0.88 1.1 0.97 2.0 2.3 2.2 0.64 0.77 0.50 5.6 8.8 4.4

0.5 0.37 Ð 1.3 0.30 0.39 4.7 3.5 1.4

673 0.89 0.36 0.32 3.9 4.3 1.4

773 0.54 0.40 0.22 3.4 6.2 1.4

873 1.0 0.37 0.37 3.9 3.9 1.5

973 1.1 0.32 0.37 4.5 4.0 1.5

1033 0.91 0.48 0.44 3.3 3.6 1.6

aRm�wt Bi2Sn2O7/(wt Bi2Sn2O7�wt MoO3).
bSystems which have been submitted to catalytic tests and were consequently mixed with silica.

Table 4

Atomic intensity ratios measured by XPS in Bi2Sn2O7±WO3 mixtures

Rm
a Bulk values

Bi/W�Sn/W

Calcination

temperature (K)

Fresh catalysts Used catalysts

Bi/Sn Sn/W Bi/W C/Sn C/Bi C/W Bi/Sn Sn/W Bi/W C/Sn C/Bi C/W

0b,c Ð Ð Ð Ð Ð Ð Ð 1.8 Ð Ð Ð Ð Ð 7.2

0b Ð d Ð Ð Ð Ð Ð 2.1

0.25c 0.2 Ð 1.0 0.28 0.28 8.9 8.9 2.4 1.2 0.29 0.35 23.2 19.2 6.7

0.25 0.2 Ð 1.1 0.33 0.38 4.4 3.9 1.5

873 1.1 0.36 0.39 4.7 4.3 1.7

973 1.2 0.35 0.41 4.9 4.3 1.7

0.5c 0.6 Ð 1.1 2.1 2.3 3.1 2.9 6.5 1.3 0.51 0.65 14.4 11.3 7.3

0.5 0.6 Ð 0.91 3.1 2.8 1.7 1.8 5.1

673 1.5 1.1 1.7 2.0 1.3 2.3

0.5 0.6 Ð 0.96 1.6 1.5 2.0 2.1 3.1

873 1.2 0.93 1.1 2.2 1.8 2.0

973 1.2 0.85 1.0 2.3 1.9 1.9

1073 1.4 0.85 1.1 2.4 1.8 2.0

0.67c 1.2 Ð 1.1 2.0 2.2 2.9 2.6 5.9 1.2 2.1 2.4 4.3 3.7 8.9

0.67 1.2 Ð 1.3 3.8 5.0 1.6 1.2 6.1

873 1.4 1.2 1.8 2.2 1.6 2.7

973 1.5 0.98 1.5 2.2 1.4 2.1

0.75c 1.8 Ð 1.1 2.2 2.5 3.1 2.8 6.8 1.3 1.7 2.1 5.8 4.6 9.7

0.75 1.8 Ð 1.2 1.6 2.0 1.8 1.5 2.9

873 1.5 0.97 1.5 2.1 1.4 2.1

973 1.7 0.95 1.6 2.8 1.6 2.7

0.91c 6.0 Ð 1.3 8.5 11.1 2.9 2.2 24.8 1.3 8.4 10.7 2.5 1.9 21.0

0.91 6.0 Ð 1.2 15.6 19.3 1.4 1.1 21.6

873 1.5 5.0 7.2 1.7 1.2 8.3

973 1.4 3.0 4.1 1.6 1.1 4.6

aRm�wt Bi2Sn2O7/(wt Bi2Sn2O7�wt WO3).
bRm�0 corresponds to pure WO3.
cSystems which have been submitted to catalytic tests and were consequently mixed with silica.
dDeposition in n-heptane.
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clearly shown in the 1/1 Bi2Sn2O7±MoO3 mixture

(Rm�0.5) for which the atomic intensity ratios Sn/

Mo and Bi/Mo do not change signi®cantly with

the calcination temperature and remain consistent

with the theoretical values. The Bi2Sn2O7±MoO3

system can consequently be quali®ed as showing

no propensity to mutual contamination or mono-

layer formation, even after thermal treatment.

2. On the other hand, in the catalysts after test, the

modifications of the Sn/Mo and Bi/Mo intensity

ratios could probably be explained by the presence

of an important carbon deposit on the oxides,

preferentially on Bi2Sn2O7. But similarly, no pro-

pensity to coverage or contamination seems to

appear.

3.2.4.2. Bi2Sn2O7ÿWO3 systems. XPS atomic

intensity ratios of Bi2Sn2O7±WO3 catalysts are

listed in Table 4; the influence of several factors

which could modify these atomic ratios is discussed

in order to elucidate some peculiarities in the

experimental data and to evidence a possible

contamination effect.

(i) In¯uence of the preparation method on the

carbon contamination: In order to determine whether

the preparation method of the catalysts by mechanical

mixture in an hydrocarbon does not lead to carbon

contamination, we submitted pure tungsten oxide to a

dispersion procedure in n-heptane without adding any

bismuth stannate. This sample was found to contain

only minor amounts of carbon (line 2), indicating that

this step of the preparation procedure cannot be taken

as responsible for the presence of these surface

carbonaceous species.

(ii) In¯uence of the catalytic tests on the metal

atomic intensity ratios: For all the catalysts, we can

claim that the catalytic test does not induce measur-

able modi®cations of the atomic intensity ratios pre-

sented by the starting materials: the Sn/W and Bi/W

intensity ratios observed after test are similar to those

observed in the corresponding fresh catalysts. This is

valid for all the samples but one (Rm �0.5), for which

the modi®cations of the XPS ratios can be explained

by the preferential coke deposition on bismuth stan-

nate during the catalytic test.

(iii) WO3-rich catalysts: In all the WO3-rich cata-

lysts (Rm �0.25±0.67), calcined, used and even fresh,

the Bi/W and Sn/W values are found to be system-

atically larger than the theoretical ones. This could `̀ a

priori'' be explained either by a signi®cant difference

in the particle size of the two oxides or by a coverage

phenomenon of WO3 by Bi2Sn2O7. The ®rst hypoth-

esis seems to be the most pertinent one, because SEM

measurements revealed that bismuth stannate particles

are small (a few mm) while tungsten oxide appears like

very large crystallites (30±60 mm); the XPS signals of

the latter are therefore weakened with respect to those

of Bi2Sn2O7. On the other hand, if a contamination is

responsible for these peculiarities, the effect would be

increased after calcination of the mixtures, and this is

not the case: the calcination experiments do not

produce any signi®cant modi®cation of the atomic

intensity ratios between the metals, indicating that

surface enrichment does not seem to occur in these

WO3-rich samples. In any case, we can af®rm that the

catalytic test does not involve any modi®cation of the

starting catalyst.

(iv) Bi2Sn2O7ÿrich catalysts: The results obtained

for the Bi2Sn2O7-rich mixtures (Rm�0.75) are com-

pletely different. In the fresh (non-calcined) and

tested catalysts, the Sn/W and Bi/W ratios are again

larger than the bulk values, and this could be again

explained by differences in the crystallite size of the

oxides. However, in the calcined catalysts, these

atomic intensity ratios (especially Sn/W) become

de®nitely lower than the theoretical values. Two main

hypotheses can be put forward to provide an explana-

tion for this observation made on catalysts after cal-

cination

� surface enrichment of the catalyst by WO3,

� sintering of the stannate particles.

Possible contamination of Bi2Sn2O7 by WO3 can-

not be immediately excluded but this tendency was

neither observed in the calcined WO3-rich mixtures

(Rm�0.67), nor in the used catalysts. This hypothesis

must therefore be considered with great care.

The second hypothesis, namely sintering of the

bismuth stannate particles, could be the most reason-

able one if one refers to the SEM pictures of the

Bi2Sn2O7±WO3 mixture with Rm �0.75. The SEM

experiments performed on this Bi2Sn2O7-rich

system actually revealed a particularly poor dis-

persion of the stannate particles on tungsten oxide

crystallites.

An additional third hypothesis could be the forma-

tion, during these calcination steps, of a preferential
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coke deposit on bismuth stannate but it seems quite

unreasonable: eventual carbonaceous species should

normally be burned up upon calcination, as indicated

by the experimental C/Sn and C/Bi ratios which are

rather low. However, a residual carbon contamination

could in¯uence the metal intensity ratios, especially

that of tin (electrons with higher Eb), explaining

therefore the difference between the Sn/W and Bi/

W ratios. In any case, this low carbon contamination

only cannot account reasonably for the peculiarities

observed in these samples.

As far as the Bi2Sn2O7±WO3 catalysts are con-

cerned, the main conclusions related to the XPS results

may be summarized as follows:

� In the WO3-rich mixtures (Rm�0.67), no contam-

ination or coverage effect seems to occur between

the two oxides; the discrepancy between the

experimental Sn/W and Bi/W ratios and the the-

oretical bulk values observed in fresh, calcined or

used catalysts is probably due to differences in the

particle sizes of bismuth stannate and tungsten

oxide.

� In the Bi2Sn2O7-rich catalysts (Rm�0.75), the

situation is more confused and, in addition to

the influence exerted by the morphological differ-

ences of the oxide particles, two hypotheses have

to be retained to explain the XPS results of the

calcined samples, namely, either a surface enrich-

ment by WO3, or a poor interdispersion of the two

oxide particles.

� In any case, the catalytic tests do apparently

not trigger significant modifications of the

XPS intensity ratios. If some `̀ anomalies'' exist,

they are already observed in the fresh catalysts,

except in the mixture characterized by Rm�0.5, for

which a preferential carbon deposition on

Bi2Sn2O7 seems to occur during the catalytic

use.

4. General comments and conclusions

Bi2Sn2O7±Bi2O3 and Bi2Sn2O7±Sb2O4 systems

were found to be completely inactive for the selective

oxidation of isobutene into methacrolein. On the other

hand, positive cooperation effects for methacrolein

production were observed when bismuth stannate was

mixed with either tungsten or molybdenum oxide.

Several phenomena might account for these synergetic

effects, namely:

� in situ formation of a new mixed phase,

� surface enrichment by one of the oxides or mutual

contamination,

� physical modifications of the catalysts particles

(decrease of the particle sizes, deflocculation of

aggregates),

� existence of a remote control mechanism.

Each of these possibilities was discussed to shed

light on the mechanism of the cooperation existing in

these biphasic catalysts.

4.1. Bi2Sn2O7ÿWO3


-bismuth tungstate, Bi2WO6, has been examined

as catalyst for the oxidation and ammoxidation of

alkenes in several studies, but it was revealed to be not

as catalytically active as its molybdate counterpart in

spite of the similarities in the structural chemistry of

these phases [16]. The same conclusion can be drawn

from the catalytic test performed in this work with

pure Bi2WO6, which appeared to be moderately active

and selective. However, XRD never revealed the pre-

sence of a new bismuth tungstate phase in the catalysts

after test. Furthermore, additional calcination experi-

ments con®rmed the fact that Bi±W±O phases do not

form easily (only above 873 K). It could be argued that

the present results are limited by the sensitivity of the

characterization technique and that small amounts of

mixed tungstate would remain undetected by XRD.

However, the literature con®rms the dif®culty to

generate bismuth tungstates, and, in addition, the

EDX results never revealed the appearance of a

new compound during the catalytic test. This possi-

bility seems thus to be very unlikely.

A second hypothesis involving physical changes in

the morphology of the oxide particles may easily be

discarded. Indeed, the SEM pictures did not reveal

such changes either during the preparation of the

mixture, or after the use in the catalytic tests.

The hypothesis of a contaminating layer must be

discussed with greater care. In the WO3-rich mixtures,

the XPS results do not seem to evidence such phe-

nomena, as well before as after test or calcination. In

the Bi2Sn2O7-rich samples, surface enrichment by

WO3 does apparently not take place during the cat-

alytic test, but may however not be excluded after the
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calcination steps. It appears thus rather unprobable

that the aforementioned assumption reasonably

accounts for the synergetic effects.

On the other hand, the results obtained for the

Bi2Sn2O7±WO3 system could be easily explained

within the framework of the remote control theory.

Indeed, because WO3 is known as a typical acceptor of

spill-over oxygen, and because Bi2Sn2O7 alone is

inactive and does not cooperate with typical oxygen

donors (Bi2O3, Sb2O4), this ternary oxide may be

considered as a donor phase with respect to tungsten

oxide.

4.2. Bi2Sn2O7ÿMoO3

The presence of bismuth molybdate in a low quan-

tity has been revealed by the XRD analyses performed

on used Bi2Sn2O7±MoO3 catalysts. Because this

mixed phase is well known to be highly active and

selective in partial oxidation and ammoxidation of

propene, and also in oxidation of isobutene, as con-

®rmed in the present work, it may therefore play a role

in the synergy described above.

On the other hand, it appears that surface enrich-

ment by one phase or mutual contamination of the two

oxides might apparently be ruled out on the basis of

the XPS results.

In spite of the in situ generation of Bi2Mo3O12, the

existence of a remote control mechanism between

bismuth stannate and molybdenum oxide does not

have to be merely excluded. Bi2Sn2O7 seems indeed

to behave as a donor phase with respect to WO3; MoO3

being similarly a typical acceptor phase, a synergy

between this oxide and Bi2Sn2O7 could occur inde-

pendently from the formation of bismuth molybdate.

We will therefore conclude that two hypotheses can

be retained to explain the synergetic effects observed

in the Bi2Sn2O7±MoO3 system:

� the intrinsic catalytic activity of �-Bi2Mo3O12,

� a remote control mechanism between Bi2Sn2O7

(donor) and MoO3 (acceptor).

Additional experiments on these mixtures are

necessary to examine the possible role played by �-

Bi2Mo3O12 and to have a better knowledge of the

mechanisms governing the cooperation effects in

these complex multiphasic catalysts. Therefore, in a

future investigation, we will focus on the catalytic

behaviour of pure Bi2Mo3O12 and of its mixture with

Bi2Sn2O7 or MoO3, which will be the subject of a

forthcoming paper.
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