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The modifications of two iron-antimony oxides with Sb-Fe ratios of 1 and 2 during calcination
up 1000°C and after catalytic tests (1-butene oxidation to butadiene) were studied by X-ray diffrac-
tion, infrared, and Mossbauer analyses. The results show that a nonstoichiometric (NS) rutile
structure with excess antimony held within the structure itself is formed on both catalysts calcined
up to 900°C. The strong increase both in selectivity and activity in allylic oxidation showed by the
catalyst with an Sb: Fe ratio of 2 is attributed to the formation of a NS-rutile that is stable during
catalytic tests. It is suggested that the excess antimony held within the structure creates Sb=0
double bonds which are responsible for the increase of selectivity and activity. The fundamental

role of the method of preparation by coprecipitation in a basic medium is also suggested.

Academic Press, Inc.

INTRODUCTION

As is well known, iron-antimony mixed
oxides are active and selective catalysts for
the allylic oxidation and ammonoxidation
of olefins. The Fe;03;-Sb,04 system has
been widely studied at different Sb/Fe ra-
tios and it has been found that (i) by in-
creasing the Sb/Fe ratio from about 0.8—1.0
to 1.8-2.0, the specific rate and the selec-
tivity drastically increase and (ii) FeSbO,
was the only mixed oxide for all composi-
tions found.

Different opinions have been advanced in
the literature on the role of the excess anti-
mony in improving the catalytic behavior
toward selective oxidation. Boreskov et al.
(I, 2) proposed that the excess antimony
avoids the formation of free Fe,O; which
can be responsible for the total oxidation.
Fattore et al. (3) assumed that an active
and selective species forms at the grain
boundary between Sb,04 and FeSbO,. Sala
and Trifird (4) suggested the formation of
Fe(I)Sb,Og on the surface of catalyst with
an Sb/Fe ratio of 2, of Sb(V)==0 bonds sim-
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ilar to those present in Sb,Os and of Fe—Sb—
Sb-Fe species (4). In agreement with this,
Aso et al. (5, 6) suggested that the excess
antimony forms a particular surface struc-
ture with an Sb-enriched composition on
the top of the FeSbQ,. The formation of a
Fe(II) species in the Fe-Sb system has
been observed by many authors (6-10).
Burriesci et al. (7) hypothesize that the ex-
cess antimony is important only during
preparation, where it promotes the forma-
tion of Fe(Il) and oxygen vacancies in the
FeSbO, structure. For Kriegsmann et al.
(8) the excess antimony induces modifica-
tions in the M-O covalent bond strength.
Recently Dziewiecki and Makowski (11)
suggested that a solid solution can occur
between FeSbO, and antimony in excess.
The aim of the research reported in this
paper was to further the knowledge of the
role of excess antimony in improving the
catalytic behavior of Fe~-Sb mixed oxides.
Some discordances found in the literature
can be due to the method of preparation
which, in many cases, allowed only partial
reaction between the components, so that
mixed oxides could coexist with the pure
oxides (7). In contrast, the coprecipitation
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technique we adopted allows very homoge-
neous and reproducible mixed compounds
to be obtained. In this way a better under-
standing of the physical-chemical nature of
the catalyst is possible. The chemical modi-
fication of the catalysts over a wide range of
temperatures was studied using different
techniques.

EXPERIMENTAL
Sample Preparation and Characterization

The samples with atomic ratio Sb: Fe = 1
(SbFe 1) and Sb : Fe = 2 (SbFe 2) were pre-
pared by coprecipitation technique: dis-
solving FeCl; - 6H,0 (Carlo Erba RPE) in
water, adding SbCls; (Carlo Erba RPE) in
the required quantities to obtain the desi-
dered Sb:Fe ratios, and neutralizing the
solution with ammonia to pH 8. After it was
dried overnight at 130°C, the precipitate
was calcined in air for 15 h at 350°C and
then in successive steps at 600, 800, 900,
and 1000°C for 1 h 30 min at each step.

X-Ray diffraction patterns were recorded
with a Rich Seiffert diffractometer using
Ni-filtered CuKo« radiation. The (110),
(101), (200), (211), and (220) lines of the
rutile structure were used to determine the
lattice parameters.

Infrared transmission (T) and diffuse re-
flectance (DR) spectra were run on a Model
A202 Jasco infrared spectrometer equipped
with a diffuse reflection attachment DR-31;
the samples were diluted in both cases with
KBr.

Mossbauer absorption spectra of the SFe
14.4-keV radiation were measured by
means of a constant acceleration spectrom-
eter and a source of 25-mCi ’Co in a Rh
matrix. The spectra were fitted by superim-
posing a series of Lorentzian lines.

Catalytic Measurements

Catalytic tests were carried out on the
catalysts (SbFe 1 and SbFe 2) calcined at
900°C. The catalytic activities were mea-
sured in an isothermal fixed-bed conven-
tional flow reactor at atmospheric pressure.
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The reactor consisted of a stainless-steel
tube (4 mm diameter, 300 mm long) placed
in a copper bar and externally electric resis-
tance heated. An axial thermocouple was
inserted inside the catalytic bed. The feed
composition (%vol) was 0.606:11.1:88.3
I-butene : oxygen : nitrogen, respectively.
The quantity of catalyst used was 2.1 g and
the GHSV 5625 h~!. The catalyst particle
diameters range from 0.45 to 0.55 mm. This
allows intraparticle diffusion to be consid-
ered negligible. Tests varying feed rate at a
constant W/F ratio indicated that diffusion
of the gases through the catalyst particles
was not rate controlling. The catalytic tests
were carried out after 3 h of pretreatment at
400°C in the reaction medium; after this
time no significant deactivation was noted
in about 30 h of working time of the cata-
lyst.

The analyses of feed and of the products
of reaction were carried out using a gas
chromatograph (Thermal Conductivity De-
tector) on line with the reactor and operat-
ing with two sequential columns (dimetyl-
sulfolane for the analysis of 1-butene, 2-bu-
tenes, butadiene, and CO,; molecular sieve
for the separation of nitrogen, oxygen, and
CO). The presence of other organic prod-
ucts was checked using another gas chro-
matograph (Flame Ionization Detector) op-
erating at a programmed temperature with a
Porapak QS column; the gas chromato-
graph was connected with a hot line to the
reactor. '

RESULTS
X-Ray Diffraction

The X-ray diffraction patterns of the
SbFe 1 and SbFe 2 catalysts calcined at dif-
ferent temperatures are reported in Figs. la
and b. For catalyst SbFe 2, the lines of
FeSbO, rutile (12) [d,(hkl) = 3.28 A(110),
2.56 A(101) 2.32 A(200), 1.72 A(211), 1.64
A(220), and 1.47 A(310)] were still present
after calcination at 350°C. Increasing the
calcination temperature to 900°C caused a
decrease in the linewidth to occur because
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FiG. 1. X-Ray diffraction patterns of SbFe 1 and SbFe 2 as a function of calcination temperature.

of sintering of the catalyst. After calcina-
tion at 900°C, new lines appeared [d,(hkl) =
3.23 A(110), 2.87 A(311), and 1.86 A(420)]
due to B-Sb,0y; after calcination at 1000°C,
the lines of 8-Sb,O, became relatively more
intense with respect to the lines of FeSbO,.
The cell volume of the rutile phase of the
SbFe 2 catalyst and the increase in intensity
of B8-Sb,0, lines are reported in Fig. 2a. The
cell volume was high at low calcination
temperatures and with increasing calcina-
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F1G. 2. (a) Cell volume and relative intensity of the
(311) [B-Sb,04] in respect to the (101) [FeSbO,] lines
for SbFe 2 as a function of calcination temperature and
after catalytic tests (12). (b) Cell volume as a function
of calcination temperature and after catalytic tests for
SbFe 1.

tion temperature tended toward that re-
ported in the literature for FeSbO, rutile.
After catalytic tests, no variation could be
detected in the cell volume of the SbFe 2
calcined at 900°C.

In the case of SbFe 1, the FeSbO, rutile
lines appeared only after calcination at
600°C. A decrease in linewidth occurred
when the calcination temperature was in-
creased to 900°C. The cell volume of SbFe
1 (Fig. 2b) is higher than the one reported in
the literature; however, after catalytic tests
(catalyst SbFe 1 calcined at 900°C), the cell
volume became similar to that reported in
the literature (12).

Infrared Spectra

The infrared spectra of both SbFe 1 and
SbFe 2 after calcination up to 900°C are
very similar but the spectra, in particular
for the catalysts calcined at low tempera-
tures, are not well resolved. Reported in
Fig. 3a are the transmission infrared spec-
tra of the SbFe 1 and SbFe 2 catalysts
calcined at 900°C. As compared with SbFe
1, catalyst SbFe 2 showed an additional
weak band at about 820 cm™!. This shoul-
der, attributed to Sb(V)=0 double bond
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Fic. 3. (a) Infrared transmission spectra of catalysts SbFe 1 (- - -) and SbFe 2 (—) calcined at 900°C.
(b) Infrared diffuse reflectance spectra of catalysts SbFe 1 (- - -) and SbFe 2 (—) calcined at 800°C and
of catalyst SbFe 2 (——-) calcined at 1000°C. (c) Infrared transmission spectra of catalysts SbFe 1 ¢
and SbFe 2 (—) calcined at 900°C after the catalytic tests with 1-butene.

streacking (4, 13), is present in SbgO13 (not
in a- and B-Sb,0,) and in a wide class of
antimonates active in butadiene synthesis
(USb;045 and in antimonates with trirutile
structures Ni—, Mn—, and Co-Sb,04) (¢4,
14). Reported in Fig. 3b are the diffuse re-
flectance infrared spectra of SbFe 1 and
SbFe 2 calcined at 800°C, a temperature at
which X-ray diffraction analysis did not
show the presence of free 8-Sb,O,4 in the
catalysts. This technique, more sensitive to
surface layers, showed an enhancement of
the intensity of the shoulder at 820 cm~! as
compared to the corresponding transmis-
sion infrared spectra. After calcination at
1000°C the intensity of the shoulder at 820
cm™! in SbFe 2 strongly decreased. After
the catalytic tests (see Fig. 3c), the infrared
spectrum of SbFe 1 calcined at 900°C
changed considerably, whereas no signifi-
cant modifications are noted in the spec-
trum of the SbFe 2 catalyst. It is worth not-
ing that the spectrum of SbFe 1 after
catalytic tests fit that reported by Rocchic-
cioli-Deltcheff et al. (15) for the pure
FeSbO, rutile phase.

Mossbauer Analysis

Figure 4a shows the room-temperature
Mossbauer spectrum of the SbFe 1 catalyst
calcined at 350°C. This spectrum can be in-
terpreted as the superposition of two quad-
rupole doublets, £ and 1, due, respectively,
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FiG. 4. Room-temperature Méssbauer spectra for
SbFe 1 calcined at 350°C (a); at 900°C before catalytic
tests (b); at 900°C after catalytic tests (c); for SbFe 2
calcined at 350°C (d).
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to high-spin Fe** in distorted octahedral
sites of FeSbO, (16) and to Fe3* in the para-
magnetic state in small particles of a-Fe,0;
(7, 17, 18). In agreement with this, low-
temperature measurements for the same
sample show the £ doublet and weak Fe,04
Zeeman lines. With increasing calcination
temperature, the average particle size of
hematite increases, reaching, for T =
900°C, a value which almost corresponds to
a pure ferromagnet. Figure 4b shows the
room-temperature Mogssbauer spectrum
measured for SbFe 1 calcined at 900°C.
Both the quadrupole doublet relative to
FeSbO, and the & sextet corresponding to
ferromagnetic a-Fe,O; contribute to this
spectrum. Figure 4¢ reports the spectrum
measured for the same sample of Fig. 4b
after the catalytic tests in which no contri-
bution due to a-Fe,O; could be detected.

All the room-temperature Mossbauer
spectra measured for SbFe 2 catalysts
calcined at different temperatures from
350°C (Fig. 4d) to 1000°C can be interpreted
as the superposition of two quadrupole
doublets; a low intense one (8) which can be
attributed to octahedral high-spin Fe?* ions
and a predominant one (¢) which can be
attributed to distorted octahedral high-spin
Fe3* of the FeSbO, mixed oxide. The rela-
tive quadrupole splittings, isomer shifts,
and linewidths as a function of the calcina-
tion temperature are reported in Fig. 5. In
this case, neither the low-temperature mea-
surements nor the spectra of high-tempera-
ture calcination samples gave indication of
the presence of iron oxides in the catalysts.
No differences were detected in the spectra
measured before and after tests for SbFe 2
calcined at 900°C.

Catalytic Activity

The yield in butadiene, in carbon oxides,
and the conversion in 1-butene oxidation as
a function of the reaction temperature are
reported in Fig. 6 for two samples (SbFe 1
and SbFe 2) calcined at 900°C. The calcina-
tion at high temperatures was necessary to
obtain a decrease in the surface area from
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FiG. 5. Quadrupole splitting (A), isomer shift (@),
and linewidth (O0) for SbFe 2 as a function of calcina-
tion temperature.

150 m?/g to a value of 7 m?/g; both catalysts
calcined at 900°C had about the same sur-
face area.

The catalyst SbFe 2 was active at very
low temperatures and showed a strong in-
crease in activity and in selectivity in buta-
diene formation as compared with SbFe 1.
No other products of partial oxidation were
detected except for traces of furan. The cat-
alysts did not present isomerization proper-
ties (2-butenes formation) and therefore
probably no acid sites were present on the
surface.

DISCUSSION

Formation of a Nonstoichiometric (NS)
Rutile Structure

X-Ray diffraction analysis shows that
when SbFe 2 is calcined at T = 900°C, 8-
Sby0, is present together with FeSbO,
rutile, whereas at lower calcination temper-
atures only the lines of a rutile structure can
be detected. Therefore the question is
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FiG. 6. Catalytic behavior of SbFe 1 and SbFe 2.
btd, Yield of butadiene; conv, conversion; and CO,,
yield of carbon oxides. Experimental conditions: 0.606
vol% 1-butene, 11.1 vol% oxygen; weight of catalyst
2.1 g; GHSV 5625 h!.

where is the excess antimony located at T
< 900°C. With increasing calcination tem-
perature, the cell volume of rutile decreases
to a value of pure FeSbO, (Fig. 2a) and cor-
respondingly, the quadrupolar splitting and
the linewidth in the Mo ssbauer spectra
(Fig. 5) also decrease. These results suggest
that the excess of antimony (in respect to
the ratio 1) is located inside the rutile struc-
ture. Antimony oxide can form only at very
high calcination temperatures and this sug-
gests that antimony is held strongly within
the structure. X-Ray diffraction data (Fig.
2b) indicated that the catalysts present a
deformed rutile structure. In addition, the
Maossbauer spectra also show the presence
of a-Fe,0; (Fig. 4b). These results suggest
that also in the case of catalysts witha 1:1
ratio, a NS-rutile structure with excess an-
timony is present. The amount of iron in the
a-Fe;03 should correspond to the amount
of antimony within the rutile structure. The
fact that even at high temperatures no solid
state reaction occurs between a-Fe;O; and
the excess antimony confirms that this kind
of antimony is held strongly inside the rutile
structure itself.

Role of Method of Preparation
The catalysts were prepared by coprecip-
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itation in a basic medium where the anti-
mony is present as condensed antimonate
(19) such as [Sb,Os(OH))*~. Assuming that
the anion which precipitates is a condensed
antimonate, the precipitate should contain
an Sb:Fe ratio greater than 1. Therefore,
independently from the starting Sb: Fe ra-
tio, both SbFe 1 and SbFe 2 should contain
the same compound. After calcination up to
800°C, this gave rise to the formation of
NS-rutile containing excess antimony in
both cases.

Nature of Active Sites

Catalytic data (Fig. 6) illustrated that the
excess antimony is a strong promoter of ac-
tivity and selectivity in allylic oxidation
(butadiene formation). The analyses of the
structure show that before catalytic tests, a
NS-rutile with excess antimony is present
in both catalysts; after reaction, SbFe 1 is
transformed to pure FeSbO, whereas the
NS-rutile is still present in the SbFe 2. This
transformation is particularly evident in the
infrared spectra (Fig. 3c). Because the sam-
ples were stabilized for 3 h in the reaction
medium at 400°C before making the cata-
lytic tests, the two catalytic behaviors can
be assigned to the pure FeSbO, (SbFe 1)
and to the NS-rutile with excess antimony
(SbFe 2). Therefore, the inclusion of excess
antimony in the rutile structure leads to the
formation of new very active and selective
centers for allylic oxidation.

co
® Fellld
@ Sb(Vv)

® sban

The antimony can be located either in
substitutional positions of Fe(Ill) or in in-
terstitial positions. From our data it is not
possible to distinguish between these two
possibilities but probably, because of the
high quantities of antimony that can be in-
cluded in the rutile structure, both mecha-
nism are operating. In particular, the sub-
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stitution of Fe(III) with Sb{III) in the rutile
oxygen octahedra probably also deforms
the neighboring octahedra due to the larger
size of the Sb(IID) ionic radius and thus in-
creases the cell volume. Therefore it is pos-
sible to explain the deformation of octahe-
dral sites of Fe(I11) as shown hy Mdasshauer
analysis and the cxpansion of the cell vol-
ume shown by X-ray diffraction analysis.
The simultaneous presence of Sh(V) and
Sh(IIl) in FeSbO, with excess antimony
also is confirmed by XPS analysis (6). Con-
firming the results of Aso et al. (5, 6, 10)
and Burriesci et al. (7, 9) we also found the
presence of Fe(Ll) in the catalysts with an
Sb: Fe ratio of 2. However, these authors
suggest that the Fe(il) is related to the
formation of a surface compound with
Sb:Fe = 2 (5, 6, 10) or derives from the
antimony held within the structure (in inter-
stitial positions) according to charge bal-
ance (7). Our data suggested that only very
small amounts of Fe(Il) are formed in SbFe
2 catalysts (Fig. 4d) and therefore the pre-
dominant effect is the formation of an
StAIN-Sb(V) rutile-like structure held
within the FeSbO, rutile structure, Infrared
diffuse reflectance spectra (Fig. 3b) indi-
cated the presence of Sb(V)=0 groups on
top fayers of SbFe 2 catalysts calcined at
800°C; after calcining at 1000°C, the same
catalyst showed a strong decrease of the
absorption at 820 cm~! and thus of the num-
ber of antimony-oxygen double bonds. In
the same range of calcination temperatures,
X-ray diffraction analysis showed the trans-
formation of SbFe 2 from the NS-rutile
structure to purc rutile and 3-5b,04. This
suggests that the NS-rutile structure is
characterized by the presence of Sb(V)=0
groups on the surface. Open channels are
present in the rutile structure with radii of
about 0,77 A along the ¢ axis {20). This
gives rise 1o a situation on the surface of the
rutile as shown in Fig. 7. Sb(V) (radius
about 0.60 A) can be located on the surface
in these interstitial sites. Two oxvgen at-
oms are present in the neighborhood of this
antimony atom; the antimony—oxygen dis-

® sb
O re

@ oxygen

F1G. 7. Disposition of ions on the surface of the NS-
rutile structure. Dashed lines indicated the open chan-
nels along the ¢ axis in the rutile structure (20).

tance 15 consistent with that of a double
bond. This simplified model suggests that
the excess antimony on the surface is lo-
cated in very particular positions creating
surface groups such as O=Sb==0. In pre-
vious studies, Trifiro ef al, (4, 21-23) sug-
gest the fundamental role of the presence of
two geminate Sb==0 double bond groups or
in general of two contiguous M=0 double
bonds in the allylic oxidation reactions.
This hypothesis is in agreement with the
results recently reviewed by Grasselli ez al.
{24, 25) on the mechanistic features of se-
lective oxadation and ammoxidation cata-
lysts. It is worth noting that the proposed
model] is in agreemcnt with the surface situ-
ation of the trirutile structure (FeSb,Og), as
previously proposed by Trifird and Sala (4)
and by Aso e/ al. (5, 6). Fuarthermore other
antimonates with the trirutile structure (Ni-,
Mn—, Co-Sb,0,) were found to be highly
selective in butadiene formation (4).

In ¢conclusion, the formation of these sur-
face groups due to the inclusion of Sb inside
the rutile structure can explain the ob-
served Increase in activity and selectivity in
SbFe 2.
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