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Coprecipitated Fe—Sb-Ti mixed oxides with an (Fe + Sb)/(Fe + Sb + Ti) atomic ratio in the 0-1
range and with an Sb/Fe atomic ratio of 2.0 were characterized by means of X-ray diffraction,
Mdssbauer, and infrared spectroscopies and by attrition resistance tests. Catalysts were tested in
the oxidation of propene to acrolein. Catalysts with high and similar selectivities (80-90%) are
obtained in the 0.3-1.0 (Fe + Sb)/(Fe + Sb + Ti) atomic ratio range where X-ray diffraction
analysis shows the presence of either only a single crystalline rutile phase or a single rutile phase
together with a- and 8-Sb,0, in variable amounts. No correlation was found between selectivity to
acrolein and the presence of crystalline Sh,0,. On the contrary, selectivity to acrolein seems to be
associated with Sb ions stabilized at the surface of the catalyst. The results of physicochemical
characterization and interpretation thereof are consistent with the crystalline rutile-like single
phase being constituted by a solid solution originating from either FeSbO,, FeSbO, doped with Ti,
and TiO, doped with Fe and Sb phases, or a lattice of largely uniform periodicity, but with localized

variations in composition.

INTRODUCTION

Iron—antimony mixed oxides supported
on silica and promoted with small quanti-
ties of Te, Mo, and other elements repre-
sent an important class of commercial cata-
lysts for the ammoxidation of propene to
acrylonitrile (/, 2). The use of silica as
support ensures good attrition characteris-
tics and results in an appropriate catalyst
density which allows the commercial pro-
cess to be operated in fluidized bed re-
actors. The stability with use of these
catalysts, however, is not completely
satisfactory due to the formation of fine
particles associated with the loss of anti-
mony oxides from the catalyst.

One might expect that more stable cata-
lysts could be prepared if a stronger inter-
action of the iron—antimony oxides with the
support is realized. In this respect it is
worth noting that (i) the only crystalline
phases detected in iron-antimony mixed
oxides are FeSbO, and Sb,0, (3), (ii) FeSb
Q, is isotypic with the rutile modification of
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TiO,, (ii1) Sb,O, forms a solid solution with
rutile TiO, (up to about 5 wt% of Sb,0,) at
1073-1173 K (4).

This situation led us to investigate the
ternary titanium—iron—antimony oxide sys-
tem (5). The catalysts were prepared by
coprecipitation in order to obtain an inti-
mate mixture of the three components. The
(Fe + Sb)/(Fe + Sb + Ti) atomic ratio
quoted in the following as AP/APS [(active
phase)/(active phase + support)] was var-
ied in the 0-1 range, whereas the Sb/Fe
atomic ratio was usually kept constant and
equal to 2, the optimal value of unsup-
ported iron-antimony mixed oxides (6).
The Sb-based catalysts normally utilized in
allylic oxidation and ammoxidation reac-
tions, such as Fe—Sb-0 and Sn-Sb-0, are
typically constituted by a phase with rutile
structure and by crystalline Sb,04 (6, 7).
Starting from this observation some au-
thors concluded that both phases are re-
quired to ensure good catalytic perfor-
mance and suggested that the active species
are associated with grain boundaries (8), an

307

0021-9517/87 $3.00
Copyright © 1987 by Academic Press, Inc.
All rights of reproduction in any form reserved.



308

oriented «-Sb,O, layer (9, 10), or phase
cooperation (/7). Other authors, however,
identified the active sites with couples of Sb
ions stabilized in specific arrangements at
the surface of the rutile phase and con-
sidered a-Sb,0, a collateral inactive phase
(3, 6, 12). By diluting the active phase
(iron-antimonate) with an isostructural ox-
ide (TiO,) 1t is thus possible to compare
better these two literature hypotheses on
the nature of the selective sites present in
the iron-antimonate and, more generally,
on Sb-based catalysts with rutile structure.

EXPERIMENTAL
Preparation of Catalysts

The catalysts were prepared by dropping
an aqueous FeCl; - 6H,0O solution into a
TiCl4~SbCls mixture kept at 363 K under
nitrogen and contained in a glass vessel
provided with a stirrer and four internal
baffles on the wall to ensure perfect mixing
of the liquid. Different relative quantities of
Fe, Sb, and Ti salts were used depending
on the desired Sb/Fe and (Fe + Sb)/(Fe +
Sb + Ti) atomic ratios. The resulting solu-
tion was neutralized with NH,OH, 30% by
volume, to give an equilibrium pH value of
8. The slurry was aged for 2 h under stirring
at 363 K, filtered, washed twice with boiling
water, dried at 403 K for 48 h, and calcined
at 623 K (ramp 100 K/h; hold 16 h) and
finally at 1173 K (ramp 50 K/h; hold 3 h).
A few alternative preparations were per-
formed with final calcination temperatures
of 1073 K (ramp 50 K/h; hold 3 h) and 973 K
(ramp 50 K/h; hold 1.5 h).

A reference sample with AP/APS = 0.3
and Sb/Fe = 2.0 was also prepared by
impregnating a rutile TiO, support (Triox-
ide CLDD 1587/4; S = 29 m? g') with
concentrated Fe(Ill)-nitrate solution, fol-
lowed by drying at 423 K, calcination at 673
K, again impregnation with liquid SbCls
under anhydrous atmosphere, hydrolysis
by addition onto the solid of a few drops of
double-distilled water, drying, and cal-
cination as above.
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Characterization of Catalysts

X-ray powder diffraction patterns were
recorded with a Philips computer-con-
trolled diffractometer using Ni-filtered
CuKa radiation. Data were collected at
0.01° 2¢ increments. Cell parameters were
estimated by a least-squares method using
the eight most intense reflections of the
rutile phase.

Mossbauer absorption spectra of the S'Fe
14.4-keV radiation were measured by
means of a constant acceleration spec-
trometer and a source of 25-mCi ¥'Co in
a Rh matrix. The spectra were fitted by
superimposing a series of Lorentzian lines.

Infrared spectra (KBr disk technique)
were recorded on a JASCO A202 spec-
trophotometer. The TiO, contribution to
each spectrum was subtracted by using in
the KBr reference disk the same weight
amount of TiO, as was present in the exam-
ined Fe-Sb-Ti sample. The relative weight
amount of the active phase with respect to
KBr was kept constant and equal to 1.1%,
w/w.

The attrition resistance characteristics of
the samples were investigated by means of
the test described by Forsythe and Hertwig
(13). In this laboratory-accelerated attrition
test, a catalyst sample s subjected to a
jet attrition action for 1 h. The resulting
changes in the distribution of catalyst parti-
cle size, determined by a screen analysis,
are taken as a measure of the attrition
characteristics and compared with that of a
commercial fluidized bed catalyst. Micro-
spheroidal silica was assumed as a com-
mercial catalyst due to its large use in
fluidized bed applications. The attrition ap-
paratus and the test procedure have already
been reported elsewhere (14).

Catalytic Activity

The oxidation of propylene was accom-
plished in an AISI 316 SS fixed bed reactor
(i.d. 5.4 mm) provided with an axial ther-
mocouple sliding inside a tube of 1.2 mm
0.d. The catalyst charge ranged between §
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F1G. 1. X-ray diffraction patterns of Fe—Sb-Ti cata-
lysts: (a) coprecipitated, AP/APS = 0.3, calcination
temperature 1173 K; (b) coprecipitated, AP/APS =
0.75, calcination temperature 1173 K (¢) impregnated.
AP/APS = 0.30, calcination temperature 1103 K.

and 7 g and the catalyst particle size was
35-52 mesh. The feed consisted of 6%
C;Hq, 13% O, (the balance being N,) usu-
ally at 140-200 ml min~' (at STP) total gas
flow. The pressure at the reactor inlet was
typically 1.35-1.45 atm. Details for the
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analysis of reagents and products have
been reported elsewhere (15).

RESULTS
X-Ray Diffraction (XRD)

The catalysts prepared by coprecipi-
tation and calcined at 1173 K show the
diffraction lines typical of a rutile phase
(Fig. 1a). Two distinct rutile phases (TiO,
and FeSbO,) are present in a catalyst pre-
pared by impregnation on a preformed TiO,
(Fig. 1c). The unit cell parameters and the
cell volume of the rutile phase in coprecipi-
tated catalysts show an almost linear in-
crease with AP/APS, with a deviation from
linearity in the 0.5-0.8 AP/APS range (Fig.
2). Above AP/APS equal to 0.5 the XRD
lines of pure antimony oxides are also de-
tected, in addition to those of the rutile
phase (Fig. 1b). The relative intensities of
the main characteristic lines of - and B-
Sb0O, are reported in Fig. 3 as a function
of the active phase content. Both «- and
B-Sb,0O, were detected in pure iron-an-
timony mixed oxide, whereas only a-Sb,0,
was monitored for AP/APS beyond 0.9,
with a maximum at AP/APS = 0.75. The
XRD lines of antimony oxides were never
observed in samples calcined at tempera-
tures equal to or lower than 1073 K.

The XRD lines of an anatase phase were
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FiG. 2. Cell parameters and volume of rutile phase as a function of AP/APS ratio; catalysts calcined

at 1173 K.
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F1G. 3. Relative intensities (with respect to the (110)
reflection of the rutile phase) of the main peaks of
a-Sb,0, and of B-Sb,0, as a function of AP/APS;
catalysts calcined at 1173 K. a-Sb,0;: (O) (112) reflec-
tion, (OJ) (111) reflection. B8-Sb,0,: (@) (111) reflection,
(W) (311) reflection. - and 8-Sb,0,: (4) (004) reflec-
tion of a-Sb,0, and (400) reflection of 8-Sb,O,.

observed in catalysts with an AP/APS ratio
lower than 0.3 and calcined at low tempera-
tures. On increasing the calcination temper-
ature, the system evolves toward a single
rutile phase, as shown in Fig. 4A. The
anatase to rutile transition temperature in-
creases by lowering the active phase con-
tent. This is shown in Fig. 4B for catalysts
with AP/APS up to 0.3. Catalysts with
AP/APS higher than 0.3 and calcined at 773
K present only the rutile phase; at lower
calcination temperatures a pseudo-amor-
phous pattern is observed.

Moéossbauer Spectroscopy

Figures 5a, 5b, and Sc show the Moss-
bauer spectra measured for coprecipitated
catalysts calcined at 1173 K with AP/APS
= 1.0, 0.5, and 0.15, respectively. Spec-
trum (a) is typical of FeSbO, mixed oxide
and, according to Refs. (3, 12), it can be
interpreted as the superposition of two
quadrupole doublets: a low-intensity one
due to octahedral high-spin Fe?* ions and a
predominant one due to distorted octahe-
dral high-spin Fe*" ions. By lowering the
AP/APS ratio (spectra (b and ¢)), the Mdss-
bauer spectra change considerably. A pos-
sible interpretation is that contributions
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from Fe®* ions located in a distribution of
nonequivalent lattice sites are superim-
posed on the spectrum of FeSbO,. To fit the
spectra, only two kinds of nonequivalent
iron sublattices were assumed, the corre-
sponding two quadrupole doublets (8 con-
tribution in spectra (b and c)) having line-
widths greater than those of natural *’Fe
nuclei. From this analysis it follows that, by
decreasing the AP/APS ratio, the contri-
bution from pure FeSbO, (a) decreases
whereas the relative amount of the iron
species responsible for the inner doublet of
the 8 contribution increases. Accordingly
the Mossbauer data suggest that different
situations occur depending on the AP/APS
value. For AP/APS = 1.0, the iron sublat-
tices of the catalyst are those of pure Fe
SbO;, (a contribution to the spectra) with Ti
dopant as nearest neighbors (larger doublet
of B contribution). For AP/APS close to
zero the catalyst is mainly constituted by
TiO; doped with Fe and Sb (inner doublet
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F1G. 4. (A) X-ray diffraction patterns of coprecipi-
tated catalysts with AP/APS = 0.2; final calcination
temperature (a) 823 K for 3 h, (b) 873 K for 3 h. (B)
Temperature range of anatase to rutile transition in
coprecipitated catalysts as a function of AP/APS.
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FiG. 5. Mossbauer spectra of coprecipitated catalysts calcined at 1173 K. (a) AP/APS = 1.0; (b)

AP/APS = 0.5; (c) AP/APS = 0.15.

of the B contribution). For intermediate
AP/APS values the iron sublattices of Fe
SbO, pure and Ti doped coexist with those
of Fe (and Sb) doped TiO,, the mutual
relative amounts depending on AP/APS.

It should be noted that the Moéssbauer
spectrum measured for AP/APS = 0.3 im-
pregnated catalyst shows contributions
similar to those for coprecipitated catalysts
with AP/APS lower than 1.0 and is consis-
tent with the above interpretation. In this
case, however, the situation is significantly
different: a layer of iron-antimony mixed
oxides can form on TiO, so that a TiO,
phase containing Fe and Sb prevails at the

interface on the support side whereas a
FeSbO, phase containing Ti prevails on the
iron—-antimony mixed oxide side.

Infrared Spectra

Figure 6 gives the infrared spectra, after
subtraction of the TiO, contribution, of
coprecipitated Fe-Sb-Ti samples calcined
at 1173 K. The spectrum of pure active
phase exhibits principal bands in the 500-
to 750-cm”! region connected with the
stretching mode of vSbO in SbOg octahe-
dra, of FeSbO, (bands at 660 and 520 cm ™!
3, 16~19)), and of distorted octahedra and
tetrahedra of Sb(V) and Sb(lll) in - and
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FiG. 6. Infrared spectra (after TiO, subtraction) of
coprecipitated catalysts calcined at 1173 K. (a) AP/
APS = 1.0; (b) AP/APS = 0.75; (c) AP/APS = 0.60; (d)
AP/APS = 0.50; (e) AP/APS = 0.30; (f) AP/APS =
0.15; (g) AP/APS = 0.09.

B-Sb,0, (bands at 750, 650, 610, and 440-
420 cm™' (9, 20)). The weak absorption at
about 830 cm™' has been attributed to
Sb(V)=0 double bond stretching (20) or to
a combination band (19). This absorption is
also present in SbgO,; as well as in a wide
class of antimonates which are known to be
active catalysts for selective allylic oxida-
tion and ammoxidation reactions (6), but
not in a- and B-Sb,04. By decreasing the
amount of the active phase from AP/APS =
1.0 down to 0.5 the following IR features
become manifest. (i) The relative intensity
of the bands in the 500- to 750-cm ™' region
changes and the absorption centered at 440
cm™! disappears. Both these effects can be
attributed to the different amounts of «- and
B-Sb,0, present in the samples and are in
line with the XRD results. (ii) The absorp-
tion originally centered at 830 cm™' in-
creases in intensity and progressively shifts
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to slightly higher frequencies. This suggests
that a modification of the Sb-O geometry
occurs by decreasing the active phase con-
tent down to AP/APS = (.5.

For AP/APS lower than 0.5 the IR spec-
tra show the following main features. (i)
Starting from AP/APS = 0.15 the absorp-
tion originally centered at 860 cm ™' de-
creases in intensity, shifts to higher fre-
quencies, and is less resolved. (ii) The
relative intensity of the absorption maxima
in the 500- to 750-cm ™! region varies and the
absorption at 520 cm ™! becomes the most
intense for AP/APS = 0.09.

Figure 7 reports the infrared spectra of
coprecipitated and impregnated catalysts
calcined at 1173 K with AP/APS = 0.3.
Inspection indicates that the absorption at
860 cm ™' is more intense in the coprecipi-
tated catalyst, which eventually confirms
that the coprecipitation method results in a
higher degree of interaction between the
catalyst constituents.

Catalytic Tests

Figure 8 shows the results of propylene
oxidation over coprecipitated catalysts as a
function of the AP/APS ratio. The activity
increases almost linearly with the (Fe + Sb)
content; however, a deviation from linear-
ity is evident in the 0.5-0.8 AP/APS range.
The selectivity to acrolein increases and
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F1G. 7. Comparison of infrared spectra (after TiO,
subtraction) of coprecipitated (dotted line) and im-
pregnated (full line) catalysts with AP/APS = 0.30
(calcination temperature 1173 K).
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FiG. 8. Oxidation of propylene as a function of
AP/APS over coprecipitated catalysts calcined at 1173
K. Experimental conditions: T = 663 K, P = [.3-1.4
atm, F = 140-200 ml min~!, W,,, = 5-7 g. Legend: (@)
propylene conversion, (O) selectivity to acrolein, (&)
selectivity to CO,, (A) selectivity to CO.

reaches a high and almost constant value
(about 80-90%) already at AP/APS = 0.3.

The effect of calcination temperature and
of the Sb/Fe atomic ratio upon the catalytic
behavior of Fe-Sb-Ti coprecipitated cata-
lysts is shown in Figs. 9 and 10. A drastic
increase in the selectivity to acrolein is

%
75kA
0
50 a
25}
A
a .
o T
O, L
970 1070 1170

temperature K

FiG. 9. Effect of calcination temperature of copre-
cipitated catalysts with AP/APS = 0.3 and Sb/Fe = 2.0
on the catalytic behavior in propylene oxidation. Ex-
perimental conditions: T = 693 K, P = 1.4-1.5 atm,
W = 6 g, F = 200-260 ml min~'. Legend as in Fig. 8.
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F1G. 10. Effect of Sb/Fe atomic ratio at constant
Fe/Ti atomic ratio (1/3) and calcination temperature
(1173 K) on catalytic behavior in propylene oxidation
for coprecipitated catalysts. Experimental conditions:
T=633K, P=1.4-1.5atm, Wy = 6g, F = 200-250
ml min~'. Legend as in Fig. 8.

observed by increasing the calcination tem-
perature, and especially at the expense
of carbon dioxide. On the other hand,
the propylene conversion decreases only
slightly, which is not in line with the
marked decrease in surface area. By in-
creasing the Sb/Fe atomic ratio and by
keeping the AP/APS ratio constant and
equal to 0.5, a decrease in both propylene
conversion and selectivity to carbon oxides
is observed together with a corresponding
increase in selectivity to acrolein. Constant
catalytic performances are reached already
at Sb/Fe = 1.5.

Atrrition Tests

The results of the attrition tests are re-
ported in Table 1 for two coprecipitated
catalysts calcined at 1173 K with AP/APS
= 0.3 and 0.5, respectively, and for Grace
951 microspheroidal silica. The similar pro-
ductions of fine particles (lower than 0.044
mm) measured after Forsythe tests indicate
that the attrition characteristics of the Fe—
Sb-Ti oxide system are comparable with
those of a commercial fluidized bed mate-
rial and that they are little influenced by the
amount of active phase, at least up to
AP/APS = 0.5.
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TABLE 1

Attrition Tests {Forsythe Method (/3)) for Coprecipitated Catalysts

Screen analysis® Reference Coprecipitated samples
(Grace 951

silica) AP/APS = 0.30  AP/APS = 0.50

(@)’ (b)* (a) (b) (a) (b)
+0.0125 mm 0.12 0.08 0.12 0.12 0.12 0.12
-0.125 +0.074 mm 3.20 2.42 3.20 2.78 3.20 2.67
—0.074 +0.063 mm 2478  14.25 24.78 19.49 2478 19.30
—0.063 +0.053 mm 2.51 3.20 2.51 3.48 2.51 3.45
—0.053 +0.044 mm 48.03  24.98 48.03 21.80  48.03 23.83
—0.044 mm 21.35  55.05 21.35 50.88  21.35 51.88

4 (+) higher than; (—) less than.
b Before attrition tests.
¢ After attrition tests.

DISCUSSION

Characteristics of the Fe-Sb-Ti-O
System

The results of XRD analysis and of cata-
lytic measurements indicate that it is possi-
ble to prepare crystalline single-phase se-
lective catalysts if (i) the coprecipitation
method described is adopted (compare
Figs. 1a and lc¢), (i) the active phase con-
tent is maintained within the 0.3-0.5 AP/
APS range (Figs. 2, 3, and 8), (iii) the
calcination temperature is about 1173 K
(Fig. 9), and (iv) the Sb/Fe atomic ratio is
higher than 1.5 (Fig. 10). Catalysts with
these properties present good attrition
characteristics (Table 1) and are suitable for
use in fluidized bed reactors.

The presence of only the lines typical of a
rutile phase and the almost linear increase
in the cell parameters with the AP/APS
ratio clearly indicate the formation of a
crystalline solid solution of Fe and Sb ox-
ides in rutile TiO,. However, the marked
changes of the highest frequency IR ab-
sorption and of the relative intensities of
the absorption maxima (500- to 750-cm™'
region) in the range 0 < AP/APS = 0.3 and
the regular changes of the above IR fea-
tures for higher AP/APS values indicate

that the geometry of Sb—O bonds modifies
on increasing the active phase content in a
more complex way than that suggested
from XRD. Moreover, the Mossbauer anal-
yses suggest a complex situation of Fe**
nonequivalent sites which modifies with
AP/APS, and specifically suggest the pres-
ence of Fe** sublattices equivalent to those
in pure FeSbO, also in the samples with
AP/APS = 0.5 and 0.15. The above data
and their interpretations are consistent with
the view that the solid solution evidenced
by the XRD analysis originates either from
a mutual intergrowth (27) of FeSbO,, Fe
SbO,-Ti doped, and TiO,-Fe (and Sb)
doped rutile-like phases or from a lattice of
largely uniform periodicity but with local-
ized variations in composition as far as Fe
sublattices are considered.

By increasing the active phase content
above AP/APS = 0.5 the following marked
changes in the physicochemical properties
were monitored: (1) antimony oxide is seg-
regated first as a-Sb,Q,; (ii) parallel with
this effect, the cell volume of the rutile
phase and the propylene conversions are
significantly smaller than expected based
on the trends present at lower active phase
contents; (iii) the IR and Mdssbauer fea-
tures change from the characteristic ones of
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Fe-Sb-Ti solid solution to those of iron-
antimony mixed oxides; and (iv) for AP/
APS above 0.8 antimony oxide is segre-
gated mainly in the form of 8-Sb,0,. All
these data can be explained assuming that
for low AP/APS values the primary rutile
structure is that of TiO, which is expanded
by the incorporation of Fe and Sb ions to
form the Fe-Sb-Ti solid solution. The in-
corporation of Sb*" appears to be most
critical based on its ionic radius and be-
cause of this, segregation of a-Sb,O, is
observed for AP/APS > 0.5. This finally
results in a marked discontinuity of the cell
volume of the rutile phase as well as of
surface area and propylene conversion.
The segregation of antimony oxide in the
form of 8-Sb,0, for AP/APS > 0.8 suggests
that the catalysts with high active phase
contents should more likely be regarded as
constituted primarily by a FeSbQ, rutile
structure modified by the incorporation of
Ti ions.

Nature of Active Species

Two hypotheses can be found in the
literature about the nature of the selective
species on Sb-based catalysts: (i) the selec-
tive sites form at the interface of two crys-
talline phases (Sb doped rutile phase and
Sb,0y4) (8-11), and (ii) the selective site 1s
Sb stabilized in a specific arrangement at
the surface of the rutile phase (3, 6, 12).

In the case of the Fe—Sb-Ti oxide system
it was possible to prepare catalysts with
similar and high selectivities to acrolein. In
these catalysts crystalline Sb,O, (0.3 = AP/
APS = 0.5) is not present, a-Sb>O4 (0.6 =<
AP/APS = 0.8) is present alone, or both
a-Sb,04 and 3-Sb,04 (0.9 < AP/APS = 1.0)
are present. Furthermore, the catalysts do
not show any specific orientation of «-
Sb,0, crystallites (Fig. 3). Therefore no
correlation was found in our catalysts be-
tween selectivity to acrolein and the pres-
ence of crystalline Sb,O,, a specific orienta-
tion of a-Sb;O,, or phase cooperation on
the other side. Our data are more consistent
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with the active species for allylic oxidation
being associated with antimony ions stabi-
lized on the surface of the rutile phase (6).
This picture is also in line with the effect of
calcination temperature and Sb/Fe ratio
upon selectivity to acrolein inasmuch as
these effects can probably be explained by
assuming a surface enrichment of antimony
(22, 23).
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