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Results are reported concerning the cooperation between SnO 2 and ot-Sb204 particles in the 
selective oxidation of isobutene to methacrolein. The catalysts were prepared by mechanically 
mixing the corresponding powders. A conspicuous catalytic synergy was observed when methacrol- 
ein production and selectivity to methacrolein formation were considered. The catalysts, both fresh 
and used, were characterized by XRD, ll9Sn Mfssbauer spectroscopy, XPS, analytical electron 
microscopy (AEM), and ESR in order to investigate the origin of the synergy observed. The joint 
use of these techniques yielded no indication that a new phase (or solid solution) formed or that 
mutual surface contamination during either the preparation of the mixture or the catalytic test took 
place. Within the sensitivity limits of the techniques used, the mechanical mixtures can be consid- 
ered as composed of two pure separate phases in good contact. The origin of the observed synergy 
and the other experimental observations is explained in a satisfactory manner by the existence of 
a "remote control" mechanism, i.e., that ot-Sb204 produces a mobile oxygen species, namely 
spillover oxygen, which, by flowing onto the surface of SnO2, creates on the surface of the latter 
new selective sites and/or regenerates those which have become deactivated. Spillover oxygen 
produced by ot-Sb204 seems to control the selective catalytic sites on SnO 2 by inhibiting their 
transformation to reduced, nonselective sites. Spillover oxygen also inhibits the formation of 
carbonaceous deposits. © 1991 Academic Press, Inc. 

INTRODUCTION 

Since the discovery of the Sohio catalysts 
(bismuth molybdates) for the production of 
acrylonitrile (1), many fundamental studies 
have been conducted to elucidate the mech- 
anism of the catalytic process. The majority 
of these studies were concerned with single- 
phase systems, particularly those com- 
prised of oxides of complex composition 
(oxides of more than one single element) 
with defined structures, such as molybdates 
(BizMoO 6, etc.) or antimonates ( U S b 3 O l 0 ,  

etc.). By comparison, very little research 
has been devoted to the study of multiphase 
catalysts, although most industrial catalysts 
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are comprised of more than one phase. One 
reason for this may be the difficulties en- 
countered in distinguishing the relative con- 
tribution of each phase to the overall behav- 
ior of composite catalysts. Another reason 
for focusing attention on single-phase cata- 
lysts is the difficulty encountered in charac- 
terization of more complex solids. For a 
long time, no evidence existed to show that 
the mechanism of the reaction might de- 
mand the presence of two or several phases. 
It was indeed reasonable to consider that an 
industrial catalyst containing many ele- 
ments possessed a single active phase (i.e., 
an adequately doped compound oxide). If 
this point of view were adopted, the other 
phases present in the catalyst could be 
thought to be necessary for adjusting prop- 
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TABLE 1 

Examples of Multiphase Catalysts Used in Selective Oxidation (from Refs. (2--19)) 

System Reaction Refs. 

Sb204--MoO 3 Isobutene -~, methacrolein (2) 
SnO2--MoO 3 Sec-butyl-alcohol -~ methyl-ethyl-acetone (3, 4) 
Sb204--Sn(Sb)O2 
Sb204--SnO 2 Propylene ~ acrolein (5) 
Sb6Ola--SnO 2 
fl-CoMoO4--Fe2(MoO4)3--Bi2MoO 6 Butene -~ butadiene (6) 
MgMoOa--Fe2(MoO4)3--Bi3(FeO4)(MoO4)2 Propylene --~ acrolein (7) 
BizMo3OiE--MoO3--CoMoO 4 Propylene --> acrolein (8) 
NiMoO4--MoO3 C4--> maleic anhydride (9) 
CoMoO4--MoO3 Propylene --~ acrolein (10) 
MgMoO4--MoO3 Propylene ~ acrolein (11) 
Fe2(MoOg)3--MoO3 Methanol --~ formaldehyde (12) 
UOEMoO4--MoO 3 Isobutene ~ methacrolein (13) 
Bi2Mo3012--CeEM03Oi2 Propylene ~ acrolein (14) 
FeSbO4--Sb204 Propylene ---> acrolein (15, 16) 
BiEMoO6--Bi2M03012 Propylene --> acrolein (17) 
ZnFeEO4--Fe203 Butene ~ butadiene (18) 
MgFeeO4--Fe203 Butene ~ butadiene (19) 

erties like mechanical strength and resis- 
tance to sintering, but not to play a direct 
role in the catalytic process. 

There is now incentive to study multi- 
phase catalysts. Modern physico-chemical 
techniques allow for a more detailed de- 
scription of the structure and texture of 
complicated catalysts. Some studies (2-19) 
dealing with multiphase catalysts have been 
published (Table 1). The results show that 
multiphase catalysts are often more active 
and selective than single phases. Several dif- 
ferent explanations for the observed syn- 
ergy between phases have been proposed, 
some of them contradictory. 

A series of investigations on the synergy 
between separate phases has been con- 
ducted in our laboratory in recent years. 
Our previous research program was devoted 
to the synergy between oxides in N-ethyl 
formamide dehydration (20, 21). This reac- 
tion constitutes a very good model because 
the synergy observed between phases can- 
not be interpreted by a bifunctional catalytic 
mechanism. Molecular oxygen is not in- 

volved directly in the dehydration process 
but is indispensable for maintaining the cata- 
lyst active and selective. It has also been 
noted that the catalysts active and selective 
in this reaction are identical in composition 
to the oxide catalysts exhibiting high activ- 
ity and selectivity in selective oxidation 
(Bi-P-Mo, Bi-Mo, Sb-Mo, Sb-Sn, etc.). 
In particular, it has been shown that there 
is a synergy between MoO 3 and BiPO 4 (20) 
and MoO 3 and S b 2 0  4 (21). This synergy ex- 
ists even when the starting oxides are 
brought together by a simple mechanical 
mixing in order to minimize mutual contami- 
nation and mechanical damage of the crys- 
tallites. The joint use of several physico- 
chemical techniques showed that these mix- 
tures were composed of the noncontami- 
nated starting phases and that they remained 
unchanged after catalytic work. To account 
for these results, a new mechanism desig- 
nated remote control has been proposed. 
This mechanism supposes that a mobile ox- 
ygen species (spillover oxygen) is formed 
from 02 on one of the phases (BiPO4 or 
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Sb204) and migrates onto the surface of the 
other (MOO3), where it creates and/or regen- 
erates the catalytic centers. 

The surprising key role of oxygen in N- 
ethyl formamide dehydration, and the great 
similarity in composition between the corre- 
sponding catalysts and those active in selec- 
tive catalytic oxidation led us to investigate 
whether a similar mechanism might play a 
role in the latter process. More specifically, 
the question was whether the same kind of 
synergy between oxides existed in selective 
oxidation and, if so, whether the same re- 
mote control mechanism could be opera- 
tive. An initial study concerned MoO3- 
Sb204 mixtures and their behavior in the 
selective oxidation of isobutene to metha- 
crolein (2). It was observed that a conspicu- 
ous synergy did indeed exist. Numerous ar- 
guments led us to propose that a remote 
control mechanism could explain the ob- 
served effects. 

The present study is part of a series of 
publications presenting the results observed 
with the SnO2-Sb204 catalyst. The aim of 
this first part is to demonstrate the existence 
of a cooperation between separately pre- 
pared SnO2 and Sb204 powders when mixed 
together, and to shed some light on the ori- 
gin of this cooperation. 

The single SnO2 and Sb204 oxides were 
subjected to the same mechanical mixing 
procedures as in the previous studies. The 
reaction was the selective oxidation of iso- 
butene to methacrolein, 

C H 2 ~ C - - C H  3 + 02 ~ CH 2 ~ C - - C H O  + H20, 

~H 3 [ CH3 

an example of allylic oxidation. This oxida- 
tion is of practical interest, as it constitutes 
the first step of a route to producing MMA 
(methyl methacrylate). 

Several processes can take place when 
two oxides are mixed together. Conse- 
quently there may exist different explana- 
tions for a synergy: 

(1) formation of a new compound or a 

solid solution by reaction between two 
phases; 

(2) contamination of the surface of one 
phase by elements coming from the other, 
namely mutual contamination, such as SnO2 
by Sb or vice versa (this is distinct from 
surface contamination by coke, which is dis- 
cussed below); 

(3) formation of a monolayer of one oxide 
over the other (a special form of contami- 
nation); 

(4) classical bifunctional catalysis; and 
(5) formation of mobile oxygen species 

and some chemical action of the latter. 

In the last of these cases, two possibilities 
appear: (a) the mobile oxygen species pro- 
duced from one phase react directly with 
reactants adsorbed on the other (spillover 
oxygen being used as a reactant) and (b) 
the mobile oxygen species emitted from one 
phase migrates onto the surface of the other 
and, by reacting with it, improves the cata- 
lytic activity (spillover oxygen being used 
as a controlling species)--this is the remote 
control mechanism. 

In order to identify the real nature of the 
process occurring in these mechanical mix- 
tures and to explain correctly the origin of 
the cooperation between phases, a very 
complete characterization with X-ray dif- 
fraction, 119Sn M6ssbauer spectroscopy, 
SEM, AEM (analytical electron micros- 
copy, or electron probe microanalysis made 
inside a conventional electron microscope), 
XPS, and ESR had to be performed. 

X-ray diffraction is usually used to detect 
the formation of new compounds. In the 
present case concerning SnO2 and 8b204, in 
fact, very few reports (22) in the literature 
have proposed the existence of compound 
oxides between Sn and Sb. However,  the 
formation of a solid solution between Sn 
and Sb oxides has often been considered, 
especially for catalysts prepared by copre- 
cipitation (23, 24). Therefore, special atten- 
tion should be paid to this point. If a solid 
solution, i.e., an oxide constituted of Sb 5 ÷, 
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dissolved in the SnO2 lattice (as is usually 
proposed in the literature) is formed, it may 
be possible to observe a small change of the 
crystallographic parameters; this has been 
observed in Ref. (25) for coprecipitated cat- 
alysts and in Ref. (26) for impregnated cata- 
lysts. We used a very sensitive diffrac- 
tometer to check this point. Another useful 
tool with which to detect the formation of 
solid solution is ll9Sn M6ssbauer spectros- 
copy, since a higher isomer shift and quad- 
rupole splitting were observed for solid solu- 
tion (23). Moreover, it has been mentioned 
in the literature (27) that SnO2 covered with 
a film of Sb204 exhibits a special ESR signal 
(g = 1.8733). This signal can be attributed 
to the formation of trapped electrons in the 
anionic oxygen vacancies, which result 
from the incorporation of Sb 5 ÷ into the SnO2 
lattice, i.e., from the formation of a solid 
solution of Sb 5÷ in SnO2. Therefore, ESR 
was also used as a complementary tool to 
detect the formation of solid solutions such 
as Sb 5÷ in SnO2. 

Mutual surface contamination or mono- 
layer formation can, in principle, be de- 
tected by means of AEM and XPS. AEM 
can yield information concerning the com- 
position of each particle of each phase, 
while XPS can reveal the composition of the 
outermost surface layers of the sample. 

Another means of clarifying the origin of 
cooperation is to investigate whether differ- 
ent experiments, e.g., solid state phenom- 
ena, or the experimental influence of reac- 
tion parameters on the catalytic behavior 
match the predictions made on the basis of 
a given mechanism. If spillover oxygen spe- 
cies migrate from one phase to another, it 
could be speculated that solid state oxida- 
tion-reduction phenomena would occur at 
different rates on one phase when mixed 
with the other phase. Along a different line 
of thought, several predictions can be made 
with respect to catalytic behavior, if the re- 
mote control mechanism operates in the 
SnO2-Sb204 system. First, with oxygen 
species being involved in the remote control 
mechanism, it can be expected that the in- 
fluence of oxygen concentration on catalytic 

behavior would be different when the phase 
that plays the role of donor of oxygen spe- 
cies (ot-Sb204) is present or not. Second, the 
ratio between the surface areas developed 
by each phase would necessarily influence 
the cooperation, because the remote control 
mechanism involves two surface phenom- 
ena: (i) the formation of a mobile species on 
the surface of a phase and (ii) the reaction 
of this species with the surface of the other. 
Therefore, our experiments included varia- 
tions of the oxygen concentration and the 
surface area of SnO2 in order to check these 
predictions. 

EXPERIMENTAL 
Starting Materials 

The products used as starting materials 
for catalyst preparation were tin(II) chlo- 
ride, SnCI2 • 2H20, and antimony(III) oxide 
Sb203 ; all these were Merck p.a. 

Gases were from L'Air Liquide (isobu- 
tene -> 99%, He 99.995%, H2 99.9%, 02 
99.5%, and N 2 -> 99.8% and were used with- 
out any further purification. 

Catalysts Preparation 

Pure ot-Sb204 (1.9 mZ/g) was obtained by 
calcination of Sb203 in air at 500°C for 20 h. 

Two sources of pure SnO2 were used, 
both prepared by precipitation as follows. 
SnClz • 2H20 was dissolved in water. A pre- 
cipitate was formed after addition of NH 3 
solution (28%, Union Chimique Beige). 
When the precipitation was complete (the 
final pH value was about 7.5), the precipitate 
was filtered and washed with an aqueous 
NH 3 solution, followed by drying at 110°C 
for 16 h. SnO2(I) (12.6 m2/g) and SnO2(II) 
(5.4 m2/g) were obtained by calcining this 
precipitate at 600°C for 8 h and 900°C for 16 
h, respectively. 

Mechanical mixtures were obtained by 
vigorously mixing the suspension of the 
powders in a light paraffin (n-pentane) for 
10 min by means of a mixer (ultra-turrax 
from Janke & Kunkel). After evaporation 
of the solvent under reduced pressure, the 
mixtures so obtained were finally dried at 
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80°C overnight. No further calcination was 
carried out. 

Powder mixtures of composition 

R m ~- 
SnO 2 

SnO 2 + a-SbzO 4 

(expressed as mass ratio) (I) 

varying from 0 to 1 were prepared. Hereaf- 
ter, the mechanical mixture is denoted as 
My, where x refers to the type of SnO 2 used 
(I or II) and y refers to the concentration 
(R m) of SnO 2 in mechanical mixture. For 
instance, M~0 is the mixture containing 50% 
SnO2(I) and 50% o~ -Sb204  . 

Catalysts Characterization 

The fresh and used catalysts were charac- 
terized by several different physico-chemi- 
cal techniques. 

BET. BET surface areas were measured 
gravimetrically in a Setaram MTB 10-8 mi- 
crobalance connected to a vacuum and gas 
handling system using N 2 adsorption at 
77 K. 

X-ray diffraction. X-ray diffraction mea- 
surements were made in a Kristalloflex 805 
Siemens diffractometer using a Ni-filtered 
CuKo~ radiation. In order to check for the 
possible formation of a solid solution, a 
more sensitive diffractometer (Siemens 
D-500, again using the CuKa radiation) was 
also used. 

Electron microscopy. Electron micros- 
copy and electron microanalysis (AEM) 
were performed with a Jeol Temscan 100 
CX electron microscope equipped with a 
Kevex 5100 C energy dispersive spectrome- 
ter. The samples were ground, dispersed in 
a solvent (n-pentane), and deposited on a 
carbon film supported on a copper grid. 

Samples were examined by means of con- 
ventional transmission (CTEM) and second- 
ary electron (SEM) modes, which gave an 
overview of the morphological structure of 
the samples. The AEM analysis of different 
particles was carried out with an energy dis- 
persive spectrometer. 

In AEM, the analyzed thickness is usually 

that of the observed particles with an upper 
limit of about 1/xm if thick particles are used 
(with our samples of surface area 1.9, 5.4, 
and 12.6 m2/g, individual particles have av- 
erage dimensions less than 0.5/zm). Lateral 
resolution with thick particles is about 1/xm 
and becomes much better with thin particles 
(50 to 100 nm in our case). In principle, AEM 
permits the detection of a contaminant at 
the level of 1%. However, Sn and Sb are 
neighbors in the periodic table, and the last 
two L lines of Sn overlap with the first two 
L lines of Sb. As a consequence, only the 
first L line (strongest) of Sn and the third L 
line and the K lines of Sb can be used. This 
slightly decreases the detection sensitivity 
for Sb. 

ll9Sn M6ssbauer spectroscopy. The l l9Sn  

M6ssbauer measurements at room tempera- 
ture were performed in the constant acceler- 
ation mode. The source was Ca 119SnO3 . Iso- 
mer shifts (IS) and quadrupole splitting (QS) 
were calculated and compared to pure 
SnOz. Experimental errors for IS and QS 
were -+0.05 mm/s. 

ESR. Some ESR measurements were 
made with a X-band Varian-12 spectrometer 
equipped with two cavities, using a modula- 
tion of 100 kHz. The incident microwave 
beam powder was 20 mW. The sample 
holder was a small quartz tube, with a 
diameter of 4 mm. In each run, about 
300 mg of sample was put into the sample 
holder (with 1.5 cm height in holder) and 
the spectrum was recorded at room tem- 
perature. 

X-ray photoelectron spectroscopy. XPS 
measurements were performed in a Vacuum 
Generators ESCA-3, equipped with a Trac- 
tor Northern TN 170 accumulator allowing 
one to scan the same region several times in 
order to improve the signal/noise ratio. The 
excitation radiation was MgKot (1253.6 eV). 
This machine is not equipped with a flood 
gun. With relatively insulating substances 
such as our samples, the surface charging 
effect impairs resolution. This effect is more 
evident for the mixtures of two oxides hav- 
ing very different conductivity. We could 
not separate with confidence t h e  Sb3d3/2 
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peaks of Sb204 (539.6 eV for Sb(III); 540.1 eV 
for Sb ~v) referenced to Cl~ (284.6 eV)). 

Sample powders were compressed in 
small cups, which were supported horizon- 
tally in a holding axle. Six samples fit simul- 
taneously in the instrument, of which five 
were catalysts and one was SiO2, which was 
used as an external reference. The C~s, 
Sb3ds/2 + Ols + Sb3d3/2, Sn3d5/2 + Sn3d3/2 signals 
were accumulated successively for each 
sample. The binding energy values were cal- 
culated with respect to contaminant carbon 
Cls (BE = 284.6 eV). The concentrations 
were calculated from XPS intensities using 

CA _ IA/fa 

CB ~/~' (2) 

where I t ,  Is are the normalized intensities 
measured by XPS while fa, fs are the atomic 
sensitivity factors given by Wagner et al. 
(28). 

In our case, because Sb3ds/2 was over- 
lapped with Ols, Sb3d3:2 and Sn3ds: 2 were used 
to calculate the corresponding Sb and Sn 
concentrations. In the present case, no suit- 
able internal reference can be employed (Ols 
is not acceptable because of its overlapping 
with Sb3ds/2). The concentrations were calcu- 
lated with respect to that of the external 
reference SiO2 (Csb/Csi, Csn/Csi). 

The use of an external reference has two 
advantages. The first is to make easier the 
comparison of results obtained from differ- 
ent measurements, even if the measuring 
conditions change slightly. The second and 
main advantage appears when multiphase 
(A + B) catalysts are studied. One knows 
that the sintering of one phase, e.g., A would 
bring about a relative decrease of the signals 
of A; similarly, surface contamination of A 
by B would bring about a relative increase 
of the signal of B or a decrease of that of A. 
However, it is not always recognized that 
another cause for a decrease of the signal 
of A might exist, namely that A becomes 
selectively covered by an external contami- 
nant: in our case, we see that selective coke 
deposition may indeed occur under certain 

conditions. The use of an external standard 
is very convenient and helpful for avoiding 
pitfalls in the interpretation. For example, 
all cases examined above bring about a 
change of the A/B  signal ratio. In the first 
two cases, all intensities measured against 
an external standard change (decrease or, 
respectively, increase). When selective con- 
tamination occurs on A, the corresponding 
intensity decreases, but that of B remains 
constant. The use of an external standard 
may also allow a higher precision in the mea- 
surement of relative concentration at sur- 
faces. 

In a general way, in a mixture containing 
two phases, A and B, the surface composi- 
tion measured by XPS can be affected by 
several factors. The difference in escape 
depth of the photoelectrons of Sb and Sn is 
very small 

hsn3~,~ = 1.18 nm, hsb3~3~ = 1.22 nm 

because they correspond to similar binding 
energies, and the densities of Sb204 and 
SnO2 are similar. Account being taken of 
that, the factors that may affect the surface 
composition, as measured by XPS, are 

(i) the difference of particle size between 
two phases; 

(ii) the aggregation of the particles of one 
phase; 

(iii) the contamination of the surface of 
one phase by elements emanating from the 
other or monolayer formation; 

(iv) the mutual arrangement of the parti- 
cles of one species with respect to the other 
(covering one phase by particles of the 
other); 

(v) specific deposition of an impurity (car- 
bon, etc.) on one of the phases. 

Therefore, special care should be taken 
when interpreting the XPS results. 

In the present case, the particle size of 
SnO2(I) is much smaller than that of Sb204 
(Ssno2a) = 12.6 m2/g, Ssb204 ~-" 1.9 m2/g). If 
there is no self-aggregation of each oxide in 
the fresh mixtures, the surface accessible to 
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SCHEME 1. Schematic representationofsurface acces- 
sible to XPS for SnO  2 and Sb204, respectively, in me- 
chanical mixtures 50/50 SnOE/Sb204 (the thin hatched 
layer on top represents the portions of the samples that 
emit photoelectrons to the detector). 

XPS of SnO2 should be higher than that of 
5 b 2 0 4 ;  i.e., we should observe an increase 
of the Sn signal with respect to bulk compo- 
sition. This situation can be represented in 
Scheme 1, which illustrates, very schemati- 
cally, the case of M~o. 

This would, without doubt, complicate 
the interpretation of XPS results because 
the enrichment of Sn measured by XPS with 
respect to bulk composition may also result 
from the surface contamination of Sb204 
by Sn. This possibility is schematized in 
Scheme 2. 

The question is, How can we distinguish 
between these two possibilities? In fact, if 
the enrichment is due to surface contamina- 
tion, i.e., if Sn covers Sb204, the increase 
of the Sb signal should always be observed, 
even if the particle size is modified. Con- 
versely, if the difference in particle size is 
the cause of signal increase, the change of 
the particle size of either SnO2 or Sb204 
would alter the magnitude of this increase 
and this would disappear (or the surface 
composition measured by XPS would be- 
come rigorously proportional to bulk com- 
position) when the particle sizes of SnO2 
and Sb204 are the same. The comparison of 
results obtained with the SnO2(I)-Sb204 and 
the SnO2(II)-Sb204 systems shows that the 
explanation is the second one. 

The other difficulty in the present case is 
that the XPS signal of Sn is "masked" by 
the deposition of coke for the samples after 
reaction, as can be seen below. In this way, 
the surface composition measured by XPS 
would not reflect the extent of near surface 
zones emitting photoelectrons in the direc- 
tion of the detector: deposited coke stops 

some photoelectrons and decreases the Sn 
XPS signal. The solution was to eliminate 
the coke by calcination of the samples con- 
taining coke in air at 400°C for 20 h. 

Catalytic Activity Measurements 

The selective oxidation of isobutene to 
methacrolein was carried out in a continu- 
ous gas-flow fixed-bed reactor system. The 
reactor consisted of a Pyrex U-tube of 8 mm 
internal diameter into which a small tube of 
4 mm in external diameter was inserted for 
loading a thermocouple for temperature 
measurement in the catalytic bed (Scheme 
3). The catalyst was packed in the central 
section of the reactor and the top (8 cm) and 
bottom (10 cm) sections were packed with 
glass pills of 1000/zm diameter. The height 
of the catalytic bed was about 1 cm (some- 
times 0.5 cm: see below). In order to mini- 
mize the pressure drop, the catalysts were 
ground and sieved. The fractions between 
500 and 800/xm were used. The composition 
and flow rate of the gas feed mixture were 
measured and controlled using mass flow 
controllers, which were calibrated for each 
of specific gases (isobutene, oxygen, and 
nitrogen). 

The remaining reactants and the reaction 
products were passed through a gas-phase 
chromatography apparatus (Intersmat, IGC 
120 ml) for analysis. The connection be- 
tween the reactor and the chromatographic 
equipment was kept at 150°C in order to 
avoid any condensation. Two columns were 
employed, one containing Tenax for analyz- 
ing the methacrolein and the other oxygen- 
ated products (acrolein, alcohols) and the 

sno 2 

SCHEME 2. Schematic representation of surface con- 
tamination of Sb204 by SnO2. 
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SCHEME 3. Catalytic reactor used in selective oxi- 
dation of isobutene. 

other containing Porapak Q for isobutene, 
CO/CO2, N 2, and water. 

The standard reaction conditions were as 
follows: partial pressure of i sobutene 76 mm 
Hg; partial pressure of oxygen 152 mm Hg; 
total pressure 760 mm Hg; total feed rate 
30 ml/min; reaction temperature 380-420°C. 
We chose the weight of catalyst in order 
to satisfy the following conditions: (i) there 
should exist a linear relation between the 
conversion, which was defined as percent- 
age of isobutene reacted, and the weight of 
catalyst; (ii) the methacrolein yield, which 
was defined as the percentage of isobutene 
converted to methacrolein, could be mea- 
surable for most of the samples studied. 
Using MI0, we found that the linearity be- 
tween the conversion and catalyst weight 
could be assured when the conversion did 
not exceed 40%. This is the case for most 
samples when using 800 mg of catalyst 
(height of catalytic bed was 1 cm). 

However, for some samples, e.g., M{00 

and MIs, such conditions would give rise to 
a conversion higher than 40% at high tem- 
peratures. Another risk in such conditions 
could be that the oxygen supply would be- 
come insufficient. For these samples, 400 
mg of catalyst was used. For comparison 
purposes the results obtained are presented 
in the same scale as those measured at 800 
mg, by simply multiplying isobutene con- 
version and methacrolein yield by a factor 
of 2. 

In some tests, the partial pressure of oxy- 
gen was varied. Methacrolein selectivity 
was calculated as the ratio of yield over con- 
version. For each run, the catalyst was 
heated under the flow of the reaction mix- 
ture (N2 + 02 + isobutene) to the desired 
reaction temperature. Unless stated other- 
wise, the catalytic behavior of the sample 
was stable during the measurements. The 
reported results correspond to measure- 
ments made 1 h after the reaction tempera- 
ture had been reached. 

RESULTS 

Physico-chemical Characterization 

XRD. Only the results obtained with the 
more sensitive Siemens D-500 equipment 
are reported here. The same conclusion can 
be reached with the other diffractometer. 

Figures la and Ib present the X-ray dif- 
fraction spectra for SnO2(I)-Sb204 and 
SnO2(II)-Sb204 systems, respectively. It 
can be observed that only the crystallo- 
graphic phases characteristic of the pure ox- 
ides are observed in the mechanical mix- 
tures. The only difference between the two 
figures is that the crystallinity of SnO2(II) 
is better than SnO2(I). Within the limit of 
detection of the diffractometer used, no new 
peak or shift of the peak position is ob- 
served. Compared to fresh samples, no dif- 
ference is observed for the samples after the 
test. 

BET. BET surface areas of pure oxides 
and mechanical mixtures (in the case of 
SnO2(I)-Sb204) are reported in Table 2, for 
both fresh and used samples. Within the pre- 
cision limit of the BET method, the surface 
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FIG. la. X-ray diffraction spectra for the SnO2(I ) + 
Sb204 system, (a) SnO2(I), (b) M~0 before reaction, (c) 
M~0 after reaction, and (d) Sb204 . 

FIG. lb. X-ray diffraction spectra for the SnO2(II) + 
Sb204 system, (a) SnO2(II), (b) M~ before reaction, (c) 
M~Io after reaction, and (d) Sb204 . 

area of  the mixture is the sum of  those of  
the pure oxides for fresh samples. After 
catalytic reaction, the surface area of  Sb204 
was not changed, while a small increase was 
observed for pure SnO2(I) and mechanical 
mixtures. In comparison with pure SnOz, 
the increase of  this surface area after reac- 
tion is smaller for mechanical mixtures, de- 
pending on the concentrat ion of  Sb204 ; i.e., 
the smaller the increase of the surface area, 
the higher the concentrat ion of  Sb204 . After 
the samples were calcined in air at 400°C for 
20 h, their B ET  surface areas regained their 
original values. This indicates that the in- 
crease of  surface area is due to a deposit,  
and not to the change of the surface areas 
of  the oxides. We demonstrate  in the discus- 
sion that this change is due to the deposition 
of  carbon (coke). 

TABLE 2 

BET Surface Areas for SnO~(I)--Sb204 
System (m 2 g-l) 

Sample M}oo M~o M}o Mo [ 

Fresh sample 12.6 10.5 8.6 1.9 
Used sample 17.7 I 1.3 9.2 2.0 
Used sampte ll.9 10.1 8.5 1.9 

calcined at 400°C, 20 h 

l l9Sn MOssbauer spectroscopy. The 
SnO2(I)-Sb204 system was studied. The me- 
chanical mixtures have almost the same IS 
and QS values as pure SnO 2 (IS ~ +0.02 
mm/s, QS ~ 0.55 mm/s), even when they 
have worked catalytically. No reduct ion of  
SnO 2 was observed.  

In the ordinary mixtures we prepared,  a 
small change occurring to the SnO2 particles 
as a consequence of  their contact  with Sb204 
might remain undetected,  because the cor- 
responding signal would be diluted by the 
one coming from the port ion of  particles not 
in contact  with Sb204. In order  to investi- 
gate that portion, we designed a special ex- 
periment. SnO2 50% by weight,  with a 
particle size of  250-300/zm was mixed me- 
chanically with 50% of  Sb204 with a particle 
size of  500-800/zm. The mixture thus pre- 
pared was tested in the reaction and the two 
oxides were then separated by sieving. The 
SnO2 particles that remained at tached to 
Sb2Q after sieving should be those suffering 
most from the contact  or contamination if 
any. Both samples were subjected to Mrss-  
bauer  measurement .  For  SnO2 remaining 
attached to Sb204, the accumulation time is 
much longer than that for the other  samples. 
No new signal appeared and only SnO2 was 
observed.  



328 WENG ET AL. 

FIG. 2. CTEM micrograph for M~0. 

ESR. No ESR signal with g = 1.8733 was 
observed in pure oxides or mechanical mix- 
tures. This conclusion was also valid for all 
samples after having been used catalyti- 
cally. 

Electron Microscopy. Figure 2 shows a 
CTEM picture of mechanical mixture 
MI0, which can give an overview of the ar- 
rangement of the two oxides. The larger par- 
ticles are Sb204, as identified by analytical 
electron microscopy. The smaller particles 
correspond to SnO2. This difference in par- 
ticle sizes corresponds to the BET results. 
Compared to the pure oxides, the particle 
sizes of SnO2 and Sb204 are not modified 
after preparation of the mixture. This is also 
consistent with the BET surface area results 
(Table 2). The picture shows that the Sb204 
crystallites are surrounded by SnO2 parti- 
cles. Some SnO2 particles remain isolated. 

The surface morphologies of both parti- 
cles are shown in a SEM picture (Fig. 3) for 
the same sample. The surface of Sb204 is 
relatively smooth, while that of SnO2 is ir- 
regular (these are actually aggregates). 

Figure 4 shows two AEM spectra that 
were taken respectively from SnO2 and 
Sb204 particles in MI0 . Only the signals of 
the pure oxides were obtained. This indi- 
cates that within the experimental precision 
(contamination exceeding 1% at.), no con- 
tamination of one oxide by the other is de- 
tected. 

The same conclusion is valid for the sam- 
ples after having been used catalytically: 
these particles have morphologies similar to 
those of the fresh samples and no mutual 
contamination is detected. 

XPS. The peaks do not change their 
shape, and binding energy values of 
Sn3ds/2, Sn3d3¢, Sb3asa, and Sb33/2 are identical 
to ---0.2 eV m all samples (before and after 
catalytic reaction) and correspond to those 
of pure SnO2 and Sb204. 

Figures 5a and 5b present the relative XPS 
concentrations (Csn/Csi, Csb/Csi) as a func- 
tion of the bulk atomic ratio Sn/(Sn + Sb) 
for SnO2(I)-Sb204. For comparison, we re- 
port the Sn/(Sn + Sb) values deduced from 
XPS and those calculated theoretically (bulk 
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FIG. 3. SEM micrograph for M~0. 

values) for these samples in Table 3. The 
following can be observed. 

(i) As expected, the surface composition 
measured by XPS is different from that of 
the bulk for the fresh mixtures; i.e., we ob- 
serve a relative enhancement of the signal 
of Sn. 

(ii) With respect to fresh samples, the Sb 
XPS intensity remains almost constant after 
catalytic reaction while that of Sn decreases 
greatly. It follows that the Sn/(Sn + Sb) 
ratios determined by XPS decrease after the 
catalytic test (Table 3). However, this de- 
crease is lower when Sb204 is present and 
the magnitude of this diminution depends on 
the quantity of the latter, namely the greater 
the quantity of Sb204 , the smaller this de- 
crease. In addition, we observe a great in- 
crease of C~s intensity for used samples. 

(iii) For used samples calcined in air at 
400°C for 20 h, the Sn XPS intensity in- 
creases greatly and almost reaches its initial 
value. It follows that the Sn/(Sn + Sb) ratios 

almost regain their values before the cata- 
lytic test. 

(iv) In comparison with the SnO2(I ) -  
Sb204 system, the SnO2(II)-Sb204 mechan- 
ical mixture (last three lines at the bottom 
of Table 3) shows a smaller difference be- 
tween the surface composition measured 
by XPS and bulk; i.e., we observe a smaller 
enhancement of the Sn signal. The other 
observations are similar, namely that the 
Sn/(Sn + Sb) ratio by XPS decreases after 
reaction and regains its initial value when 
the sample is calcined. 

Catalytic Activity 

The results concerning the catalytic prop- 
erties of the SnO2(I)-Sb204 mechanical mix- 
tures are given in Figs. 6a, 6b, and 6c (the 
points represented by dotted lines corre- 
spond to results obtained using 400 mg of 
catalyst). They present, respectively, the 
variation of the overall conversion of isobu- 
tene, methacrolein yield, and selectivity as 
a function of mass ratio Rm, at 380,400, and 
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FIG. 5a. Csn/Csi as a function of atomic ratio Sn/ 
(Sn + Sb)for  SnO2(I ) + Sb204 system. 
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FIG. 4. Analytical microanalysis spectra for M~0, (a) 
taken from SnO2(I) particle, (b) taken from Sb204 par- 
ticle. 

420°C. Pure S b 2 0 4  is inactive: no methacro- 
lein, CO, o r  CO 2 was detected in our experi- 
ments. Pure S n O 2 ( I ) ,  however, is very ac- 
tive, but its selectivity is very poor. It 
transforms isobutene mostly to CO and 
CO 2 . When SnO2(I) is mixed mechanically 
with Sb204, however, the catalytic behavior 
is dramatically changed. The conversions of 
the mechanical mixtures are lower com- 
pared to the sum of those that would be 
observed with quantities of the isolated sub- 
stances equal to those present in the mix- 
ture. This is true at low temperatures, i.e., 
380 and 400°C; the conversion at 420°C in- 
creases almost linearly with SnO2(I) con- 
tent. The methacrolein yields (Fig. 6b) 

measured with the mechanical mixtures, 
however, are much higher than those of the 
pure oxides; a strong synergy exists be- 
tween Sb204 and SnO2(I). All three curves 
pass through a maximum at a value of R m 

near 0.5. Another manner of presenting the 
synergistic effect is to plot selectivity vs cat- 
alyst composition (Fig. 6c). With this repre- 
sentation, the maximum is located at R m = 

0.5 for low temperatures and it shifts to a 
smaller mass ratio when the temperature in- 
creases. 

Similarly, the catalytic activity results for 
SnO2(II)-Sb204 are reported in Figs. 7a, 7b, 
and 7c. It can be observed that the catalytic 
activity of this system is lower than that of 

0.2 

0.0 
0.0 

[ ]  Fresh 
• Used 
• Used÷re~ 

0.4 0.8 
Sn Atomic ratio - -  

5n.Sb 

FIG. 5b. Csb/Csi as a function of atomic ratio, Sn/ 
(Sn + Sb)for  SnO2(I) + Sb204 system. 
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TABLE 3 

Comparison of Sn/(Sn + Sb) Values Determined by 
XPS with Values by Bulk Analysis 

Samples Sn/(Sn + Sb) Sn/(Sn + Sb) 
by XPS in bulk 

M~0 0.871 0.704 
M~0 (after test) 0.749 
MIT0 (after test + reg. a) 0.859 
M~0 0.785 0.505 
M~0 (after test) 0.590 
M 1 0.611 0.304 
M~0 (after test) 0.429 
M 1 (after test + reg. a) 0.616 

M~, 0.580 0.505 
M~ I (after test) 0.488 
M ~  (after test + reg. a) 0.560 

a Regeneration refers to the calcination of the sample at 400"C for 20 h. 

the former. A conspicuous synergy is also 
observed for the methacrolein yield (Fig. 
7b) and selectivity (Fig. 7c). However, the 
overall conversion of isobutene, especially 
at higher temperatures (420°C), varies al- 
most linearly with the SnO2 content. Com- 
pared with the first system, an important 
difference is observed, namely that the max- 
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- (mass )  
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FIG. 6b. Methacrolein yield as function of R m for 
SnO2(I) + Sb204 mixtures. 
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FIG. 6a. Isobutene conversion as a function of Rm for 
SnO2(I) + Sb204 mixtures. 

ima of synergistic curves both for yield and 
for selectivity are observed around R m = 

0.75, instead of 0.5. 
A second series of results concerns the 

role of oxygen. Figures 8a and 8b present, 
respectively, the variations of the overall 
conversion and methacrolein selectivity as 
functions of the oxygen/isobutene molar ra- 
tio for pure SnO2(I) and mechanical mix- 
tures M~5, M~0, and M~5. The overall con- 
version increases with the increase of 
oxygen concentration for all four samples 
(Fig. 8a). However, the increase for pure 
SnO2(I) is more rapid than that for the me- 
chanical mixture and the lower the concen- 
tration of S b 2 0 4  in the mechanical mixture, 
the steeper the increase of conversion. 

The methacrolein selectivity for pure 
SnO2(I) decreases toward zero when the ox- 
ygen concentration increases. On the con- 
trary, for the mixtures, it increases progres- 
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FIG. 6c. Methacrolein selectivity as a function o f R  m 
for SnO2(I) + Sb204 mixtures. 
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FIG. 7a. Isobutene convers ion as a function o f R  m for 
SnO2(II) + Sb204 mixtures.  

sively when little 02 is present and then 
remains constant when the oxygen/isobu- 
tene ratio goes beyond a certain value (oxy- 
gen/isobutene ~ 2 for M~0). It is interesting 
to note that the oxygen/isobutene ratio 
value, after which the selectivity remains 
constant, depends on the concentration of 
Sb204 in the mechanical mixtures (1.5, 2.0, 
and 3.5 for M~5, MI0, and MIs, respec- 
tively). 

D I S C U S S I O N  

The above activity results show that SnOz 
and Sb204 work synergistically in the selec- 
tive oxidation of isobutene to methacrolein, 
as did MoO3-Sb204 (2). The cooperation 
between the two oxides is easily seen if we 
compare the results of  M]00 and M~0. For 
the same quantity of SnO2(I) (400 mg), at 
420°C, the conversion of M~0 is only slightly 
higher than that of M~00 (34% for M~0 while 
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FIG. 7b. Methacrolein yield as a function of  R m for 
SnO2(II) + Sb204 mixtures.  
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FIG. 8a. Isobutene convers ion as a function of partial 
pressure of oxygen  at 400°C for M{0o, i l M75, mso, and 
M~5, respectively.  

28% for M]oo), but the selectivity of the for- 
mer is at least 10 times greater than that of 
the latter. Consequently, the methacrolein 
yield of the former is 10 times greater than 
that of the latter. This comparison shows 
clearly that Sb204 , although inactive when 
alone, improves strongly the selectivity of 
SnO2(I). We mentioned in the Introduction 
that the synergy between two oxide phases 
can be explained by at least five mecha- 
nisms, depending on the interaction taking 
place between the two phases. In this dis- 
cussion, we therefore examine the structure 
of the catalysts first, as characterized by the 
various techniques we used, then discuss 
the possible mechanisms involved, and fi- 
nally give an interpretation of the results 
obtained. 

1. Physico-chemical Characterization 

1.1. Contamination (deposition) o f  coke. 
One surprising result observed in our exper- 
iment is that the BET surface area increases, 
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FIG. 8b. Methacrolein selectivity as a function of  
partial pressure of  oxygen  at 400°C for M]00, M~5, 
M~0, and M~5, respectively.  
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while the Sn XPS intensity decreases for 
pure SnO 2 and mechanical mixtures after 
reaction. However, after the samples have 
been calcined in air at 400°C for 20 h, the 
surface area and Sn XPS intensity almost 
regain the initial values observed for fresh 
samples. This suggests that the change of 
either surface area or Sn XPS intensity dur- 
ing catalytic reaction is due to a deposit. The 
fact that the samples become slightly black 
and that the Cls XPS intensity increases 
greatly after reaction, especially for pure 
SnO2, indicates that the deposit is a car- 
bonaceous residue (coke). In addition, only 
a diminution of Sn XPS intensity is observed 
(not that of Sb); this indicates that the depo- 
sition of carbon takes place selectively on 
SnO 2 . 

We did not measure the exact amount of 
coke deposited on our samples. It is interest- 
ing to note that in the MoO3-Sb204 mechani- 
cal mixtures, the carbon deposit can reach 
about 3% of the total weight of catalyst after 
the latter has been subjected to the dehydra- 
tion of N-ethyl formamide in the absence of 
oxygen for 8 h (29). In our case, the quantity 
of coke might not be as high as that observed 
in the above case because gaseous oxygen 
is present. 

Another interesting observation is that 
the change of surface area and Sn XPS inten- 
sity diminutions during reaction are smaller 
when SbxO 4 is present, and this effect in- 
creases with the quantity of the latter in the 
mixture. This indicates that the action of 
Sb204 protects the SnO 2 from coke deposi- 
tion. The same conclusion had been ob- 
tained by the quantitative analysis of carbon 
deposit for the MoO3-lb204 system (29). 
This can be related to the ability of Sb204 
to produce spillover oxygen, as discussed 
below. 

1.2. Absence o f  new phase (or solid solu- 
tion)formation. X-ray diffraction measure- 
ment, within the experimental precision, 
does not indicate the formation of any new 
phase by reaction between SnO 2 and Sb204 
in the mechanical mixtures, even when they 
have been used for catalysis. According to 

the literature, the formation of a solid solu- 
tion rather than of a new phase should be 
taken into account for Sn-Sb oxide cata- 
lysts. For this reason, we paid great atten- 
tion to the displacement of the X-ray lines. 
The fact that no shift in the line positions 
was detected for the fresh and used samples 
suggests that no solid solution, such as Sb 5 ÷ 
dissolved in the SnO 2 lattice, as proposed in 
the literature, is formed either during prepa- 
ration of the mixture or catalytic reaction. 
This conclusion is further confirmed by the 
results obtained with l l9Sn M6ssbauer spec- 
troscopy. However, it should be recognized 
that X-ray diffraction and M6ssbauer spec- 
troscopy are mass techniques and they 
therefore lack sufficient sensitivity to detect 
the possible formation of a small amount of 
a new phase or solid solution taking place at 
the interface (contact) between two oxides. 
Nevertheless, the specially designed M6ss- 
bauer experiment, in which the SnO2 resting 
on the surface of Sb204 (and presumably 
having suffered most from the contact with 
the latter) was analyzed, may be considered 
as a more valuable approach to investigate 
the interfacial interaction between two ox- 
ides. Even in that case, no indication of solid 
solution formation is observed. Further- 
more, ESR is very sensitive, but even with 
this technique, we cannot detect the signal 
characteristic of the formation of solid solu- 
tion. The results obtained from these three 
techniques lead us to conclude that within 
the detection limits of these techniques, no 
new phase is produced and no solid solution 
is formed in our mechanical mixtures. 

1.3. Absence o f  mutual surface contami- 
nation and monolayer formation. Analytical 
electron microanalysis shows that, within 
the sensitivity of the technique, only pure 
oxides are observed in our fresh and used 
mechanical mixtures. This suggests that no 
mutual contamination (by isolated atoms or 
in the form of monolayers) between two ox- 
ides takes place during the preparation of 
the mixture or catalytic reaction. However, 
it must be remembered that the overlap of 
the strong lines of Sn and Sb decreases the 
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sensitivity for detecting a possible contami- 
nation of SnO 2 surface by Sb. 

The XPS results are more complicated. 
We observe a difference between the sur- 
face composition as measured by XPS and 
that of bulk for fresh SnO2(I)-Sb204 me- 
chanical mixtures; i.e., the XPS signals are 
more intense for Sn. As mentioned in the 
Experimental part, this can be explained by 
two possibilities: (i) the difference in particle 
size between SnO2(I) and Sb204 and (ii) a 
possible surface contamination of Sb204 by 
Sn. The fact that, according to expecta- 
tions, the difference is less in the case of 
SnOE(II)-Sb204 mixtures (the surface of 
SnO2(II) is 5.4 m E g- l while that of ShOE(I) 
is 12.6 m z g-l) leads us to attribute the in- 
crease of the Sn signal measured by XPS to 
the first possibility. However, in principle, 
the other explanation cannot be completely 
discarded. The diminution of the Sn XPS 
intensity after reaction has been explained 
by the deposition of coke during reaction. 
Therefore, if the influence of the coke depo- 
sition is taken into account (namely thanks 
to measurements after calcination), the Sn/ 
(Sn + Sb) ratios remain practically equal 
for fresh and used mixtures. This indicates 
that, within the detecting limits of XPS, no 
mutual contamination between the two ox- 
ides takes place during the catalytic reac- 
tion, thus confirming the AEM results. As 
the method of preparation makes a contami- 
nation very unlikely (Sb204 or SnO 2 are not 
soluble in n-pentane), this confirms the view 
that the phases remain exempt from mutual 
contamination. 

In conclusion, the joint use of all tech- 
niques applied in this study support the con- 
clusion that, as in the MoO3-Sb204 system, 
the mechanical mixtures of SnO 2 and Sb204 
are constituted of two separate, noncon- 
taminated oxide phases. This conclusion is 
further strongly confirmed by the results to 
be presented in the second part of this series 
of publications concerning the impregnated 
catalysts (26). In the corresponding experi- 
ments, the pure oxides (SnO 2 or Sb204) are 
impregnated with the other ion (Sb ions for 

SnO 2 and Sn ions for SbzO4), in order to 
favor as much as possible a mutual surface 
contamination if it can take place. The char- 
acterization results of this other work show 
that the impregnated ions, instead of com- 
bining with their "support ,"  tend to segre- 
gate to form two-phase catalysts during 
catalytic reaction. At the temperatures 
used, thermodynamics indeed favor decon- 
tamination. References concerning the 
preparation methods resulting in solid solu- 
tions usually involve coprecipitation and 
sometimes calcination of SnO2 and Sb203 or 
Sb205 at extremely high temperature 
(-+ 1000°C) (30). It is evident that all these 
preparation conditions are far different from 
those used in our experiment. 

2. Mechanism 

The above discussion shows that there is 
a complete lack of experimental evidence 
for the first three possibilities mentioned in 
the Introduction to explain the observed 
synergy, namely formation of a mixed oxide 
or a solid solution, surface contamination 
of one oxide by the other, and monolayer 
formation. Let us now look at the fourth 
possibility, a bifunctional mechanism. 

The bifunctional mechanism assumes that 
a reactant is first adsorbed on one phase 
and transformed to an intermediate. This 
intermediate will then diffuse or migrate to 
the second phase, where it will react further 
with another reactant and will be converted 
into a product, which will finally desorb. If 
this mechanism operated in our system, we 
should thus accept that an intermediate such 
as, e.g., [CH2.-=.C(CH3)..--a-C. H 2] could de- 
sorb from one phase and readsorb for fur- 
ther reaction on the other one. However,  
this interpretation would raise several diffi- 
culties. First, the only intermediate for ole- 
fin oxidation evoked in the literature is the 
allylic species. The literature does not in- 
voke its desorption. Theoretical calcula- 
tions show the allylic species to be ex- 
tremely strongly adsorbed (31). Second, the 
assumption that part of the reaction takes 
place on Sb204 contradicts the evidence 
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that Sb204 is almost absolutely inert. Con- 
versely, the fact that SnO2 reacts, even 
alone, suggests that it is involved both in the 
adsorption and reaction steps. 

When two noncontaminated phases coop- 
erate in a catalytic reaction and a bifunc- 
tional mechanism cannot be assumed, some 
surface migration (or diffusion) must neces- 
sarily take place. Migration of the adsorbed 
allylic species between two different faces 
of bismuth molybdate has been assumed in 
a few publications (32). If we contemplated 
the migration of a semi-reacted species 
(from one type of catalytic or adsorption 
center on one phase to another type on the 
other), this species would be composed of 
numerous atoms (11), taking an allylic spe- 
cies as a candidate for migration. The migra- 
tion of an oxygen species, presumably com- 
posed of one atom (at most 2), is far easier 
because it is much smaller. Entropic consid- 
eration taking into account the multiple con- 
figurations of adsorption of a molecule with 
several atoms would suggest still more dra- 
matic differences in favor of the oxygen spe- 
cies. Migration of oxygen could have ex- 
plained the results leading to the hypothesis 
of migration of the allylic species between 
crystallographic faces just mentioned, and 
this would have been consistent with all the 
concepts developed in allylic oxidation. 

It thus seems more logical to retain this 
last possibility, namely the migration of oxy- 
gen species. As a matter of fact, the migra- 
tion of oxygen species and its effect have 
been experimentally indicated on some 
metal catalysts (33-35) and recently we 
have proven the migration of oxygen species 
from Sb204 to MoO 3 using 180 (36). 

Our discussion thus leads us to conclude 
that an oxygen species is formed on one 
phase and migrates over to the second one. 
If we accept this conclusion, we must con- 
sider two possibilities: (i) the mobile oxygen 
species is used as a reactant, and (ii) the 
mobile oxygen species is used as a "control- 
ling" species to improve the catalytic prop- 
erties of the second phase. 

Before analyzing each hypothesis in de- 
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SCHEME 4. Spillover oxygen used as a reactant. 

tail, it is convenient to define a phase that 
produces mobile oxygen, as a donor D, and 
the phase that accepts mobile oxygen as an 
acceptor A. In our case, A is obviously 
SnO2, which carries the active centers. The 
role of Sb204 , inactive in the reaction, is, by 
necessity, limited to that of donor. 

(a) Spillover oxygen used as a reactant. 
This mechanism has been proven experi- 
mentally for the MoO3-Sb204 system in the 
oxidation of propylene in the absence of gas- 
eous 02 (36). The schematic representation 
of this mechanism, as it would be trans- 
formed to the SnO2-Sb204 system, is given 
in Scheme 4. The oxygen species O* emitted 
by Sb204 migrates to the surface of SnO2, 
where it reacts either directly with adsorbed 
isobutene or indirectly, i.e. the oxygen spe- 
cies O* would firstly occupy lattice vacan- 
cies on SnO2 and then become incorporated 
into the isobutene intermediate (O* would 
be used as a lattice oxygen, according to the 
accepted terminology in allylic oxidation). 
Accepting a detailed mechanism proposed 
in Ref. (1), SnO2, in this case, might be 
considered to function as Mo does in bis- 
muth molybdates (chemisorption of isobu- 
tene and insertion of oxygen) while Sb204 
functions like the Bi-O-Bi site (chemisorp- 
tion, reduction, and dissociation of molecu- 
lar oxygen). 

The assumption that spillover oxygen 
would work as a reactant cannot be abso- 
lutely excluded. However, if we adopt this 
interpretation, several difficulties appear. (i) 
If this is the case, the main role of Sb204 
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H 

02 

SCHEME 5. Spillover oxygen is used as an activating 
species for creating or regenerating catalytic sites. 

would be to provide more reactant, namely 
to increase the overall conversion of isobu- 
tene by providing more oxygen rather than 
promoting methacrolein selectivity. This is 
contrary to our results, namely that the addi- 
tion of Sb204 to SnO2 has almost no effect 
on the overall conversion but increases con- 
siderably the methacrolein selectivity. An 
effect of Sb204 on the selectivity to selective 
oxidation products has also been observed 
in several other two-phase systems (2, 5). 
(ii) The production of spillover species is 
usually not a very efficient process (37). Pre- 
sumably, a very large amount of Sb204 
would be needed for providing a noticeable 
effect and, relative to the amount of SnO2 
present, the largest methacrolein yield 
would be expected when Sb204 would be in 
large excess because, under these condi- 
tions, the surface of SnO2 could be 
"flooded" with the largest quantity of active 
oxygen species. This is not in agreement 
with our results that the maximum yield is 
always observed at moderate mass ratio val- 
ues (near to 0.5). This is remarkable, as con- 
tacts between particles in mechanical mix- 
tures are neither very numerous nor very 
intimate. 

(b ) Spillooer oxygen used as a "control- 
ling" species. This corresponds to the re- 
mote control mechanism as described in 
the Introduction. It is simply presented in 
Scheme 5. By analogy with the MoO 3- 
Sb204 system, the fact that pure SnO2 is 

very active suggests that SnO2, like MOO3, 
carries the necessary functions for oxida- 
tion. Isobutene adsorbs on SnO2 and is sub- 
sequently transformed to oxidation prod- 
ucts. This process is accompanied by the 
reduction of the catalytic surface sites on 
SnO2, which are thereafter reoxidized by 
oxygen (catalytic cycle). Sb204, on the 
other hand, produces spillover oxygen O*, 
which migrates onto the surface of SnO2, 
where it reacts to create and regenerate the 
selective catalytic sites. In this way, the 
number of selective catalytic sites depends 
on the quantity of spillover oxygen available 
on the surface of SnO2. This is fully in 
agreement with our results and, especially, 
with the spectacular change in selectivity, 
namely the proportion of selective sites as 
a function of composition. For convenience, 
we have redrafted the two methacrolein 
yield vs R m curves at 400°C in Fig. 9 for 
SnO2(I)--Sb204 and SnO2(II)--Sb204 sys- 
tems, respectively. In the context of the re- 
mote control mechanism, the fact that the 
maximum yield for SnO2(I)--Sb204 is ob- 
served at R m near  0.5 (curve 1) can be ex- 

10 

> .  

0 
0 0.5 1.0 

Rm = 5 n 0 2  

Sb204 + SnO 2 

"--0-0--- Experimental results SnO 2 ,I)- Sb204 
Experimental results SnO 2 [171- Sb20 ~ 

, rheore.col  curve tar SnO 2 ,ZJ-S~20 ~ 
• 2 T h e o r e t i c a l  cu rve  fo r  SnO 2 (1I) - $b204 

FIG. 9. Comparison between the methacrolein yield 
observed experimentally and those predicted theoreti- 
cally based on the remote control mechanism for two 
series of SnO2 + Sb204 mixtures. 



338 WENG ET AL. 

plained by saying that at this point all 
SnO2(I) can be most efficiently activated by 
spillover oxygen, i.e., that 2 m E Sb204 (1 g) 
can activate 12.6 m E SnO2(I ) (1 g). The de- 
crease of the yield on the left side is due to 
the decrease of the quantity of SnO 2 (or the 
maximum number of catalytic sites avail- 
able for activation). The decrease on the 
right side is caused by the fact that the quan- 
tity of Sb204 present becomes insufficient 
(or that too little spillover oxygen is pro- 
duced) for maintaining the selectivity of the 
sites. If we follow this reasoning, we should 
observe a curve composed of a straight line 
on the left, and a curve possibly more com- 
plicated on the right, intersecting at R m near 
0.5. The dotted line represents the results 
that would be observed if all SnO 2 could be 
activated as in the case of R m = 0.5. 

Now, if we have 1 g SnO2(II) (or 5.4 m 2 
SnO 2) instead of SnO2(I), we can easily esti- 
mate the amount of Sb204 necessary to acti- 
vate it most efficiently. In other words, we 
can easily estimate the position of maxi- 
mum yield for the SnOE(II ) - -Sb204 system 
using the following formula: 2/12.6 = 
[(1 - Rm) × 2]/[R m × 5.4]. The result, 
R m = 0.7, is very close to that observed ex- 
perimentally (curve 2 in Fig. 9). In the same 
way, we can draw the theoretical curve for 
this system. The comparison between the 
theoretical and experimental curves shows 
that the prediction of the remote control 
mechanism matches well the results ob- 
tained, not only with respect to the position 
but also of the maximum magnitude. 

Without absolutely excluding some par- 
ticipation of spillover oxygen as reactant, 
we are thus led to conclude that the effects 
we observed are mainly due to a remote 
control effect. Therefore, in what follows, 
we interpret our results in detail within the 
context of this mechanism. 

3. Interpretation o f  the Results on the 
Basis o f  the Remote 
Control Mechanism 

3.1. Influence of  mixture composition 
(Rm). The effect of g m on  the methacrolein 

yield has been clarified in the preceding 
paragraph. Now let us look at its influences 
on overall conversion and selectivity. 

Account having been taken of possible 
perturbations due to near exhaustion of oxy- 
gen in certain experiments, the overall con- 
version is roughly proportional to the 
amount of SnO2 present in the catalyst. The 
enhancement of the methacrolein yield 
takes place essentially thanks to the in- 
crease of its selectivity (Figs. 6 and 7). This 
indicates that the role of Sb204 is essentially 
to transform the nonselective sites on SnO2 
to selective ones, while not changing much 
the total catalytic site number. Sb204 ren- 
ders SnO2 more selective. 

The selectivity curves as a function of 
mass ratio for the SnO2(I)--Sb204 system 
(Fig. 6c) show that the selectivity maximum 
is also observed at mass ratio near 0.5. This 
seems surprising because, if there were no 
perturbation to the remote control mecha- 
nism, the selectivity would have increased 
continuously with the increase of 5b204/ 
SnO2, i.e., moving to the left. We have no 
strongly supported explanation for this fact. 
We may speculate that the effect might be 
related to the special characteristics of 
SnO2. The curve corresponding to SnO2 in 
Fig. 8b shows that this oxide tends to lose 
selectivity when the oxygen concentration 
increases and the selectivity becomes al- 
most zero when the oxygen/isobutene ratio 
(in the absence of remote control) is in ex- 
cess of 3. We may thus reason that, when 
Sb204 is in too large a proportion, too much 
spillover oxygen is present on the surface 
of SnO2 and its surface becomes somehow 
"overoxidized" as it becomes in the pres- 
ence of too high an oxygen concentration. 
The spillover oxygen O* is very likely the 
nucleophilic species 0 2- . This follows logi- 
cally the fact that the presence of Sb204 
greatly improves the selectivity. This would 
be incompatible with the presence of elec- 
trophilic species on the surface. This expla- 
nation of the deleterious effect of too high an 
oxygen pressure may be easily understood if 
we accept the equation 
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20* (0 2-) + 02 ~ 4 0 -  (or 202-). (3) 

The implication of this equation is that too 
much spillover oxygen may cause the pro- 
duction of electrophilic species on the SnO2 
surface, which is detrimental to selectivity. 

The question is, How does Sb204 make 
SnO2 more selective? Usually when dealing 
with selective oxidation catalysts, one must 
pay much attention to the oxidation--re- 
duction phenomenon taking place on the 
surface. It has usually been accepted that 
the optimal selectivity of the catalyst is 
found when the catalyst is in an optimal 
oxidation state. Therefore, it seems that the 
presence of Sb204 would keep SnO2 in a 
"suitable" oxidation state. It is not easy 
to disentangle the various effects brought 
about by spillover oxygen. 

The results of Figs. 6b and 7b show that 
spillover oxygen creates the selective sites 
for oxidation. However,  the exact mecha- 
nism by which these selective sites are cre- 
ated is not easy to analyze. We have seen 
that some coke was deposited. This coke, 
presumably, can play a role in modifying the 
activity of catalytic sites, possibly impairing 
selectivity. It is impossible to separate the 
contribution of the creation and regenera- 
tion of active sites by spillover oxygen. 
However, the observed results lead us to 
make some speculation. Essentially, the 
role of spillover oxygen may be linked to the 
possibility of deep reduction of the SnOz 
surface, or of deposition of coke. We exam- 
ine both possibilities. 

In conformity with accepted mechanisms, 
the oxidation of isobutene on SnO 2 is ac- 
companied by surface reduction of SnO2. 
The reduced sites on SnO2 should be reoxi- 
dized immediately, otherwise a reduced sur- 
face would be formed and selectivity would 
decrease. The activity results seem to indi- 
cate that SnO2 suffers from more rapid reac- 
tivity with respect to molecular oxygen, or 
the reoxidation of reduced SnO2 being rate- 
limiting. It has been demonstrated that the 
migration of lattice oxygen from the bulk of 
SnO2 is very low compared to the consump- 

tion of oxygen on the surface (38). Lattice 
oxygen cannot compensate for a loss of oxy- 
gen on the surface. Therefore, the explana- 
tion for the increase of methacrolein selec- 
tivity is that the spillover oxygen (O*) 
emitted by Sb204 helps prevent the reduc- 
tion of SnO2, and consequently maintains 
the selectivity. A similar phenomenon, 
namely that the spillover oxygen protects 
pure ZnFe204 from deep reduction, even 
phase segregation, has been clearly demon- 
strated in the case of oxidative dehydroge- 
nation of n-butene (39). 

If the above explanation is correct, 
namely that an oxygen spillover species is 
at stake, one should observe similar effects 
in solid state reactions, e.g., an increase of 
the reoxidation rate of the active phase 
owing to the presence of a donor phase. 
This has indeed been proven for the 
MoO3--Sb204 system by a specially de- 
signed experiment (29) in which the MoO 3 
was prereduced with pure HE ; one portion of 
this reduced MoO3 was mixed mechanically 
with Sb204 and the reoxidation of reduced 
MoO 3 was studied gravimetrically for both 
samples. Since the spillover is a reversible 
phenomenon, the inverse process should 
also take place: if the active phase is re- 
duced, more rapid removal of oxygen from 
it would take place (e.g., MoO~ or SnO2) 
when the donor phase (Sb204) of spillover 
oxygen is present. This has been experimen- 
tally observed for both MoO3--BiPO4 (20) 
and MoO3mSb204 (29) systems. 

The inhibition of deposition of carbon or 
elimination of this coke by spillover oxygen 
is clearly demonstrated in our case. The de- 
crease of XPS Sn intensity is less important 
when Sb204 is present, the magnitude of this 
effect depending on the quantity of the latter 
in the mixtures. The logical explanation for 
these results is that the spillover oxygen pro- 
duced by Sb204 can burn out either the pre- 
cursors of coke, thus inhibiting the forma- 
tion of carbonaceous deposits, or the coke 
itself, when it is formed more efficiently than 
gaseous (molecular) oxygen. In the same 
perspective, the larger diminution of Sn 
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XPS intensity for pure SnO2 can easily be 
explained by the absence of spillover oxy- 
gen. The results do not give strong enough 
information for analyzing more in depth the 
role of spillover oxygen. In particular, depo- 
sition of coke might be a cause of deactiva- 
tion (as it is for acidic sites in hydrogen- 
involving reactions); however, it might as 

well be a consequence of the loss of selectiv- 
ity accompanying the reduction of the sur- 
face. Correspondingly, the role of spillover 
oxygen (O*) can be either to protect the 
selective sites against reduction or to burn 
the deposit of coke. 

These possibilities are explained sche- 
matically as follows: 

Selective site 

Reoxidation by O* Reduction Deposition Elimination of coke 
l of coke ~ by O* 

~- Nonselective site 

1 
Complete oxidation 

3.2. Reaction temperature. The effect of 
the reaction temperature on catalytic activ- 
ity is quite different for pure SnO2 and for 
the mechanical mixture. For pure SnO2 or 
Sb204-poor mixture, increasing the reaction 
temperature rapidly increases total conver- 
sion and not the methacrolein yield (Figs. 
6a, 6b, 7a, 7b), In other words, the increase 
of reaction temperature favors total oxida- 
tion to CO and CO2. In the mechanical mix- 
ture, the effect of temperature must be more 
complex. First, as for pure SnO2, an in- 
crease in reaction temperatures tends to fa- 
vor total oxidation (or decrease the selectiv- 
ity). Second, an increase in reaction 
temperatures also enhances the rate of mi- 
gration of spillover oxygen, which is favor- 
able for selectivity. The overall selectivity 
of the mechanical mixture depends on these 
two antagonistic processes. The fact that 
the selectivity increases with reaction tem- 
perature for the mechanical mixtures rich in 
Sb204 (left part of Fig. 6c) suggests that the 
second parameter plays a dominant role. On 
the contrary, for the mechanical mixtures 
rich in SnO2 (right part in Fig. 6c), the first 
parameter dominates. This phenomenon 

has a corollary, namely the interesting shift 
from right to left of the selectivity maximum 
when reaction temperature increases. With 
the increase of temperature, SnO2 becomes 
more and more active and also less selec- 
tive. To arrive at a good selectivity, more 
Sb204 is necessary to "irrigate" with more 
spillover oxygen the surface of SnO2. These 
effects are noticeable with the mixture con- 
taining SnO2(I). They are still more conspic- 
uous with SnO2(II), which, because of its 
lower surface area, exerts a weaker effect. 

3.3. Partial pressure of  oxygen. The re- 
mote control mechanism demands the pres- 
ence of spillover oxygen. The partial pres- 
sure of oxygen therefore necessarily 
influences the catalytic activity and selectiv- 
ity in different ways when Sb204 is present 
or absent. This is clearly demonstrated in 
Figs. 8a and 8b. 

For pure SnO2, the increase of oxygen 
concentration quickly enhances total con- 
version, whereas the selectivity decreases. 
This means that the increase of oxygen con- 
centration is unfavorable for selective oxi- 
dation. This may be explained by the in- 
crease in the formation of electrophilic 
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oxygen species (O2, or O-) ,  as shown by 
Eq. (3). The presence of these electrophilic 
species on SnO2 surface has been evidenced 
by ESR (40). 

For the mechanical mixtures, however, 
two parameters must be taken into account. 
The first is the same as for pure SnO2, 
namely that the increase of oxygen concen- 
tration is unfavorable for selectivity. The 
second is that the increase of oxygen con- 
centration would favor the production of 
spillover oxygen, which is favorable for se- 
lectivity. The fact that the selectivity in- 
creases at low oxygen/isobutene ratios as 
oxygen concentration increases suggests 
that the second parameter plays a determin- 
ing role. Similarly, the fact that the selectiv- 
ity is independent of oxygen concentration 
at higher oxygen/isobutene ratios means 
that the influence of the two parameters is 
comparable. 

Comparing the results of Fig. 8b corre- 
sponding to the three mechanical mixtures, 
some interesting points emerge. The me- 
chanical mixture rich in S b 2 0  4 c a n  arrive at 
"saturation" point earlier than that rich in 
SnO2 (compare M~5 and M~5). This again 
confirms the role of Sb204 , namely the pro- 
duction of spillover oxygen. With more 
S b 2 0  4 present in the mechanical mixture, 
more spillover oxygen is available at the 
same oxygen concentration and conse- 
quently the saturation point is reached for a 
lower oxygen pressure. 

According to Eq. (3), one may expect a 
decrease of selectivity at very high oxygen 
concentrations for the mechanical mixtures 
and this would occur more readily for M~5 
than for MIs. The last experimental points 
for MI5 in Fig. 8b might be considered as an 
indication of this. 

Summarizing, the remote control mecha- 
nism satisfactorily explains the results ob- 
tained with mechanical mixtures of SnO2 
and S b 2 0  4 . 

CONCLUSIONS 

Our work has demonstrated several 
findings: 

- -The  mechanical mixtures of SnO2 and 
S b 2 0  4 exhibit a cooperation in selective oxi- 
dation of isobutene to methacrolein. The ad- 
dition of S b 2 0  4 (inert when alone) to SnO2 
essentially improves the selectivity of the 
reaction to methacrolein, whereas it has al- 
most no effect on overall conversion. 

- -The  joint use of physico-chemical tech- 
niques such as XRD, 1195n M6ssbauer spec- 
troscopy, electron microscopy, AEM, XPS, 
and ESR for the characterization of fresh 
and used samples fails to give any evidence 
of the formation of a new compound (or 
solid solution) or mutual surface contamina- 
tion between the oxides in the mechanical 
mixtures. Within the limits of sensitivity of 
the techniques used, the mechanical mix- 
tures appear to be composed of two separate 
oxide phases. 

- -The  possible mechanisms explaining 
the observed synergy have been discussed. 
The most plausible one is the remote control 
mechanism. The results obtained can all be 
satisfactorily explained taking the remote 
control mechanism as a basis. 
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