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The selectivity and yields for methacrolein in the oxidation of isobutene over pure SnO 2 and 
Sb204 can be improved dramatically by impregnating the oxides with a small amount of the cation 
belonging to the other oxide (Sb for SnO2 and Sn for Sb204). The fresh and used samples were 
characterized with XRD, BET, 119Sn M6ssbauer spectroscopy, SEM, analytical electron micros- 
copy (AEM), XPS, and ESR. For Sb204 impregnated with Sn ions, no trace of surface contamination 
(monolayer or otherwise) or solid solution was detected. For SnO2 impregnated with Sb ions, a 
small amount of Sb 5÷ ions dissolved into SnO2 after impregnation, but these Sb 5+ ions tend to 
migrate to the surface during catalytic reaction. For both systems, the impregnated ions tended to 
segregate, leading to the formation of a two-phase catalyst. A remote control mechanism can 
satisfactorily explain the results obtained. In comparison with the results obtained with SnO2-Sb~O 4 
mechanical mixtures reported in Part I, the impregnated catalysts have good catalytic performances, 
account taken of the small amount of the minor component. The difference between the catalytic 
properties (methacrolein yield and selectivity) of impregnated catalysts and those of mechanical 
mixtures can be easily explained by considering the surface areas developed and the difference in 
the number and quality of the contacts between the SnO 2 and Sb204. © 1991 Academic Press, Inc. 

INTRODUCTION 

In Part I (1), we presented results on the 
activity of catalysts prepared by mechani- 
cally mixing Sb204 powder with SnO2 pow- 
der as well as results of the physico-chemi- 
cal characterization of these catalysts. It 
was shown that SnO2 and Sb204 worked 
synergistically in the selective oxidation of 
isobutene to methacrolein. It was essen- 
tially the selectivity to methacrolein forma- 
tion that was dramatically improved. Exten- 
sive characterization gave no indication of 
new phase formation (or solid solution) or 
mutual contamination between two oxides. 
The SnO2-Sb204 mixtures are constituted of 
two separate oxide phases and the observed 
synergy was explained by a remote control 

l TO whom correspondence should be addressed. 

mechanism. According to this mechanism, 
molecular oxygen is adsorbed on the surface 
of SblO 4 and becomes dissociated into oxy- 
gen species (spillover oxygen). This mobile 
species migrates onto the surface of SnO2 
where it creates new selective catalytic sites 
for selective oxidation and/or regenerates 
the sites that eventually become deactivated 
during the oxidation reaction. 

However, it has been proposed in the lit- 
erature that the formation of a new phase 
or extensive surface contamination of one 
oxide by an element belonging to the other 
might occur easily in some systems and ex- 
plain synergy. The most illustrative example 
concerns V2Os-TiO2 (2-4). Much attention 
has been paid to the thermodynamics and 
kinetics of this contamination (5, 6). In this 
case, TiO 2 is extensively covered by V205 , 
and no remote control mechanism is neces- 
sary to explain the observed results. The 
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synergy may be essentially due to the forma- 
tion of the special surface species. 

The aim of this paper is to investigate 
further whether the same phenomenon, 
namely surface contamination of one oxide 
by the other, could take place in the 
SnO2-Sb204 system. In addition, the litera- 
ture mentions the existence of solid solu- 
tions of Sb 5+ in SnO 2. Our attention was 
therefore also directed to the possible effect 
of the formation of this solid solution in our 
experiments. 

It is not easy to detect contamination if 
the phenomenon only involves small 
amounts of the second element. However, 
there is a possibility of indirectly arriving at 
convincing arguments against contamina- 
tion. If we suppose that some contamination 
is created artificially and that the contamina- 
tion diminishes or disappears during cata- 
lytic work, such an observation would con- 
stitute proof that there is little or even no 
tendency to mutual contamination. This is 
the kind of experiment we carried out in the 
work reported here. 

Thus, the objectives of this paper are to 
study artificially contaminated samples 
(Sb204 contaminated by Sn ions or SnO2 
contaminated by Sb ions) and to see whether 
this contamination is stable under the condi- 
tions of catalytic reaction. We used impreg- 
nation to create contamination. The quan- 
tity of the impregnated metallic ions was 
calculated so that it would be theoretically 
sufficient to form between ¼ and 2 mono- 
layers of the impregnated oxide over the 
other (the "support") (7, 8). In order to 
maximize the possibility of establishing a 
contamination and to avoid the sintering of 
the deposited phase, the impregnated sam- 
ples were not calcined prior to the catalytic 
test. The fresh and used samples were char- 
acterized using BET surface area measure- 
ments, XRD, electron microscopy (SEM 
and analytical electron microscopy (AEM)), 
119Sn M6ssbauer spectroscopy, ESR, and 
XPS. XRD, 119Sn M6ssbauer spectroscopy, 
and ESR were used to detect the possible 
formation of a solid solution of Sb 5+ dis- 
solved in SnO 2 . An ESR signal (g = 1.8733) 

can be used as an indication of the incorpo- 
ration of Sb 5÷ into SnO 2 (9). By detecting 
and measuring possible shifts of the XRD 
peak positions, it is theoretically possible 
to see if the Sb ions are incorporated in 
substantial proportions into SnO2. The di- 
rection of the shift (lower or higher angle) 
would point to the incorporation of Sb 5+ 
ions or Sb 3 ÷ ions because the diameters of 
these ions are quite different (RSbS÷ = 
0.62 A, Rsn4+ = 0.71 .~, Rsb3+ = 0.76/~) 
(10). The XPS technique, in association with 
AEM, was used to detect the possible for- 
mation of monolayers or fractions of mono- 
layers, or other sorts of surface contami- 
nation. 

EXPERIMENTAL 

CATALYST PREPARATION 

(1) Pure Oxides 

Pure Sb204 (2 m 2 g-l) and SnO2 (9.0 
m 2 g-1) were prepared by the methods de- 
scribed previously (1). 

(2) Impregnated Catalysts 

(a) Sb204 impregnated by Sn z+ (or Sn4+). 
The quantity of SnO2 necessary to form a 
monolayer on the surface of SbzO4 can be 
estimated on the basis of the BET surface 
area of SbzO4 (2 m z g- l). We take as a basis 
the deposition of the (100) face (0.084 nm 2 
as approximately calculated from the unit 
cell of SnO2 (11)) of SnO2 on the surface of 
SbzO 4 . The amount contained in one mono- 
layer corresponds to 1.2 wt% of SnOz. The 
preparation procedures are given below. 

A solution with the calculated concentra- 
tion of Sn 2+ (or Sn 4+) was prepared from 
SnCI2.2HzO (or SnCI4.4HzO ). Five grams 
of Sb204 was mixed with the required 
amount of Sn 2÷ (or Sn 4+) solution in a rota- 
vapor, to which 250 ml of distilled water 
was added. The solution thus obtained was 
evaporated slowly at about 60°C under re- 
duced pressure with continuous agitation. 
The powder obtained was then washed with 
a very dilute aqueous NH3 solution in order 
to eliminate the C1- ions (complete elimina- 
tion was checked with AgNO3 solution) and 
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dried overnight at 110°C. The catalysts were 
used as such, without calcination. 

Sb204 catalysts impregnated with quanti- 
ties of Sn 4÷ necessary to form ¼, ½, 1, and 2 
monolayers of SnO2 over  Sb204 were pre- 
pared. They are designated as XSn4+/ 
Sb204, where X refers to the number of 
monolayers. The sample prepared with 
SnCI2 is indicated by 1SnZ+/Sb204 . 

(b) SnO 2 impregnated by Sb 3+ and Sb 5+. 
Similarly, the quantity necessary for form- 
ing a monolayer of Sb204 over SnOz can be 
estimated assuming the deposition of mole- 
cules having the arrangement of the (100) 
face and the surface area of SnO2 (9.0 
m 2 g-l). (The surface of the (100) face of a 
unit cell of Sb204 (12) was estimated to be 
0.16 nm2). This calculated amount repre- 
sents 4 wt% of Sb204 . It is known that Sb204 
is composed of an equal number of Sb ~ + and 
Sb 5+. This is why a mixture of Sb 3+ and 
Sb 5+ was used for impregnation in our case. 
The preparation procedure is given below. 

A solution containing Sb 3÷ and Sb 5÷ 
(Sb3+/Sb 5+ = 1/1) was prepared from SbCI3 
(Aldrich, 99%) and SbC15 (Aldrich, 99.5%). 
CHC13 (Union Chimique Beige, p.a.) was 
used as the solvent in this case because SnOz 
is not soluble in that solvent. The SnO2 pow- 
der was immersed in the necessary amount 
of this solution in a rotavapor, with the addi- 
tion of 250 ml CHC13 . Evaporation of the 
solvent was performed very slowly under 
reduced pressure. The powder so obtained 
was washed with NH 3 solution in order to 
eliminate C1- (complete elimination was 
checked with AgNO3 solution) and finally 
dried at 110°C overnight. The catalysts were 
used as such, without calcination. 

Samples of SnOz impregnated with quan- 
tities of Sb 3+ and Sb 5÷ necessary to form ¼, 
½, 1, and 2 monolayers of Sb204 on SnO 2, 
were prepared. These catalysts are desig- 
nated hereafter as XSb/SnO2, where X re- 
fers to the theoretical number of mono- 
layers. 

CATALYST CHARACTERIZATION 

XRD measurements were carried out in a 
Siemens D-500 diffractometer. BET surface 

areas were measured using a Setaram MTB 
10-8 microbalance. For SEM and AEM we 
used a Jeol Temscan 100 CX electron mi- 
croscope and a Kevex 5100 C energy disper- 
sive spectrometer, ll9Sn M6ssbauer spec- 
troscopy measurements were performed in 
a spectrometer with a Call9SnO3 source. 
ESR experiments were realized in a X-band 
Varian-12 spectrometer. XPS spectra were 
obtained in a Vacuum Generators ESCA-3 
instrument. Detailed descriptions of these 
techniques and data acquisition parameters 
are given in Part I (1). We have also indi- 
cated in Part I the limits of detection that 
can be expected for these various methods. 

In the XPS measurements, we used two 
methods to interpret our results. The first is 
the one used in Part I (1) based on results 
with an external SiO2 standard. We calcu- 
lated the apparent relative surface concen- 
trations of Csn/Csi and Csb/Csi, using the 
sensitivity factors proposed by Wagner et 
al. (13). The "apparent relative surface con- 
centration," Csn/Csi or Csb/Csi, represents 
with a good approximation the surface ex- 
posed by each oxide (SnO2 or Sb204). The 
reason for using an external reference, SiO2, 
has been given previously (1). From the ap- 
parent relative surface concentrations we 
calculated the surface composition index, 
namely the fraction of the surface occupied 
by deposited element: rxPs-sn = Sn/(Sn + 
Sb) for Sn/SbzO4 and rxPS.Sb = Sb/(Sn + 
Sb) for Sb/SnO:. 

In the other method, we compared the 
real XPS intensity ratio (Ira~Is) with that cal- 
culated theoretically for monolayer for- 
mation (I°/I°). I°/I  ° was calculated using the 
equation proposed by Kerkhof and Moulijn 
(/4): 

I 0 nm Dm Orm 1 

I ° ns Ds O's psSsh, 
(1 + exp{- 2/p~X,,,S~}) 

×(1 - exp{-2/psXmS~} )" (I) 

In this equation, n,,,/n~ is the atomic ratio of 
the elements representative of the sup- 
ported phase (e.g., m for Sb in the case of 
Sb/SnO2) and the support (s = Sn for Sb/ 
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SnO2). D m and Ds are the spectrometer de- 
tection efficiencies for the corresponding 
photoelectrons. In our instrument, D is in- 
versely proportional to electron kinetic en- 
ergy. The photoelectron cross section O'm 
and o-~ were taken from Scofield (15) 

= 11.13, = 14.63. O'Sb3d3/2 O"Sn3ds/2 

Photoelectron escape depths, h,, and hs, 
were estimated using the method given by 
Szajman et al. (•6) 

hsn%~ = 1.18 nm, hSb3d,,2 = 1.22 rim. 

Ps is the density of the support (PSnO2 = 6.95 
g" cm -3, Psb2o4 = 5.82 g. cm-3). S s is the 
specific surface of the support. 

In the case where the impregnated oxide 
is present as discrete particles (e.g., as cubic 
crystallites), the XPS intensity ratio Ira/l, 
may be expressed as the function of the par- 
ticle size and the XPS intensity ratio for 
monolayer formation l°m/~: 

I m I0m 1 -- exp( -  C/)km) 
I--f = lOs C/)k m ' (2) 

where c is the average edge length of the 
cubic crystallites. Using Eq. (2), it is possi- 
ble to estimate the particle size c. 

For the Sb/SnO2 samples after the cata- 
lytic reaction, one difficulty for physico- 
chemical characterization was the deposi- 
tion of coke, as previously observed (1). In 
order to eliminate the deposited coke, the 
used catalysts were calcined in air at 400°C 
for 20 h. For the samples Sn/Sb204, how- 
ever, no apparent deposition of coke was 
observed after reaction but the XPS mea- 
surements showed a decrease of the Sn con- 
centration. We calcined some fresh samples 
in order to see if the decrease of Sn concen- 
tration was due to thermal treatment. 

C A T A L Y T I C  A C T I V I T Y  M E A S U R E M E N T S  

Isobutene selective oxidation was carried 
out in a continuous-flow fixed-bed reactor. 
The reactor and analytical systems have 
been described in detail in Part I. The reac- 

T A B L E  1 

Surface Areas  o f  Impregnated  Cata lys ts  (m 2 g - l )  

Samples Before After After 
reaction reaction reaction + 

reg. a 

ISn2+/Sb204 2.2 3.5 
1Sn 4+/Sb204 1.9 2.6 
ISn4+/Sb204 (400°C 6h) 2.9 

¼Sb/SnO2 8.9 9.8 
ISb/SnO2 9.1 9.8 
2Sb/SnO2 9.8 10.7 10.5 

= Reg. refers to the calcination of the sample at 400°C for 
20 h (the surface areas of the Sb204 and SnO2 are, respectively, 
2 and 9.0 m 2 g-t). 

tor is a glass tube with an internal diameter 
of 8 mm. It was packed with catalyst (parti- 
cle size: 500-800/xm) in the center and two 
packing beds composed of glass pills (1000 
/zm) at the top and bottom. The reaction 
conditions were the following: isobutene/ 
O2/N 2 (diluting gas) = 1/2/7; total pres- 
sure, 760 mm Hg; reaction temperatures, 
380-420°C; the total feed (isobutene + 02 
+ N2), 30 ml/min; catalyst weight 800 or 
400 mg (see Ref. (1)). 

The choice of reaction conditions and the 
experimental procedures have been de- 
scribed in detail in (1). 

R E S U L T S  

I .  C H A R A C T E R I Z A T I O N  

1.1. Surface Area 

The BET surface areas of the impregnated 
catalysts are reported in Table 1. For Sb204 
impregnated with Sn 2 + or Sn 4 + ions and tak- 
ing into account the precision of BET mea- 
surement, the surface area was not modified 
during impregnation. However, the surface 
area increased after catalytic reaction or 
thermal calcination at 400°C for 6 h. 

For SnO2 impregnated with Sb ions, the 
surface area did not change for ¼Sb/SnO 2 
and 1Sb/SnO 2 after impregnation, while that 
of 2Sb/SnO2 seemed to increase slightly (9.0 
m2/g for pure SnO2 and 9.8 m2/g for 2Sb/ 
SnO2). Similar to Sn/Sb204, the surface area 
significantly increased after catalytic reac- 
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FIG. I. X-ray diffraction spectra for ½Sb/SnO z, (a) SnO 2, (b) ½SU/SnO z, and (c) ½Sb/SnO z after reaction. 

tion. However,  when the sample after use 
was calcined in air at 400°C for 20 h, the 
surface area decreased slightly but remained 
higher than that of the fresh sample, indicat- 
ing that the increase of surface area was not 
totally due to the deposition of coke. 

1.2. X-Ray Diffraction 

For Sb204 impregnated with Sn 2+ or Sn 4+ 
ions, only the peak characteristic of the sup- 
port  (8b204) was observed. No shift of the 
peak position was detected. No difference 
was detected for this sample after catalytic 
reaction. 

For SnO2 impregnated with Sb ions, how- 
ever, although no peaks were observed ex- 
cept those characteristic of SnO2, all peaks 
shifted slightly to the right after impregna- 
tion (larger angle or smaller lattice parame- 
ter) with respect to pure SnO 2 (Figs. 1 and 

2). The magnitude of the shift depended on 
the quantity of Sb ions in the sample; 
namely, the greater the quantity of Sb ions, 
the larger the shift (compare Fig. 1 with Fig. 
2). In addition, the peaks became slightly 
broader and slightly asymmetrical. The shift 
of peak position decreased after reaction 
(compare the spectra before and after reac- 
tion). For ½Sb/SnO2, the spectrum after re- 
action is almost identical to that of pure 
S n O  2 . 

1.3. ll9Sn MOssbauer Spectroscopy 

Due to the low quantity of SnO2 (only 
1.2 wt%) in the 1SnZ+/Sb204 sample, the 
M~ssbauer spectrum was not as good as that 
of pure SnO2, although it had been accumu- 
lated for almost 3 days. Nevertheless, the 
llgSn Mfssbauer spectrum after the cata- 
lytic test showed only the presence of pure 
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FIG. 2. X-ray diffraction spectra for 2Sb/SnO 2, (a) SnO2, (b) 2Sb/SnO2, and (c) 2Sb/SnOz after reaction. 

SnO2 (Fig. 3) with IS = 0.02 mm/s and QS 
= 0.70 mm/s. 

1 . 4 .  E l e c t r o n  M i c r o s c o p y  

Figures 4 and 5 present SEM pictures for 
1SnZ+/Sb204 and 1Sb/SnO 2, respectively. 

la 

231 

7.27 , ; , 
-8.0 -4.0 0 4.0 8.0 

FIG. 3. llgsn MGssbauer spectrum for ISn2+/Sb204 
after reaction (IS = 0.02, QS = 0.70 mm/s). 

Compared with pure support oxides, no 
change has been observed from the point of 
view of surface morphology. This conclu- 
sion is valid even for the samples that had 
been used for catalysis. 

The AEM spectra taken from 1Sn2+/ 
SbzO4 and 1Sb/SnO2 samples, respectively, 
are reported in Figs. 6 and 7. Within the 
sensitivity limits of the method, only the 
pure support oxides were detected in each 
case. The same conclusion has been reached 
for the samples after the catalytic test. 

1 . 5 .  E S R  

For the Sn/Sb204 samples, no ESR signal 
was observed for either the fresh or the used 
samples. However, a small signal with 
g = 1.8733 was observed for 1Sb/SnOz. 
The interesting point was that this signal 
decreased greatly (by almost 60%) after the 
sample had been used catalytically. 
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FIG. 4. SEM micrograph for 1Sn/Sb204. 

FIG. 5. SEM micrograph for 1Sb/SnO2. 
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TABLE 2 

XPS Results for Sb204 Impregnated by Sn 4+ Ions 

Samples CsnlCsi Csb/Csi rxPs.Sn 
[Sn/(Sb + Sn)] 

½Sn4+/Sb204 0.019 0.200 0.084 
½Sn4+/Sb204 (after test) 0.015 0.205 0.068 
lSn4+/Sb204 0.046 0.209 0.180 
1Sn4+/Sb204 (after test) 0.032 0.202 0.137 
1Sng+/Sb204 (400°C 6 h) 0.033 0.204 0.139 
lSn4+/Sb204 (400°C 6 h + 0.032 0.204 0.136 

after tes0 
2Sn4+/Sb204 0.064 0.169 0.275 
2Sn4+/Sb204 (after test) 0.052 0.175 0.229 

FIG. 6. AEM spectrum taken from 1Sn/Sb204. 

1.6. XPS 
(i) S n / S b 2 0 4  . The binding energy values 

for Sn3ds/2 a n d  Sb3d3/2 are 486.8 -+ 0.2 eV and 
540.0 -+ 0.2 eV, respectively, for all sam- 
ples. This corresponds to the values charac- 
teristic of pure oxides S n O  2 and Sb204 

(17-19). 
The value given for Sb3d3/2 is an average 

of Sb(III)3d3:2 and Sb(V)3d3:2. Our Vacuum 
Generators ESCA-3, as explained in Part I 
(1), does not permit us to distinguish with 
confidence the Sb3d3/z lines of Sb(III) (539.6 
eV) and Sb(V) (540.1 eV) due to the differ- 
ence of charging effect of the two phases. 
We have tried to use the Auger parameter 

13 

Sn 

K 1 /~ K2 
P, 

KeV 

FIG. 7. AEM spectrum taken from 1Sb/SnO 2. 

( g k X P S  - -  g k A u g e r ) ,  which is insensitive to 
charge effects. Unfortunately, the Auger pa- 
rameters are almost identical. 

Table 2 presents the apparent relative 
concentrations Csn/Csi, Csb/Csi, and the 
surface composition index rxps.s, [Sn/(Sn + 
Sb)] for fresh and used samples, Sn4+/ 
Sb204 . The results for 1Sn 2 + / S b 2 0 4  are not 
presented because they are similar to those 
of 1Sn4+/Sb204  . From this table, it can be 
deduced that a large apparent concentration 
of Sn is present on the surface, representing 
almost 18% (rxps-sn × 100%) for fresh 
1Sn4+/Sb204 . Csn/Csi increases, while CSb/ 
Csi decreases slightly when the quantity of 
impregnated Sn 4+ increases; rxps.s~ also in- 
creases with increasing S n  4+ . In all cases, 
CsJCsi decreases greatly after catalytic re- 
action (e.g., 30% for 1Sn4+/Sb204) while 
Csb/Csi remains almost constant; rxvs.sn [ S n /  
(Sb + Sn)] decreases after the catalytic re- 
action. 

For 1Sn4+/Sb204  after calcination at 
400°C for 6 h, we observed the same diminu- 
tion of rxps-sn, indicating that the decrease 
in the Sn signal can also be provoked by 
thermal calcination. If this calcined sample 
(400°C, 6 h) was subsequently subjected to 
a catalytic test, however, almost no further 
diminution was observed. 

Figure 8 shows the XPS intensity ratios 
(Isn/ISb) as  a function of the theoretical num- 
ber of SnO 2 monolayers on Sb204 for the 
fresh and used samples. For comparison, 
the theoretical IsJIsb values for monolayer 
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FIG. 8. XPS intensity ratio Isn/Isb as a function of the 
theoretical number  of  SnO2 monolayers for the Sn/ 
Sb204 samples. 

FIG. 9. XPS intensity ratio lsb/ISn a s  a function of the 
theoretical number  of Sb204 monolayers for the Sb/ 
SnO2 samples. 

formation when SnO 2 loading is lower than 
one monolayer are also presented. From 
this figure, conclusions the same as those 
taken from Table 2 can be obtained, namely 
that the Sn XPS signal increases with the 
Sn 4÷ quantity added and this signal de- 
creases very significantly after reaction. An- 
other interesting observation from this fig- 
ure is that the experimental Isn/ISb values 
are much lower than those given by theory 
for effective monolayer formation. 

(ii) S b / S n O  2 . The binding energies for 
Sn3ds/2 and Sb3d3/2 are identical, to a precision 
of -+0.2 eV, in all samples and correspond 
to those characteristic of the SnO 2 and 
Sb204 pure oxides. 

Table 3 shows the apparent relative con- 

T A B L E 3  

XPS Results for SnO2 Impregnated by Sb Ions 

Samples Cs./Csi Csb/Csi rxes-s~ 
[Sb/(Sn + Sb)l 

½Sb/SnO 2 0.544 0.071 O. 115 
½Sb/Sn02 (after test) 0.300 0.037 O. 110 
½Sb/SnO 2 (test + reg.) ~ 0 .546  0.038 0.065 
1Sb/SnO 2 0.468 0.123 0.208 
1Sb/SnO 2 (after test) 0.375 0.039 0.094 
1Sb/SnO2 (test + reg.) 0 . 4 6 0  0.046 0.091 
2Sb/SnO 2 0.377 0.176 0.318 
2Sb/SnO: (after test) 0.162 0.142 0.467 
2Sb/SnO2 (test + reg.) 0 . 3 8 0  0.152 0.286 

" Reg. means the calcination in air at 400°C for 20 h. 

centrations Csn/Cs i ,  Csb/Csi, and the sur- 
face composition index rxPs-sb [Sb/(Sn + 
Sb)] for this system. Sb is observed for all 
samples (presenting almost 20% (rxPs_s6 x 
100%) of the surface for ISb/SnO2), and 
Csb/Csi  increases with the quantity of Sb 
added during preparation. For the samples 
after catalytic reaction, not only Csb/Csi  but 
Csn/Csi  also decreases greatly. The Cls peak 
also increases. However, when the samples 
were calcined, the Sn apparent relative con- 
centration almost regained its initial value. 
Therefore, if we return to Sb and compare 
the rxPS.Sb values for the fresh samples and 
those measured after reaction and calcina- 
tion (namely, if we eliminate the influence 
of the deposition of coke on the XPS re- 
sults), we can conclude that rxPs.Sb [Sb/ 
(Sn + Sb)] diminishes after reaction for all 
samples. 

Figure 9 shows the XPS intensity ratio 
Isb/Is. as a function of the quantity of Sb 
deposited on SnO 2 , expressed as the theo- 
retical number of monolayers. The theoreti- 
cal values for loadings lower than 1 mono- 
layer (calculated with Eq. (1)), and the 
experimental results for fresh samples and 
for used ones after calcination (in order to 
avoid the influence of coke) are shown. It 
can be observed that the experimental curve 
for fresh samples deviates from the theoreti- 
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FIG. 10. Catalytic activity and selectivity as a func- 
tion of reaction time for 1Sn2+/Sb204 at 400°C. 

cal one at the beginning. The ISb/Is, values 
decrease after catalytic reaction. 

2. CATALYTIC ACTIVITY 

2.1. Sb204 Impregnated by Sn 2÷ or Sn 4+ 

(a) Change of  the catalytic activity with 
time-on-stream. Figure 10 presents the vari- 
ations of the overall conversion of isobu- 
tene, methacrolein yield, and selectivity as 
a function of time-on-stream at 400°C for 
1Sn2÷/Sb204 . It can be observed that the 
overall conversion decreases, while metha- 
crolein yield and selectivity increase pro- 
gressively with the reaction time. After 
about 2 h of working, the catalytic activity 
and selectivity remain constant. 

In order to investigate whether the depen- 
dence of the activity and selectivity on time 
for 1Sn2÷/Sb204 was due to the oxidation of 
Sn 2+ to Sn 4+ , Sn4+/Sb204 samples were also 
tested. The catalytic activity and selectivity 
for 1Sn4÷/Sb204 are presented in Fig. 11. 
Almost the same behavior is observed; 
namely, the methacrolein yield and selectiv- 
ity increase while the isobutene conversion 
decreases with reaction time for the first 2 h 
of working. Thereafter they are independent 

of reaction time. A similar behavior has 
been observed for the other samples, com- 
posed of Sn 4+ impregnated on Sb204. The 
variation of the catalytic activity of the sam- 
ples as a function of reaction time depends 
on the Sn 4÷ quantity added. The higher the 
Sn 4÷ content, the longer it took to attain a 
stable activity. 

ff another portion of I S n 4 +/Sb204 was cal- 
cined at 400°C for 6 h and was subsequently 
tested, the activity and selectivity (metha- 
crolein yield = 2.9% and selectivity = 48%, 
values that are equal to those of 1Sn4+/ 
Sb204 after stabilization of activity) were 
independent of reaction time. 

(b) Influence o f  the quantity o f  impreg- 
nated Sn 4+. Figure 12 presents the station- 
ary catalytic activity and selectivity, i.e., 
after at least 2 h of work, as a function of 
the Sn 4÷ quantity added. It can be observed 
that the catalytic activity (conversion and 
yield) increases while the selectivity to 
methacrolein decreases when the Sn 4+ 
quantity increases. The methacrolein yield 
for 2Sn4+/Sb204 is almost equal to that of 
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FIG. 11. Catalytic activity and selectivity as a func- 
tion of reaction time for lSn4+/Sb204 at 400°C. 
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FIG. 12. Influence of the quantity of impregnated 
Sn 4+ on the catalytic activity and selectivity of Sn4+/ 
Sb204 at 400°C. 

the best mechanical mixture SnO2(I)-Sb204 
R m = 0.5 (noted as M~0) (1) but with a much 
better selectivity (45% for 2Sn 4-/Sb204 and 
25% for M~0). 

2.2. Sn02 Impregnated by Sb  3+ and Sb 5÷ 

(a) Change of catalytic activity with time- 
on-stream. Figure 13 shows the variation 
of methacrolein yield and selectivity with 
reaction time at 400°C. Both yield and selec- 
tivity are independent of reaction time. The 
same behavior has been observed for the 
other Sb/SnO2 samples. 

(b) Influence of the quantity of  impreg- 
nated Sb ions. Figures 14a, 14b, and 14c 
present the variation of the overall conver- 
sion of isobutene, methacrolein yield, and 
selectivity with the theoretical number of 
Sb204 monolayers on SnO2 at 400 and 
420°C, respectively (the results of pure 
SnO2 were obtained using 400 mg then 
multiplying by 2 for conversion and yield 
(1)). 

Compared with pure SnO2, the impreg- 

nation of Sb ions first strongly decreases 
the overall conversion, but the addition of 
increasing amounts of Sb ions leads to a 
progressive recovery of conversion (Fig. 
14a), 

The methacrolein yield (Fig. 14b) and se- 
lectivity (Fig. 14c) increase with the quan- 
tity of Sb ions on the SnO2 surface. Yields 
and selectivities are higher at higher reac- 
tion temperatures. 

It is interesting to note that 2Sb/SnO2 
gives almost the same conversion as pure 
SnO2, while the methacrolein yield is al- 
most 20 times greater! The methacrolein 
yield and selectivity of 1Sb/SnO2 are com- 
parable to that of the best mechanical 
mixture M[0 (1). 

DISCUSSION 

The activity results show that the cata- 
lytic properties of SnO2 o r  Sb204 can be 
greatly improved by impregnation with a 
small amount of the other metallic ions. 

The discussion must follow the same gen- 
eral lines as that of the previous article (1), 
because the issues are fundamentally simi- 
lar. It will be necessary, in particular, to 
reexamine the possibility of mutual contam- 
ination of the phases, or formation of a solid 
solution. The possibility that a remote con- 
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FIG. 13. Catalytic activity and selectivity as a func- 
tion of reaction time for ISb/SnO2. 
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FIG. 14a. Isobutene conversion at 400°C and 420°C 
as a function of the quantity of Sb impregnated. 

trol operates will be considered carefully. 
Indeed, if the artificially created contamina- 
tion layer breaks down during catalytic reac- 
tion, small crystallites of the oxide of the 
impregnated element in very close contact 
with the "support"  will form, and theoreti- 
cally very favorable conditions would exist 
for transfer of spillover species between 
these phases. 
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FIG. 14b. Methacrolein yield at 400°C and 420°C as 
a function of the quantity of Sb impregnated. 
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FIG. 14c. Methacrolein selectivity at 400°C and 420°C 
as a function of the quantity of Sb impregnated. 

1. ARCHITECTURE OF THE 
IMPREGNATED CATALYSTS 

1.1. Monolayer Formation 

As mentioned in the experimental part, 
the impregnation method was employed in 
an attempt to form a layer of molecular 
thickness of one oxide over the other. The 
question is whether this layer (monolayer or 
fraction of a monolayer) was really formed. 

Demonstrating the formation of a mono- 
layer is not an easy task because of the low 
quantity of impregnated oxide (due to the 
low surface area of support oxide). The only 
technique useful for detecting the covering 
of an oxide by foreign elements is, in our 
case, XPS. For Sn/Sb204, the experimental 
values of ISn/Isb are much smaller than those 
given by the theoretical calculation for 
monolayer formation (Fig. 8), indicating 
that Sn does not spread as a layer of one 
molecule thickness over Sb204. The XPS 
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data, however, do not exclude that an im- 
perfect contamination layer could form, 
e.g., that small crystallites, thicker than a 
monolayer, could adhere relatively strongly 
to the surface. After catalytic work (or ther- 
mal calcination), however, rxvs.s. [Sn/ 
(Sn + Sb)] decreases greatly. This indicates 
that this imperfect layer (if it exists) 
"shrinks" extensively, leaving free much 
more of the Sb204 surface. A similar conclu- 
sion can be obtained from Fig. 9 and Table 3 
for the other samples; namely, Sb/SnO2 : Sb 
does not form a perfect monolayer over 
SnOz and the Sb ions leave free a large part 
of the surface of SnO~ during reaction, 

1.2. Formation o f  a Solid Solution 

For SbzO4 impregnated by Sn ions, XRD 
shows no shift of the peak position and no 
signal is observed by ESR in any sample. 
This shows that, within the sensitivity limit 
of the technique, no solid solution is formed 
during either preparation or catalytic re- 
action. 

For SnO2 impregnated by Sb ions, how- 
ever, XRD measurements show that the 
SnO2 peak positions shift to the right (higher 
angle) after impregnation. This indicates 
that some Sb 5÷ ions are dissolved into SnOz. 
We observed an ESR signal at g = 1.8733 
for sample 1Sb/SnO 2. This confirms that 
Sb 5÷ ions are dissolved in SnO2 (9). The 
small enlargement and the asymmetry of 
the XRD peaks indicate, in addition, that 
the composition of Sb on SnOz is heteroge- 
neous. This is understandable: the top lay- 
ers of SnO2 have dissolved Sb, whereas the 
core remains unaltered, and this corre- 
sponds to different lattice spacings. More 
Sb 5+ ions are incorporated into SnO 2 when 
the Sb loading is increased (greater shift to 
a higher reflection angle, i.e., smaller lattice 
parameter). 

An important phenomenon is that the shift 
of the SnO 2 lines decreases and the peaks 
become more symmetrical after reaction. 
This may be the consequence of two possi- 
ble processes: (i) homogenization of the dis- 
solved Sb ions or (ii) segregation of the dis- 

solved Sb ions from SnO2. The latter is more 
plausible because the ESR signal corre- 
sponding to the dissolution of Sb 5÷ in SnO2 
decreases. The conclusion is that Sb 5÷ ions 
can be dissolved into the SnO2 lattice during 
preparation, but that they migrate to the sur- 
face of SnO2 and segregate during the cata- 
lytic test. In addition, the Sb/(Sb + Sn) ratio 
decreases after reaction. This shows that 
the impregnated ions crystallize with a loss 
of dispersion to antimony oxide during the 
catalytic reaction. 

1.3. Evolution o f  the Architecture o f  the 
Catalysts during the Catalytic Reaction: 
Formation of  Small Crystallites o f  
Deposited Phase 

(i) Sn/Sb204. For Sb204 impregnated by 
Sn 2+ or Sn 4+, the fact that rxPs.Sn [Sn/ 
(Sb + Sn)] decreases indicates that the ox- 
ide containing the impregnated Sn ions 
(Sn 2+ or Sn 4+) loses dispersion during the 
catalytic reaction or thermal calcination. 
We can thus expect to have indications of 
the formation of small crystallites of the 
SnO2 phase. Indeed, we observe a ll9Sn 
Mrssbauer spectrum characteristic of SnO2 
for 1 Sn 2+/Sb204 after reaction. In addition, 
if SnO2 is spread as a monolayer, or thin 
layers, the BET surface area of the impreg- 
nated Sb204 should remain essentially the 
same as that of pure Sb204, but the forma- 
tion of the small crystallites should corre- 
spond to the creation of a new surface area. 
This is indeed what we observe (Table 1). 
The fact that we cannot observe the pres- 
ence of SnO2 crystallites in SEM is due to 
the fact that the crystallites are too small, as 
could be expected from the fact that they 
create an appreciable surface area. 

One can thus summarize the evolution of 
the architecutre of Sn/Sb204 system as rep- 
resented in Fig. 15a. 

(ii) Sb/SnO 2 . The situation of Sb/SnO2 is 
more complicated owing to the formation of 
a solid solution. However, similar observa- 
tions have been made, namely that rxPS_Sb 
[Sb/(Sn + Sb)] decreases, and the BET sur- 
face increases after reaction. Taking into 
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account the results presented and discussed 
above, the evolution of the architecture of 
this system can be summarized as repre- 
sented as in Fig. 15b. 

Our results agree with two sets of results 
published in the literature. Sb ions tend to 
migrate toward the surface of SnO2 samples 
doped with Sb (<5 at.%) calcined at ex- 
tremely high temperature (oxide coating in 
ceramics) as shown by Auger spectroscopy, 
XPS, UPS, and HREELS (20, 21). Simi- 
larly, Volta et al. (22) studied SnO 2 impreg- 
nated by Sb ions and calcined at 500°C. On 
the basis of electrical conductivity measure- 
ments, the authors concluded that only a 
small amount of impregnated Sb ions was 
incorporated into SnO2 to form a solid solu- 
tion; using IR spectroscopy they found that 
an antimony compound was present as a 
deposit on SnO2. 

In conclusion, the impregnated catalysts 
tend to segregate to form two-phase cata- 
lysts. This is true even when some solid 
solution is formed. A similar conclusion has 
been obtained for the M o O 3 - S b 2 0 4  system 
(except that there is no solid solution) (23). 
Taking also into account the results ob- 
tained with the mechanical mixtures (1, 23), 
our conclusion is that the stable thermody- 
namic state at reaction temperature and un- 

der the reaction conditions corresponds to 
the existence of biphasic catalysts ( M o O  3 

+ Sb204 and SnO2 + Sb204 or SbxSnl_xO2 
(solid solution) + Sb204). This is a situation 
completely different from that of systems 
such as V2Os-TiO2, VzOs-ZrO2, V2Os- 
A1203, MoO3-TiO2, M o O 3 - C o 3 0 4 ,  and 
MoO3-Mn203 (24, 25), where a spontaneous 
contamination takes place. 

2. CORRELATION OF ACTIVITY WITH THE 

ARCHITECTURE AND PHYSICO-CHEMICAL 

PROPERTIES OF THE CATALYSTS 

(1) Sn/Sb204 

With Sn/Sb204 the methacrolein yield and 
selectivity increase while conversion de- 
creases during the first 2 h of working (Figs. 
10 and 11). The stable activity of Sn/SbzOa 
samples (after 2 h of working) corresponds 
to catalysts composed of small crystallites 
of SnO2 on the surface of Sb204 . 

Supposing that the synergy is due to con- 
tamination, we should observe a decrease of 
catalytic activity during catalytic reaction. 
This goes against our experimental results. 
On the other hand, 2Sn/Sb2Oo, whose Sn 
content is two times greater than that neces- 
sary to form a monolayer, shows catalytic 
properties much better than those of 1Sn/ 
Sb204 . This suggests that the origin of activ- 
ity is not monolayer formation (or minute 
contamination). No solid solution was de- 
tected. The increase of activity is linked to 
the formation of separate SnO 2 crystallites. 
This effect corresponds to what would be 
expected ifa remote control effect operated: 
small crystallites of the active phase (ac- 
c e p t o r  : SnO2) must be formed, and a suffi- 
cient surface area of the donor (Sb204)  must 
be set free for producing spillover oxygen. 

(2) Sb/SnO 2 

The situation with S b / S n O  2 is different. 
The catalytic activity is independent of reac- 
tion time. The stable activity corresponds 
to a catalyst composed of small crystallites 
of antimony oxide on the surface of S n O  2 
and a small amount of solid solution. Similar 
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to the other system, we observe an evolu- 
tion of the architecture of the catalysts dur- 
ing the reaction. A dependence of catalytic 
activity on reaction time should normally be 
observed. The surprising results we ob- 
served may be explained if we suppose that 
this evolution is very rapid or even takes 
place during the preheating of the catalyst. 

There is no doubt that antimony oxide 
segregates during reaction. The problem is 
whether the small amount of solid solution 
that remains could explain the good activity 
and selectivity of the Sb/SnO2 catalysts. 
The solid solution has been proposed by 
Godin et al. (26) to be the active phase in 
their coprecipitated Sn-Sb-O catalysts. 
However, the validity of this assumption 
has not yet been totally proven (27, 28) and 
is indeed seriously questioned (29). In our 
case, the assumption that the solid solution 
(Sb 5+ dissolved in SnO2) constitutes the ac- 
tive phase in Sb/SnO2 system cannot be ab- 
solutely ruled out. However, this explana- 
tion faces serious objections. On one hand, 
the characterization results with XRD and 
ESR show that the solid solution formed 
during impregnation is not stable during the 
catalytic reaction, namely that Sb 5 + ions mi- 
grate to the surface. On the other hand, if 
we compare the methacrolein yield of ¼Sb/ 
SnO2 with that of 2Sb/SnO2, we come to the 
conclusion that the improvement of metha- 
crolein yield depends on the increase of the 
amount of segregated antimony oxide rather 
than on the number of Sb 5÷ ions associated 
with SnO2. 

The stable state of this system corre- 
sponds to the existence of two phases, either 
SbxOy + SnO 2 or SbxOy + SbxSnl_xO 2 
(solid solution). It is thus logical to consider 
the cooperation between these phases when 
trying to identify the origin of the synergy. 
Part III of this series (30) dealing with a solid 
solution (e.g., 5 at.% of Sb) prepared by the 
coprecipitation method, and mixed mechan- 
ically with pure Sb204 , prepared separately, 
will show that a conspicuous synergy still 
exists. This will indicate that, even if the 

solid solution is considered as important, 
phase cooperation does play an additional 
role, thus strengthening the present conclu- 
sions. 

3. DETAILED EXPLANATION OF THE 
CATALYTIC ACTIVITY RESULTS WITHIN 

THE FRAMEWORK OF THE REMOTE 
CONTROL MECHANISM 

The existence of two separate phases in 
the catalysts that have adjusted their archi- 
tecture during the catalytic reaction lead us 
naturally to present the remote control as 
the explanation of the catalytic perfor- 
mances improvement (selectivity and yield 
in methacrolein), as we did in other cases of 
two-phase catalysts [e.g., Refs. (1, 23)]. 

Concerning Sn/Sb204 catalysts, we indi- 
cated above that the increase of Sn content 
(namely of sites potentially active if prop- 
erly irrigated by spillover oxygen) and/or 
the fact that the surface of Sb204 became 
free (namely able to produce spillover oxy- 
gen) were two favorable factors for a better 
and more efficiently activated ("con- 
trolled") catalyst to be formed (Figs. 
10-12). The same conclusion can be reached 
with Sb/SnO2, without having to decide 
for the moment whether SnO2 or the 
SbxSnl_xO2 solid solution is the acceptor. 

In comparison with the mechanical mix- 
tures discussed in Ref. (1), the impregnated 
catalysts possess surprisingly high perfor- 
mances. For instance, the methacrolein 
yield with 1Sb/SnO2 is comparable to that 
of the best mechanical mixture M~0, al- 
though the amount of Sb is very small 
(4 wt%). It is interesting to see whether a 
comparison of the surface areas developed 
by each phase in these two categories of 
catalysts, in the light of the remote control 
mechanism, could explain, qualitatively at 
least, the results. Let us compare the results 
of the best mechanical mixture, M~0, with 
those of 1Sn/Sb204 (Table 4). For that, it is 
necessary to estimate the size of the SnO2 
crystallites in 1Sn/Sb204. The length (c) of 
the edge of the SnO 2 crystallites (supposed 
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TABLE 4 

Comparison of the Physico-chemical Characteristics and Catalytic Activity between M~0 and ISn/Sb204 

Sample Physico-chemical characteristics Catalytic activity 

SnO 2 Method Cubic Specific Total Total Yield Selectivity 
wt% length of surface of surface of surface of (%) (%) 

Sn02 Sn02 SnO 2 Sb204 
(nm) (m 2 g-l) (m 2 g-l) (m 2 g-l) 

ISn/Sb204 1.2 XPS 5.5 157.0 1.88 2.00 2.9 48 
1.2 BET 83.0 1.00 2.00 2.9 48 

M~0 50.0 BET 12.6 6.30 1.00 5.0 25 

to be cubic) can be calculated from the XPS 
results, using Eq. (2). The specific surface 
area and total surface area for these crys- 
tallites are calculated both from their size 
c and from the BET surface area results, 
assuming that the difference of the surface 
area before and after catalytic reaction is 
due to the contribution of the surface area 
developed by the SnO2 crystallites (Table 
1). SnO2 develops a surface area in 1Sn/ 
Sb204 lower (between 1 and 1.9 m 2 g- 1) than 
that in M~0 (6.3 m 2 g-1). It is thus not sur- 
prising that the yield in methacrolein is 
smaller in absolute value. However, per unit 
surface area it is 2 to 3.5 times higher (2.9 : 1 
or 2.9:1.9 compared to 5:6.3); namely, 
SnO2 carries more selective centers. There 
is approximately twice as much free Sb204 
surface in 1Sn/Sb204 as in M~0. Conse- 
quently, more spillover oxygen is available. 
In addition, the crystallites of SnO 2 are 
much smaller, and spillover oxygen can 
more easily reach all their surface. The sur- 
face of SnO 2 is better irrigated with spillover 
oxygen, resulting in a larger proportion of 
the sites being selective (last column of Ta- 
ble 4). Similar arguments could be devel- 
oped to explain the good methacrolein 
yields and selectivity obtained with Sb/ 
SnOz. 

This simple calculation shows that the re- 
sults are those that would be expected if a 
remote control operates. 

In conclusion, although we cannot abso- 

lutely exclude the possibility that a minute 
contamination or the formation of a solid 
solution could explain part of the observed 
effects, there are strong arguments for be- 
lieving that a cooperation between different 
phases takes place, and that this coopera- 
tion is a remote control. 

CONCLUSIONS 

• The catalytic properties of SnO2 or 
Sb204 can be greatly improved by impreg- 
nating a small amount of the cation belong- 
ing to the other oxide (Sb3+/Sb 5÷ for SnO2 
and Sn 2+ or Sn 4+ for 8b204). 

• A small amount of Sb 5 + ions can be dis- 
solved in SnOz in Sb/SnO2 catalysts. How- 
ever, these ions migrate to the surface dur- 
ing the catalytic oxidation of isobutene. 

• For both Sb/SnO 2 and Sn/Sb204, the 
impregnated ions tend to crystallize on the 
oxide support. The result is the formation 
of two-phase catalysts during the catalytic 
reaction. 

• These results and the comparison be- 
tween the catalytic activities of the catalyst 
and the surface areas developed, respec- 
tively, by each phase in the impregnated 
catalysts and the mechanical mixtures are 
consistent with the existence of a remote 
control mechanism. 
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