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The mixed oxides of antimony with Sn, Fe, Co, Ni, Mn, Zn, U, Ce, and Cd were 
prepared and characterized by means of spectroscopic techniques. Fe, Co, Ni, Mn, Zn, Cd 
and, partially, U were found to form well-defined compounds with Sb oxide. The mixed 
oxides were tested as catalysts in the I-butene oxidation. They showed a very different 
activity but about the same selectivity to butadiene suggesting that the active sites are the 
same for all compounds. It is proposed that the oxidative dehydrogenation properties of the 
catalysts are due to two “gem” Sb”+=O groups and that the role of the second metal is to 
adsorb the gaseous oxygen to reoxidize the reduced antimony ions. This reoxidation mecha- 
nism can be presented only by mixed oxides showing a particular structure. 

INTRODUCTION 

In a previous note (I) we reported on 
the structure and on the properties of Bi- 
molybdates, which are well known and 
widely used oxidation catalysts. These 
compounds have been largely employed in 
the industrial acrylonitrile synthesis for 
which, in the last 15 yr, also several mixed 
antimony oxides, such as Sn-Sb, U-Sb 
and Fe-Sb oxides, came into use. The 
mixed oxides of antimony with many other 
metals were further patented as oxidation 
catalysts (2). Several papers have been 
published to explain the properties of these 
systems: in a previous work we have pro- 
posed that the catalytic activity of a Sn-Sb 
oxide catalyst can be due to its particular 
controlled-valence semiconductor charac- 
ter, which leads to stabilization of Sb5+ 
ions without introducing lattice defects (3). 
For the system U-Sb-0 Grasselli and co- 
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workers have observed that a well-defined 
compound, USb3010, is responsible for its 
good catalytic properties (4,5). Also for 
the system Fe-Sb it has been observed, by 
Boreskov et al. (6), that catalytic activity 
can be attributed to a well-defined com- 
pound, FeSbO,. In this work we have 
examined several antimony-based mixed 
oxides in order to investigate their dif- 
ferent or similar properties and the role of 
the antimony and of the added metals. 

EXPERIMENTAL METHODS 

Preparation of Catalysts 

A pure antimony oxide was prepared by 
hydrolyzing 1 part by weight of SbCl, in 
10 parts of deionized water. The resulting 
suspension was then neutralized with 
ammonia, filtered and dried. The white 
compound obtained was calcined at 350°C 
for 2 hr. A part of it was then suspended in 
water, dried on a rotating evaporator and 
calcined at 500°C for 15 hr and at 900°C 
for 1 hr. The mixed oxides were prepared 
by suspending the required quantity of the 
pure antimony oxide (calcined at 35O’C) 
in an aqueous solution of Fe(NO,),. 
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MIXED ANTIMONY OXIDE CATALYSTS 3 

9H,O, Co(NO,),.H,O, Ni(NO&. 
6H,O, Zn(NO,&.6H,O, Cd(NO,),.4H,O, 
Mn(NO,),.4H,O, SnCl,.2H,O, CeCl,. 
7H20 and NqUOI, respectively. In the 
case of Sn, Ce and U the solution was 
slightly nitric. In all cases the atomic ratio 
Me/Sb was 1 :4. We have chosen this ratio 
because in preliminary experiments and 
also from the literature (6,7), some of the 
investigated catalysts (Fe, Ni, Co and 
Sn-Sb) showed low selectivity and high 
conversions to carbon dioxide when pre- 
pared with ratios Me/Sb > 1 : 2.2. The Sb 
oxide excess was a precaution to avoid the 
presence of free oxides Fe,O,, Co,O,, 
NiO, well known as total combustion cata- 
lysts. The suspensions were then dried 
under vacuum in a rotating evaporator to 
produce a homogeneous distribution of the 
two ions. The compounds obtained were 
then calcined at 110°C for 2 hr, at 500°C 
for 15 hr and at 900°C for 1 hr. 

X-Ray Powder Data 

X-Ray diffraction patterns were re- 
corded with a Geiger counter Philips spec- 
trogoniometer with Cu-Ka radiation. 

Infrared Spectra 

Infrared spectra were recorded with a 
Perkin-Elmer Model 457 spectropho- 
tometer using the KBr disc technique. 

Determination of Surface Area 

The surface area of the catalysts was 
measured by adsorption of n-butanol in a 
Microscale Mk.11 flow microcalorimeter 
with the technique reported in Ref. (8). 

Measurements of Catalytic Activity 

The catalytic activity was measured for 
the reaction of oxidation and isomerization 
of I-butene. Some measurements were 
carried out at low temperature (250°C) in a 
batch reactor as in Ref. (9) using 1 g of 
catalyst and 5% of 1-butene in air. Mea- 
surements at high temperatures were car- 
ried out in a flow microreactor of quartz. 

The used quantity of catalyst was 1 g, the 
reactant gas stream was a I-butene (2% by 
volume)-air mixture and the contact time 
was 1 sec. In both cases the analysis of 
reaction products was carried out by a C. 
Erba Fractovap C gas chromatograph, 
equipped with two columns: the first, 
8.5 m long, filled with dimethylsulpholane 
on Chromosorb P, to separate air, C02, l- 
butene, trans-2-butene, cis-2-butene and 
butadiene; the second, 0.70 m long, filled 
with molecular sieves, to separate 02, Nz 
and CO. 

--I a 

so0 700 500 go 
cm 

FIG. 1. Infrared spectra of the catalysts calcined at 
900°C for I hr: (a) Sb oxide, (b) Fe-Sb, (c) Co-Sb, 
(d) Ni-Sb, (e) Mn-Sb, (f) Zn-Sb, (g) Sn-Sb, (h) 
Cd-Sb, (i) Ce-Sb, (I) U-Sb. 
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RESULTS 

In Table 1 the X-ray data of the dif- 
ferent investigated catalysts are reported. 
In Table 1 one can observe that the X-ray 
pattern of antimony oxide, calcined at 
350°C corresponds to that reported for 
Sb,Os (10). The pattern of pure Sb oxide 
calcined at 900°C corresponds, on the con- 
trary, to that reported for a-SbzO, (ZO), 
even if with different intensities (the most 
intense band is at 2.935, not at 3.07). The 
mixed oxides Ni-Sb, Co-Sb and Zn-Sb 
present the d values of the respective an- 
timonates NiSbzOe, CoSb,O,, ZnSb,O,, 
(20)‘of (Y and /3-Sb204. These antimonates 
are well-known compounds, showing a 
trirutile-type structure (1 I). The X-ray pat- 
tern of Fe-Sb presents the d values typical 
of a-SbzOd, in smaller amount of P-Sb204 
(ZO), and some other peaks that it is impos- 
sible to attribute to FeSb,O, (ZO), 
Fe,Sb,O, (10) or to FeSbO, (12) owing to 
the very small difference between the d 
values of the two antimonates. It is inter- 
esting to note that for Fe-Sb, and also for 
Zn-Sb, the most intense peak (d = 2.94) is 
attributable to a-SbzO, and not to the an- 
timonate. From the analogies between 
X-ray patterns of Mn-Sb and the above 
mixed oxides (peaks at 3.326; 2.595: 

1.745; 1.665) we consider that in our 
Mn-Sb-0 system a Mn2+ antimonate of 
the type MnSb,OG can be present. A com- 
pound of this type, showing a columbite 
structure, was reported by some authors 
[(II) and related references]. Also in this 
compound the peaks of (Y and @-Sb,04 are 
present. On the contrary, the X-ray pat- 
tern of Sn-Sb shows no presence of new 
compounds, but only of a-Sb204 with a 
little amount of /3-Sb,04. This fact agrees 
with what has been found by many authors 
(3,13,14). 

Some weak peaks of SnO, (at d = 3.350, 
2.367, 1.759) can also be observed. Cd-Sb 
shows the d values of the cadmium an- 
timonate Cd,Sb,O, (10) and some other 
peaks (at 3.08, 2.949, 2.536, 1.821, 1.74, 
1.542) that can be attributed to Sb20s (d 
values at 3.08, 2.96, 2.57, 1.81, 1.73, 
1.54). Also Cd,Sb,O, is a known com- 
pound showing a weberite-type structure 
(15). The mixed oxides U-Sb and Ce-Sb 
present only the d values characteristic of 
SbzO,. In Fig. 1 ‘the ir spectra of the 
oxides are reported. Pure antimony oxide 
calcined at 900°C which from X-ray anal- 
ysis was found to be cr-SbzOJ, shows at 
610 and 525 cm-’ the characteristic bands 
of this oxide (3). The mixed oxides Ni-Sb, 
Co-Sb and Zn-Sb show at 795, 700-720, 

TABLE 2 
ANALYTICAL AND SURFACE AREA DATA 

Catalyst Compounds observed 
Surface area 

Odg) 

Sb oxide 
350°C 
WC 

Fe-Sb 
Co-Sb 
Ni-Sb 
Mn-Sb 
Zn-Sb 
Sn-Sb 
U-Sb 
Ce-Sb 
Cd-Sb 

wSb*O, 

FeSbOe or Fe$b907 + o&go, + p-Sb,O, 
CoSb06 + a-S&O, + @Sb,O, 
NiSbO, + a-SblO, + /3-Sb,O, 
MnSbO, + a-Sb,Od + @SbO, 
ZnSb,OB + (Y-S~O~ + fi-Sb,O, 
cr-Sb,O, + /3-S&0, + SnOz (traces) 
S&O6 + UShOt (by ir analysis) 
=%Q 

39.3 

0.4 

11.8 
12.1 
13.2 
10.5 
5.45 
9.85 

22.7 
27.4 
29.4 
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630, 590,540-5 10 cm-‘, the typical bands 
of the antimonates Me2+Sb,0B (II) and 
some of a-Sb,O, (at 740, 440, 360 and 
290 cm-‘) in agreement with X-ray pat- 
terns. The mixed oxides Fe-Sb and 
Mn-Sb show ir spectra which are very 
similar to those of Ni, Co and Zn. Mn-Sb 
presents, in fact, some bands of Sb,O, (at 
740, 650, 610, 500, 440, 360 and 
290 cm-‘) and some others in the region of 
the antimonate bands (about 710, 580 and 
530 cm-‘). This fact supports the hy- 
pothesis, advanced on the basis of X-ray 
data, that in our Mn-Sb system an an- 
timonate of type MnSb,O, is present. 
The ir spectrum of Fe-Sb is very different 
from that reported for FeSbO, (1 I, 16). It 
shows, in fact, at 740, 650, 610, 440, 360, 
and 290 cm-‘, the typical bands of 
a-Sb204, and at 830, -700, 590 and 
5 10 cm-’ some new bands, present only in 
the spectra of the compound containing a 
Sb excess (17,18,19), which can be rea- 
sonably attributed to the antimonate, being 
very similar to those of Zn, Co and Ni an- 
timonate. These bands, nevertheless, are 
different from those of FeSbO,, localized 
at 675-660, 535-520 and 340-305 cm-’ 
(I 1,16). From this spectrum and from 
X-ray data, we can exclude the presence, 
in our Fe-Sb system, of FeSbO, and 
hypothesize the presence of Fe&SbpOT, re- 
ported by Grasselli (20) as a very active 
and selective oxidation catalyst, or of 
FeSb,O,, by analogy with Ni, Co and 
Zn-Sb. Sn-Sb presents an ir spectrum 
very similar to that reported for (Y and 
/3-Sb204 (3), without bands of new com- 
pounds, in agreement with X-ray data. The 
ir spectrum of U-Sb is very interesting; in 
fact, it accurately resembles that reported 
by Grasselli and Callahan (4) for the active 
phase USb3010, found by them in the 
system U-Sb-0. Since, from X-rays, the 
presence of this compound in our U-Sb 
was not detectable, we assume that it is 
present in small quantity. Ce-Sb and CdSb 
show ir spectra very similar to that of 
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Sb205 (3), in agreement with X-ray pattern 
data. All the results of chemical character- 
ization are reported in Table 2 together 
with the values of surface area. From 
Table 2 we can see that a-Sbz04 has a 
very low surface area, while SbzO, shows 
the highest one. Mixed oxides have values 
of surface area intermediate between these 
two. It is of interest to note that U-Sb, 
Ce-Sb and Cd-Sb, in which, from X-ray 
and ir analyses it appears that Sb205 is 
present, show surface area values higher 
than those of the other catalysts (about 25 
m2/g). 

Ni, Co, Mn and Sn mixed oxides. It is 
known that these oxides exhibit a high 
activity in bulk combustion of olefins (21). 
Since also in Zn-Sb and Cd-Sb a defined 
compound was observed, for them too it is 
possible to exclude the presence of the 
pure metal oxides. In the case of Ce and 
U, the free oxides must exist, as no de- 
fined compound (for Ce) or only a little 
amount (for U) were observed. It is inter- 
esting to note that the method of prepara- 

In Table 3, where the activity data of 
runs carried out in a batch reactor are 
reported, it is possible to observe that 
U-Sb and Sn-Sb are the catalysts giving 
the greatest amount of isomers, while 
Fe-Sb, Sn-Sb and also Ni-Sb, Co-Sb and 
Sb205 exhibit the highest oxidizing power. 
Sb204 was completely inactive also after 5 
hr of reaction, as already reported by us 
(3). In Figs. 2, 3 and 4 the amounts of bu- 
tadiene, 2-butenes and (CO + C02) 
formed in experiments carried out in the 
flow reactor are reported. From these it is 
possible to observe that the produced 
amounts of butadiene and carbon oxides 
change very much from one catalyst to the 
other, and that U-Sb and Sn-Sb are the 
only ones which show an appreciable for- 
mation of 2-butenes at these reaction con- 
ditions. All catalysts, particularly the most 
active ones, also give small amounts of 
other oxidized products, such as low 
molecular weight aldehydes. It is interest- 
ing to report that, in these runs, not only 
cr-Sb20r, but also Sb205, have proved to be 
inactive at all reaction temperatures. 

temperature “c 

DISCUSSION 

Chemical Characterization 

FIG. 2. Amounts of butadiene produced by the 
catalysts, calcined at 900°C for I hr, in flow reactor. 
Experimental conditions: 2% I-butene in air; weight 
of catalyst, 1 g; contact time, 1 sec. 

From the X-ray data, and from the high 
selectivity to butadiene shown by our cata- 
lysts, we can exclude the presence of the 

(8) Fe-Sb; 
(6) Co-Sb; 
0) Ni-Sb; 
(9) Mn-Sb: 

pure oxide of the added metal for the Fe, 

(0) Zn-Sb; 
(a) Sn-Sb; 
(0) U-Sb; 
(0) Ce-Sb; 

(a) Cd-Sb. 
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30 

temperature ‘C 

FIG. 3. Amounts of 2-butenes (cis + rrans) pro- 
duced by the catalysts, calcined at 900°C for 1 hr, in 
flow reactor. Experimental conditions and symbols as 
in Fig. I. 

tion we have used allows us to prepare the 
antimonates, or mixed antimony oxides, as 
Wells (15) asserts to be the exact denomi- 
nation, at lower temperatures than the one 
normally used [9OO”C for 1 hr rather than 
1000°C for 20 hr (15)], so reducing sin- 
tering. Very probably, the above phenome- 
non is due to the high surface area of the 
antimony oxide used in the preparation. It 
is known that a higher surface area in- 
volves a decrease in the temperature at 
which solid state reactions occur. Looking 
at Table 2 it is possible to make another 
interesting consideration. It is known that 
Sbz05 transforms into (Y and P-Sb,04 
during calcination at 900°C (3,22,23). 
The addition of Zn, Sn, Ni, Co, Mn and 
Fe oxides to Sb,Os does not influence this 
transformation; on the contrary, we can 
assert that their presence favors the partial 
transformation of (Y into /3-Sb204. In fact, 
pure antimony oxide calcined at the same 
conditions consists of pure &Sbp04, while 

250 300 350 400 450 
temperature ‘C 

FIG. 4. Amounts of carbon oxides (CO + CO,) 
produced by the catalysts, calcined at 900°C for I hr, 
in flow reactor. Experimental conditions and symbols 
as in Fig. I. 

not only a but also /3-Sb204 were detected 
in the mixed oxides by means of X-ray 
analysis. In the case of Cd, U and Ce, no 
(Y and P-Sb204 but still Sbz05 was ob- 
served; moreover, the surface area of 
these catalysts was very high (like Sb205). 
These oxides, therefore, must have a stabi- 
lization effect on the surface area and 
structure of Sbz05. At last consideration is 
that the antimony oxide, calcined at 
900°C is pure a-Sb204, different from 
what was found by us previously, where 
antimony oxide calcined at 900°C was 
found to be (Y and P-Sb204 (3). The forma- 
tion of pure a-Sb204 was probably favored 
by washing with water after calcination at 
350°C (see Experimental Methods), which 
is the only difference introduced in the 
preparation. 
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FIG. 5. 

Sn FO Zn Co Ni U Mn CO Cd 

Specific activity and selectivity of the catalysts at 370°C (-) and at 400°C (---). 

specific activity: 
butadiene + (CO + CO,)/4 moles/ml x 1O-8 

surface area mz ’ 

selectivity: 
butadiene 

butadiene + (CO + CO*)/4 
x loo. 

Catalytic Behavior in Batch Reactor 
This type of experiment was carried out 

to provide information both on the catalyst 
surface acidity, revealed by the formation 
of high amounts of 2-butenes at 25O”C, 
and on the initial stage of activity. From 
Table 3 one can observe that SbzO, is ac- 
tive in the oxidation and isomerization of 
I-butene, while Sb204 is inactive even 
after 5 hr of reaction. The fact that Cd and 
Ce-Sb mixed oxides, which contain Sb205 
(Table 2), give only very small amounts of 
butadiene and 2-butenes, suggests that 
Sb205 could be covered by Cd,Sb,O, and 
CeOz, respectively. This “wetting” of 
Sbz05 can explain the lack of transforma- 
tion to SbnO, during calcination at 900°C 

and perhaps also the stabilization of its 
surface area. In the case of U-Sb the ob- 
served activity can be attributed either to 
the USb,O,, or to the free Sb,O,. Never- 
theless, also in this case it is possible to 
hypothesize a “wetting” of Sb,05 by ura- 
nium oxide to explain the lack of transfor- 
mation to Sbz04 during high temperature 
treatment. 

Catalytic Behavior in Flow Reactor 

In order to interpret the catalytic behav- 
ior, we have taken two different kinds of 
kinetic information from Figs. 2, 3 and 4. 
In Fig. 5 we have reported the specific 
(i.e., referred to unit surface area) activi- 
ties and the selectivity to butadiene at 370 

Sn 
FO 
NI 
Zn 
U 
Mn 
co 
CO 

FIG. 6. Amounts of by-products formed at the temperature at which each catalyst gives 100 x lO-8 moles/ml 
of butadiene. Cd-Sb has not been reported since it never reaches this value. 



MIXED ANTIMONY OXIDE CATALYSTS 9 

and 400°C. These temperatures were 
chosen since, in these conditions, almost 
all the catalysts show activity (Figs. 2, 3 
and 4). In Fig. 6 we have reported the tem- 
perature at which each catalyst produces 
a given amount of butadiene (100 x 
lo-* moles/ml) and the amounts of by- 
products formed at the same tempera- 
tures. In Fig. 5 it is possible to observe 
that the catalysts, notwithstanding their 
present different activities, show, at least 
at T G 400°C similar values of selectivity. 
Low values are only observed for nonac- 
tive Cd-Sb and for slightly active Ce-Sb, 
whose selectivity values can be strongly 
influenced by analysis errors, by contribu- 
tions of homogeneous oxidation and of the 
free cerium oxide. 

The relatively low specific activity of 
U-Sb can be due to the presence of Sb205 
(Table 2), which shows a very high surface 
area, while the active compound USb3010 
has been found to have a surface area of 
about 3.5 m2/g (5). If we refer only to this 
value also U-Sb would show a very high 
specific activity. Besides, in our U-Sb cat- 
alyst, USb,O,, is present in a low amount, 
and in fact it was revealed only by ir and 

not by X-rays. The fact that our U-Sb is 
not very active and presents a high isom- 
erizing power, in contrast with Simons 
and co-workers’ data (24), can be at- 
tributed to our different preparation 
method, which is not necessarily the best 
for this catalyst. In Fig. 6 one can observe 
that all the catalysts, even when given the 
same quantity of butadiene, produce very 
different amounts of 2-butenes and of 
carbon oxides. No correlations exist 
between the quantities of isomers and of 
oxidized products formed. This fact 
suggests that the active sites responsible 
for the isomer formation are different from 
those responsible for the oxidation. It also 
agrees with what was found by us for a 
Sn-Sb oxide catalyst at low reaction tem- 
perature (3). Figure 6 also shows that high 
carbon oxide amounts are formed by the 
catalysts that are active at high tempera- 
tures. In these experimental conditions, 
homogeneous oxidation reactions can 
influence strongly the selectivity values. 
No discrepancies exist, therefore, between 
the data of Fig. 5, showing about the same 
selectivity for all the catalysts, and those 
of Fig. 6, since the temperatures in Fig. 5 

TABLE 4 

Compound Wavenumber (cm-‘) Ref. 

SbOF3 
Sb02F 
SbO&l 
Cl$b-[SbO&lL-0-SbCl, 
SW, 
&3&O, 

Fe-Sb 
Co-Sb 
Ni-Sb 
Mn-Sb 
Zn-Sb 
Sn-Sb 
U-Sb 
Ce-Sb 
Cd-Sb 

830 (32) 
825 (32) 
825 (33) 
809 (34) 
820 (3) 
- 

830 
795 
795 
- 

795 
820 
830 

(820)a 
(820) 

B The presence of this band in the two catalysts is very probably due to Sb=O bonds of free SbPOS itself, 
whose presence was revealed by X-ray patterns and by the same ir spectra, rather than to Sb=O bonds of 
new compounds such as antimonates. 
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are relatively low (370 and 400°C). important to point out that these oxides 
The runs, carried out in both the reac- are able to adsorb and to activate the 

tors, allow us to deduce the following gaseous oxygen (28,29). Therefore, we can 
activity scales for butadiene formation assert that they show that very property 
(Fig. 5 and Table 3): which is lacking in Sb,O,. To explain the 

a. Low temperature (batch reactor) 

Fe-Sb 2 Sn-Sb > Ni-Sb, Co-Sb, Sb,O, 2 U-Sb 
> Mn-Sb, Zn-Sb, Ce-Sb > Cd-Sb > Sb,O,. 

b. High temperature (flow reactor) 

Fe-Sb, Sn-Sb > Zn-Sb > Co-Sb, Ni-Sb, U-Sb > Mn-Sb 
> Ce-Sb > Cd-Sb > SbzOs, Sb,O,. 

Thus the activity scales for the two types 
of experiments are similar, except for a 
few discrepancies, the most important of 
which is the result for Sb205 which is com- 
pletely inactive in the flow reactor. 

In a previous work we have observed 
that it is impossible to reoxidize the re- 
duced Sb,O, with gaseous oxygen even at 
500°C (3). Its inactivity in the flow reactor 
can therefore be attributed to this impossi- 
bility of reoxidation. 

Nature of the Oxidizing Sites 

Since all the active catalysts show about 
the same selectivity to butadiene (Fig. 5) 
and consist of compounds containing pen- 
tavalent antimony, we think that the active 
oxidation sites are the same for all the 
catalysts and are tied to Sb5+. This fact is 
in agreement with what has been advanced 
by some authors (3,25,26,27) for a 
Sn-Sb catalyst and by Grasselli and 
Suresh (5) for a U-Sb catalyst. Moreover, 
almost all the pure oxides of the added 
metals are active in the deep oxidation of 
olefins to carbon dioxide and are not selec- 
tive for the formation of butadiene (22). 
This fact is a confirmation of the above 
hypothesis. 

The role of the added metal is, in our 
opinion, to make easier (or to catalyze) the 
reoxidation of the antimony ions reduced 
during the previous interaction with the 
olefin. In view of what is stated above it is 

reoxidation mechanism we report below 
the structure of the different antimonates 
present in our compounds: 

a. Mez+Sb,5+0s (Me2+ = Fe, Co, Ni, Zn) 
compounds show a trirutile-type struc- 
ture (II) in which the following situation: 

is present (30). 
b. MnSb20, shows a columbite-type 

structure (11) in which chains of the type 

are present (30). 
c. USb,Ol, shows the following struc- 

ture (5): 

d. Cd2Sbz0, presents, on the contrary, a 
completely different, and very compli- 
cated, weberite-type structure (15). 

e. In the case of Sn-Sb mixed oxides, 
showing a solid, solution structure (3, 
Z3-Z5), it is possible that a situation such 
as (a) or (c), showing two neighboring Sb5+ 
ions, can be present. This hypothesis was 
already advanced by us for a high tempera- 
ture treated Sn-Sb (atomic ratio 4: 1) 
mixed oxide (3) and by Stroeva and co- 
workers (26), always for the same catalyst. 
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FIGURE 7. 

The closeness of Sb5+ ions to the metal 
ions can make easier the reoxidation of the 
former reduced form, either by direct ox- 
idation by the second metal, as in USb301, 
(5), whose reduced ions are then oxidized 
by the gaseous oxygen, or by formation of 
particular adsorbed oxygen species, trans- 
ferred to antimony through peroxidic 
bridges. A mechanism of this type was 
proposed by Cimino and Pepe (31) for the 
system Coo-MgO and NiO-MgO. It is 
very interesting to point out that MnSb206, 
which is not very active (Figs. 2 and 5), 
shows a chain structure closely related to 
that of USb05, the less active phase found 
by Grasselli and Callahan (4) in U-Sb 
mixed oxides. We think that the presence 
of two neighboring Sb5+ ions, as in trirutile 
compounds and, perhaps, in Sn-Sb, can be 
a promoting factor for the catalytic activity 
in olefin oxidation of these compounds. 

It has been reported for USb301, that 
the olefin can be adsorbed, in allylic form, 
on a Sb5+ ion and that the dehydrogenation 

occurs on the contiguous Us+ ions (5). A 
similar mechanism can be operating also in 
our active antimonate, where the two 
neighboring Sb5+ ions can be responsible 
for the oxidative dehydrogenation. This 
hypothesis was advanced also by Stroeva 
and co-workers (26) for a Sn-Sb mixed 
oxide. 

As regards Fe-Sb mixed oxides we 
think that FeSbO,, showing a rutile-type 
structure, is a catalyst of deep oxidation, 
as demonstrated by the data of Fe-Sb 1 : 1 
reported by Boreskov et al. (6) and Shchu- 
kin et al. (7) and also confirmed by us 
(27). We explain the increase in selectivity 
presented by Fe-Sb oxides with ratio 1 : 2 
(6,7,17) by the formation of a compound 
of the type FeSb206, showing a trirutile- 
type structure, or Fe,Sb,O,, according to 
Grasselli (20). Also for this author a struc- 
ture showing “two gem Sb5+” presents a 
higher selectivity than a structure of the 
type -Me-Sb-Me-Sb (20). 

With regard to the nature of the active 
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sites tied to Sb5+ ions, we have already 
reported that the only active antimony 
oxide, Sb205, presents Sb-0 double bonds 
(3). From ir spectra (Fig. 1) it is possible 
to observe that the active compounds 
present, in the range 795-830 cm-‘, a 
small band that can be attributed to Sb==O 
(32-34). To support this interpretation, we 
have reported in Table 4 the wavenumbers 
at which the Sb==O bands occur, together 
with those of our compounds. These 
double bonds, presented by two contig- 
uous Sb5+ ions, can play an important 
role in the hydrogen allylic abstraction 
from olefins, as hypothesized for oxidation 
catalyst based on MO (28) and W (35) 
mixed oxides. The importance of double 
bonds is confirmed by the fact that in 
USb,Ol, they are present not only on 
Sb5+, as revealed by the ir band at 
830 cm-‘, but also on Us+, as revealed by 
the ir band at 935 cm-‘. Uranyl com- 
pounds, in fact, were found to present 
bands in this wavenumber region (36). In 
this catalyst the two neighboring U5+=0 
and Sb5+=0 groups can behave as the 
two Sb5+=0 groups, present in other 
mixed oxides. 

2. U.S. Pat. No. 2,904,580; 3,200,084; 3,251,900: 
3,257,474; 8,264,225; Belg. Pat. No. 646,937: 
647,683: Brit. Par. No. 864,666. 

3. Sala, F., and Trifiti, F., J. Caral. 34, 68 (1974). 
4. Grasselli, R. K., and Callahan, J. L., J. Caral. 14, 

93 (1969). 
5. Grasselli, R. K., and Suresh, D. D., J. Catal. 25, 

273 ( 1972). 
6. Boreskov, G. K., Ven’yaminov, S. A., Ozis’ko, 

V. A., Tarasova, D. V., Dindoin, V. M., Sa- 
zonova, N. N., Olen’kova, I. P., and Kefeli, L. 
M., Kinet. Katal. 10, 1350 (1969). 

7. Shchukin, V. P., Boreskov, G. K., Ven’yaminov, 
S. A., and Tarasova, D. V., Kinek Katal. 11, 
153 (1970). 

8. Trifir& F., Kehl, J., and Vanini, A., unpublished 
data. 

9. Trifirb, F., Villa, P. L., and Pasquon, I., Chim. 
Ind. (Milan) 52, 857 (1970). 

IO. “Inorganic Index to the Powder Diffraction 
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12. Korint, J., and Royen, P., 2. Anorg. Allgem. 

Chem. 340, 146 (1965). 
13. Roginskaya, Y. E., Dulin, D. A., Stroeva, S. S., 

Kul’kova, N. V., and Gel’bshtein, A. I., Kinet. 
Karal. 9, 1143 (1968). 

14. Wakabayashi, K., Kamiya, Y., and Ohta, N., 
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15. Wells, A. F., “Structural Inorganic Chemistry,” 

16. 

The possible mechanisms, operated by 
the two gem Sb5+=0 sites, can be those 
shown in Fig. 7. In the first case the for- 
mation of an allylic ester occurs, by anal- 
ogy with the noncatalytic oxidation of 
olefins by compounds containing Me=0 
bonds, such as SeOs and perchromates 
(37-39). In the second case the formation 
of a cr-allylic bond occurs. In both mecha- 
nisms the second Sb5+=0 group makes 
easier the abstraction of a second hy- 
drogen atom from the allyl, without move- 
ment of the hydrocarbon molecule on the 
catalyst surface. 
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