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FeSbO, catalysts containing ‘‘excess’’ surface antimony are active for the selective oxidative
dehydrogenation of 1-butene to butadiene. In this paper, the synthesis and characterization of a
series of MSbO,, with M = Fe, Al, Cr, and Rh, and CoSb,0, catalysts are reported. Synthesis
techniques included precipitation from slurry, solid-state reaction, and impregnation. Character-
ization of the catalysts has been performed using X-ray diffraction, X-ray fluorescence, and X-ray

photoelectron spectroscopy.

1. INTRODUCTION

In 1948, propene was first transformed to
acrolein using cuprous oxide as the cata-
lyst, with a yield of about 50% (1). In 1959,
the yield was improved by using a bismuth—
molybdate catalyst (2, 3). At the same time
it was observed that a gaseous mixture of
propene, air, and ammonia when passed
over this catalyst formed acrylonitrile (4).
The commercial vapor-phase oxidation and
ammoxidation was developed by Standard
Qil of Ohio (SOHIO). In 1965, Adams (5)
found that, with the same catalyst, butadi-
ene could be produced from butene.

A more selective uranium-antimony cat-
alyst for the same set of reactions was in-
troduced in 1965 (6). An iron-antimony
catalyst was developed to further eliminate
the problems of uranium, and is still used in
Japan (7-10). In 1970, SOHIO introduced
multicomponent catalysts (/). They are
composed of a variety of elements includ-
ing Ni, Co, Fe, Mn, P, and P, but always
contain Bi and Mo.

The independent research done with
these catalytic systems has approximately
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followed their historic development. Most
of the studies have focused on bismuth-
molybdates and there is now a fairly precise
picture of how this catalyst works (12-14).

In contrast to bismuth—molybdate, the
uranium-antimony catalysts are not as well
understood. Although a two-site mecha-
nism seems also to apply, roles of the indi-
vidual cations are not clear (15). Similarly,
there is controversy in the literature about
the role of each component in the Sn—Sb
and Fe-Sb systems, both of which have
been extensively studied.

After reviewing models for the catalytic
sites, Schuit and Gates (12) concluded that
in all antimony-containing catalysts, anti-
mony oxide may be considered to be simply
an inert component that covers up most of
the surface of an active component: UQ;,
Sn0,, or Fe;0;. The catalytic sites would
then be patches exposed under an inert
overlayer.

According to this hypothesis, the prob-
lem of designing a selective oxidation cata-
lyst would be limited to knowing how to
control the size and distribution of such an
inert overlayer and how to regulate the
amount of oxygen provided by the active
phase.
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However, the problem of selectivity in
mixed oxide goes beyond a geometric
patching effect. The objective of this work
was to defined the electronic effect on ac-
tivity and selectivity within a class of mixed
oxides catalysts for which the crystallo-
graphic structure has been kept constant.

The class was selected to be isostructural
and also to have Sb’* as one of the compo-
nents. By preserving both the structure and
the identity of one of the elements, a sepa-
ration of geometric from electronic effects
could be attempted.

The methods used as test reactions are
the oxidative dehydrogenation of 1-butene
and carbon monoxide oxidation in a series
of antimonates of general formula: MSbO,.
The series MSbO, (where M is Fe, Al, Cr,
Co, Mn, and Rh) includes a known active
and selective catalyst for olefin oxidation:
FeSbO,, which was selected for purposes
of preliminary experimentation to optimize
catalyst preparation and operating reaction
conditions.

Most of the antimonates selected for
study in the present work have statistical
rutile structures like FeSbO, (17). Because
of this common structure, the replacement
of Fe’* by M in MSbO, was expected to
identify the role of the second metal in
changing the electronic factor, relative to
antimony.

The surface composition of every anti-
monate was varied by impregnation. These
experiments were directed toward elucida-
tion of effects that are geometric, i.e., con-
nected to changes in the amount of active
oxygen. The working hypothesis assumes
that the oxygens at the surface can be di-
vided into two groups. One group is bonded
to a transition-metal cation and is, in princi-
ple, reactive; i.e., these oxygens can inter-
act with olefins or CO. The other type of
oxygen is the type observable on oxides
such as Sb,Os. They are hardly active for
catalytic oxidation but can eliminate O; to
form a lower oxide such as Sb,0;. It was
also possible to study the chemical effect of
changing the transition-metal cation at the
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surface while preserving the bulk composi-
tion and structure. Thus, studies were done
on MSbO, rutile-structure antimonate im-
pregnated with extra antimony, extra M,
and extra Fe in the case of M being not only
Fe, but also Al and Cr.

The bulk properties of the catalysts were
characterized by X-ray diffraction (XRD)
and X-ray fluorescence, their surfaces ar-
eas were determined by the BET method,
and surface composition was characterized
by X-ray photoelectron spectroscopy
(XPS).

The purpose of this paper is to present
detailed aspects of the preparation and
characterization of these systems. Their
catalytic performance will be described in
the second part (16).

2. EXPERIMENTAL METHODS
2.A. Catalyst Preparation

2.A.1. Synthesis of pure phases. The
MSbO, catalysts with tetragonal (rutile)
structure used in this work may be obtained
by precipitation (18, 19) or by mixing anti-
mony oxide with M compounds (20, 21).
An exploratory study was performed with
the iron-antimony system to determine
which was more effective.

As shown in Table 1, the coprecipitation
method gave a single-phase system with
higher surface area; which is consistent
with Zenkovets (22).

Qualitative X-ray fluorescence was used
to check the purity of the samples.

The samples were calcined and cooled in
flowing air. The temperature was raised at
2°C/min to the desired value and main-
tained there for several hours to obtain the
proper phases and surface area. They were
characterized as described in Section 2.B.

2.A.2. Impregnation of pure phases. So-
lutions were prepared from nitrate salts for
Fe, Al, Cr, and Co. For antimony impreg-
nation, a solution was prepared using 3.2 g
of tartaric acid in 8 ml of distilled water to
dissolve 2 g of Sb,0s, and then neutralized
with 2 ml of NH,OH.
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TABLE 1
Effect of Preparation Method on Fe-Sb-O

Calcination Mechanical mixture Coprecipitation
temperature
©C) Phase Surface area Phase Surface area
{m%g) (m%g)
500 Highly amorphous
mixed Fe,Sb oxides 62 Amorphous 149
700 Mixed Fe,Sb oxides 23 FeSbO, + Sb,0, 45
750 FeSbO.; + Sb204 11 FeSbO,, 34
900 FeSbO, + Sb,0, 5 — —

The volume of the impregnating solution
added was close to the pore volume of the
support. The sample was on dried for 12 h
and then calcination was carried out at 50°C
below the calcination temperature used for
the original catalyst, for the same period of
time, under a slow flow of air. Some cata-
lysts were calcined in flowing helium in-
stead of air.

2.B. Characterization

2.B.1. BET surface area. The surface
area was determined with a Micromeritics
Model 2100D Orr surface-area pore-volume
analyzer at liquid nitrogen temperature.
For samples with surface area below 10 m?/
g, the measurement was repeated using
krypton as the adsorbate. The standard de-
viation of the fitted data was less than
0.05%.

2.B.2. X-ray diffraction. X-ray diffrac-
tion patterns were recorded in a range 260 =
10° to 80° for powdered samples ground to
325 mesh to increase their peak intensity,
using a Philips 3500 automated powder dif-
fractometer with a diffracted beam mono-
chromator, nickel-filtered copper radiation
at 45 kV and 40 mA. Silica was used as an
internal standard.

To improve the signal-to-noise ratio, in-
creased counting times were used. Thus,
per 0.02° step, 1 s was used for qualitative
purposes; S or 10 s for quantitative analysis
of fresh and used samples.

Samples calcined below 700°C gave very
broad peaks.

2.B.3. X-ray photoelectron spectroscopy.
The XPS data were acquired using a Physi-
cal Electronics Model 550 ESCA spectrom-
eter. The system used a Mg anode as the X-
ray source (hv = 1253.6 e¢V) and spectra
were obtained by signal averaging using a
PDP-1104 computer. Survey scans were
obtained for all samples to identify the ele-
ments present on the surface and then de-
tailed spectra of higher resolution were ob-
tained for the elements of interest. The
samples were prepared by grinding to a fine
powder and sprinkling on vacuum-compati-
ble adhesive tape. Indium foil was also used
as a sample mount in order to check on the
validity of the oxygen and carbon concen-
trations; the adhesive was not found to con-
tribute to those signals since a sufficiently
thick and even layer of catalyst had been
prepared. Atomic concentrations were ob-
tained using the appropriate sensitivity fac-
tors and are accurate to +10%. Binding en-
ergies were referenced to the C (1s) peak at
284.6 eV for residual carbon and are accu-
rate to within +0.2 eV,

The relative area ratio of the Sb
3d3»-3dsp doublet in the 520- to 540-eV re-
gion was found to be smaller than the ex-
pected 2:3 ratio. The greater-than-ex-
pected intensity of the Sb 3ds, line can be
explained by a contribution of the oxygen
(1s) line which appears (19) at ca. 531-533
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TABLE 2

XRD Data for Iron
Antimonate

Catalyst sample

d(A) nr
3.27 100
2.56 78
2.32 13
2.24 5
1.72 61
1.64 11
1.53 4
1.47 8
1.39 10
1.38 12
1.28 4

eV depending on whether the oxygen isin a
bridging or terminal position. A calculated
correction was applied to the overlap, using
for the theoretical Sb 3dsp = 1.5 Sb 3ds,
signal area.

3. EXPERIMENTAL RESULTS
3.A. Iron—-Antimony System

3.A.1. FeSbOy4. A single phase FeSbO,
was obtained by coprecipitation and calci-
nation in flowing air for 16 h at 750°C. The
X-ray diffraction data are listed in Table 2
and show agreement with those of the liter-
ature for tetragonal FeSbO, (23). The BET
surface area was 34.1 m%/g.

In Table 3 the surface atomic concentra-
tions of the elements detected by XPS are
shown. The data indicate a significant sur-
face enrichment of antimony. The concen-
tration of the Fe and Sb were slightly lower

TABLE 3

XPS Results for Iron Antimonate: Atomic
Concentrations (*10%)

Sb Fe C (6]
FeSbOy
Pre-run 20.5 6.3 8.1 65.1
Post-run 19.6 5.9 21.2 53.3
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TABLE 4
Effect of Impregnation on XPS Sb/Fe ratio

Catalyste XPS atomic ratio
(Sb 3d/Fe 3p)
5% Sb on A 3.9
4% Sb on B 3.8
1% Sb on A 3.3
A = FeSbO, 3.2
3% Fe on A 3.0
B = FeSbO, + FeO 2.9
8% Fe on A 2.8

4 Impregnation given in wt%.

in the used catalyst; however, the Sb/Fe
surface ratio did not change. The excess
oxygen detected in the fresh catalyst indi-
cates that the carbon was probably present
as carbonate. In the used sample, the oxy-
gen to metals (Sb + Fe) ratio is 2.1, indicat-
ing that the carbon was probably present as
elemental C. There were no observed
changes in surface area or bulk structures
(XRD).

The iron antimonate was impregnated
with different amounts of Sb and Fe. Two
different batches of FeSbO, were used.
Batch A, was pure FeSbO,; batch B
showed traces of FeO in its XRD pattern,
possibly due to a higher calcination temper-
ature (800°C). After impregnation, each cat-
alyst was recalcined at 700°C and charac-
terized before testing for activity and
selectivity.

No changes were observed in surface
area or bulk structure of either batch after
impregnation or after reaction. The effect
of the impregnation was shown in the XPS
analysis by comparing the ratio of antimony
to iron as presented in Table 4.

The XPS showed an increase in carbon
for all used samples. The metallic ratio (Sb/
Fe) varied within the experimental error;
however, there were substantial changes in
the shape of the peaks; particularly for the
Sb 3d. Wider peaks or a shoulder appeared
toward lower binding energies with respect
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Fi1G. 1. Qualitative differences of antimony 34 bands
between fresh and used catalysts.

the original bands. This feature is
n Fig. 1 for nonlmpregnated FeSbO4

It is quite difficult to determine the oxida-
tion state of antimony from its 3d peak
binding energy (24, 25). The antimony 3d
binding energies are greater for the +35 than
the +3 oxidation state and are also strongly
denandent on the attached

dependent on the attached
structure. For Sb,O,4 a separation of only
0.5 eV between the two sets of 3d (3/2, 5/2)
bands has been reported (26).

In stoichiometric rutile FeSbQy, the theo-
retical oxidation state for Sb is 5+, but
there are no restrictions for Sb resulting
from impregnation. Fresh samples showed
no systematic shifts in binding energies that
could be attributed to changes in antimony
oxidation state as result of impregnation.

To test the hypothesis of a partial anti-

mony reduction during operation, the fol-

lowing batches of catalysts were prepared
and tested.

-
C)

lioands and
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Batch C. 5 g of iron antimonate precur-
sor was heated in flowing helium during 16
h at 750°C.

Batch D. 5 g of the same coprecipitated
precursor was mixed with 2% of Sb,0; and
then treated as batch C.

Figure 2 shows the XPS for
for batches A, C, and D;
FeSbO, rutile structure accordin

Sb 3d region
all exhibited

g to their

2461
JUl

XRD patterns. Comparison of the spectra
for the three samples shows a definite trend
to lower oxidation state. The binding en-
ergy of the peak at 540.2 eV for oxygen-

calcined FeSbO, coincided with the re-
nartad Ch ‘lrl-_ f@r

puvva AN At

Sb,0s. Both helium- treated samples exhib-
ited this peak but a lower binding energy
shoulder was greatly enhanced. In particu-
lar the sample containing extra Sb** con-
sisted mainiy of the iower oxidation state,
with only a vestige of the higher oxidation
state being present. The Sb/Fe atomic sur-
face ratio for batches C and D were 3.5 and
3.6, respectively.

3.A.2. Fe,05 and $b,04. These two sys-
tems were studied as endpoints of the Fe—

it cam it S AMIAQ

DU llllpl cguauuu SLLICD.

Fe,0; was calcined in flowing air for 16 h
at 750°C. A surface area of 5.3 m?%g was
measured and the X-ray diffraction data
agreed with those for hematite Fe,0; (23).
XPS showed that there was relatively littie
C on this sample and no evidence of C
build-un during catalvst testing

UnaiGmup QL Lalaly st oeliils.

Sb,O, was obtained by calcining Sb,Os
in air for 2 h at 500°C. This milder treatment
was to avoid reducing the surface area. The
X- ray diffraction data indicated orthorhom-

Ulb OU2U4 \LJ) auu UIC bulld\«c alca dC\,Cl"
mined was 3.2 m%g.

for binding energy

SB 3D

[N(EV/ZE]

FiG. 2. Effect of gas treatment on FeSbO, A
FeSbO, heated in flowing air; C, FeSbO, heated in
flowing helium; D, FeSbO, + Sb** heated in flowing
helium.
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TABLE 5
XPS Atomic Ratios in Al-Sb System

Catalyst Sb/Al Sb/Fe Al/Fe
E = AISbO, 1.2 —_ —
7% Al on E 0.9 — —
4% Sb on E 1.3 — —
7% Sb on E 2.4 — —
7% Fe on E 1.3 17.6 13.5
8% Fe on E 1.0 10.8 11.0
7% Fe on E 1.2 7.0 5.9

3.B. Aluminum—Antimony System

AlSbO, was prepared by coprecipitation.
Caicination at increasing temperatures
showed that a single phase and a rutile-type
structure could be obtained reproducibly at
1050°C. X-ray diffraction was used to fol-
low the solid-state reaction. All the ob-
served lines the sample match the literature
values for rutile AISbO, (23).

A surface area of 50.7 m?%g was measured
and the XPS analysis of the fresh sample
gave 17.1% Sb, 14.8% Al, 57.6% O, and
10.5% graphitic C; resulting in an Sb/Al ra-
tio of 1.2.

Aluminum antimonate was impregnated
with extra aluminum, antimony, or iron, to
investigate the influence of one metal upon
the other. After impregnation, the samples
were calcined at 1000°C. No changes were
observed in X-ray patterns or surface area
measurements.

The XPS atomic ratio of most of the sam-
ples are shown in Table 5. Samples 5, 6,
and 7, impregnated with approximately the
same amount of iron, gave different iron
atomic surface concentrations. Samples 5
and 7 were impregnated using the standard
procedure; but sample 7 was calcined in ox-
ygen instead of air. Sample 6 was prepared
using a solution of iron acetate for impreg-
nation.

AISbO,, a low activity catalyst (16), was
used as support and impregnated with dif-
ferent amounts of FeSbO,. Because of the
large difference in calcination temperatures
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required to achieve the AISbQ, rutile struc-
ture, the reverse case of iron antimonate
impregnated with aluminum antimonate
was not attempted. Heavy loadings of
FeSbO4 on AlSbO4 were attained by suc-
cessive impregnations. After impregnation,
the samples were calcined at 750°C.

The amount of FeSbQ, on aluminum anti-
monate was measured using X-ray diffrac-
tion and chemical analysis. An estimate of
the extent to which the added iron anti-
monate could cover the surface of AISbO,,
assuming a slab of uniform thickness was
deposited over a semi-infinite flat surface of
support, indicates a monolayer of 0.7-A
thickness for a 2% impregnated sample and
6-A thickness for a 15% FeSbO, on AISbO,
surface. The surface compositions are
given in Table 6 for fresh and used samples.

The XPS data indicate that the small
amount of iron on the surface of the fresh
catalysts decreased after use. The amount
of Al increased by 2% and there was no
significant carbon buildup in the post-run
samples. No changes indicative of varia-
tions in the cation oxidation states were ob-
served in the shape of the peaks.

3.C. Chromium—Antimony System

This system required extreme conditions
to produce a single rutile phase. Samples
were prepared by coprecipitation and
calcined at 1100°C. There were no powder
diffraction data available in the literature

TABLE 6

XPS Results for Iron Antimonate on Aluminum
Antimonate: Atomic Concentrations (*+10%)

Sb Fe Al O C

2% FeSbO, on

AISbOy
Fresh 16.5 0.5 6.3 48.1 28.6
Post-run 18.0 Traces 7.8 48.6 25.6
15% FeSbO, on
AlISbO,
Fresh 19.1 2.8 39 532 21.0
Post-run 17.9 2.2 59 521 219
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F1G. 3. XRD patterns of CrSbO, and 7% Cr on
CrSbO,. (A) Nonimpregnated and (B) impregnated
(—®, extra peak).

for CrSbO4, so a computer pattern giving
only line positions was simulated from sin-
gle-crystal data (27). The relative intensi-
ties were qualitatively compared with simi-
lar rutile compounds. Three batches of the
same compound were prepared to ensure
that results were reproducible. X-ray mea-
surements of at least three samples of a
same batch were taken to average prepara-
tion errors.

A surface area of 7.5 m%g was deter-
mined and the surface composition, XPS,
are reported for this catalyst together with
the impregnated samples.

Chromium antimonate was impregnated
with different amounts of Cr, Sb, and Fe.
After impregnation each catalyst was
calcined at 1050°C and characterized.
There were no changes observed in area
measurements. The X-ray diffraction pat-
tern of a sample impregnated with 7% Cr
showed the presence of small amounts of
Cr,0; along with the rutile CrSbO, (Fig. 3).

The atomic composition calculated from
XPS measurements are given in Table 7.
All the fresh samples presented high gra-
phitic-carbon contamination, probably at-
tributable to the tape used in the XPS analy-
sis. The binding energies of the Cr 2p peaks
coincided with those reported for Cr*3, as
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TABLE 7
XPS Atomic Composition of Chromium Antimonate
Catalysts
Catalyst %Sb %Cr %0 %C %Fe
F = CrSbO, 172 5.5 455 317 —
4% Cron F 4.7 9.3 427 433 —
7% Cron F 5.5 18.1 46.0 304 —
7% Sb on F 11.3 1.6 40.5 46.6 —
7% Fe on F 8.7 23 483  36.1 4.6

in Cr;0; (28). Antimony 3d peaks showed
no particular features.

3.D. Other Rutile-Related Antimonates

Cobalt antimonate was prepared using
the standard coprecipitation method. It was
calcined for 16 h at 850°C. X-ray analysis of
the sample gave a pattern that matched the
trirutile structure of CoSb,0¢ (23). The cat-
alyst had a surface area of 1.6 m%g. In Ta-
ble 8 the surface atomic concentration of
the elements detected by XPS are shown.
The data are for the fresh and used samples
and they indicate significant surface enrich-
ment of antimony with an Sb/Co ratio of 3.2
and 2.8, respectively, showing slight varia-
tions in the cation surface concentration of
the used sample.

A sample of the catalyst was impregnated
with 6% Co to investigate its effect on the
catalytic performance. After calcining at
800°C, the XPS analysis gave an Sb/Co ra-
tio of 2.2. XPS analysis of the used sample
gave a metallic ratio of 2.4, representing a
small increase in the surface concentration

TABLE 8

XPS Results for Cobalt Antimony Oxide: Atomic
Concentrations (+10%)

Sb Co C 0
COSb206
Pre-run 17.5 5.5 33.4 43.6
Post-run 18.8 6.8 31.2 43.2
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of both cations. No significant increase in
the amount of graphitic carbon was ob-
served.

RhSbO, was prepared by coprecipitation
and calcination at 900°C during 16 h in flow-
ing air. Because there are no powder dif-
fraction data in the literature, the XRD
pattern was compared to a computer
simulation based on single-crystal data. As
in the case of CrSbO,, comparison with
similar systems led to the conclusion that
the catalyst was single phase, with a rutile
structure. A surface area of 9.1 m¥g was
obtained.

The XPS analysis of the fresh sample
gave an atomic composition of 11.4% Sb,
2.7% Rh, 54.1% O, and 31.8% graphitic car-
bon, resulting in a metallic surface ratio of
4.2. The binding energy of the Rh 3ds, at
309.9 eV was close to that obtained for
compounds where Rh is in +3 state. The
used sample had 20.0% Sb, 4.2% Rh, 48.8%
0, and 27.0% graphitic carbon. No changes
in the shape of antimony and rhodium
peaks were observed.

4. DISCUSSION OF RESULTS

Preparation of single phase MSbO, was
essential for the activity measurements per-
formed in these studies. X-ray fluorescence
analysis showed absence of impurities in
both precursors and final catalysts ob-
tained. With X-ray diffraction, it was deter-
mined with a high degree of certainty when
a single tetragonal phase has been obtained.

The final temperatures used for all the
catalysts studied were lower than those re-
ported by Brandt (29), who obtained the
same compounds by a physical mixture of
the oxides.

Antimony surface enrichment was found
by XPS in all catalysts, even the originally
biphasic, FeSbO, + FeO, catalyst. At-
tempts to bring the M/Fe surface ratio close
to unity, by impregnation, always resulted
in segregation of an iron oxide phase.

On the basis of XPS results, it is clear
that the Fe-Sb system is partially reduced
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under reaction conditions. The presence of
Sb3+ in the post-run catalyst samples was
confirmed by comparison of the helium-
treated samples (see Figs. 1 and 2); and
Mdgssbauer studies (30) have shown that
Fe?* is also present in active catalysts. No
other M-Sb pair exhibited these features,
which may be required for active catalysis.

Regarding whether the Sb-enriched sur-
face layer is MSbQO,, MSb,O¢, or a thin
layer of Sb,0,4 covering the antimonate is
not crucial. One of the features common to
rutile oxides is the ability to form crystallo-
graphic shear (CS) structures (37). This not
only generates mixed-valence intermediate
phases without any profound change in
crystal structure, but operates as a means
of eliminating point defects by converting
them into larger, but less numerous, ex-
tended defects which may be clustered and
partially ordered. Investigation of such
problems is entirely dependent upon elec-
tron microscope techniques and are beyond
the scope of this work.

We conclude that the dynamics of the
surface itself and the flexibility of the rutile
structure can explain any reasonable sur-
face structure postulated in the literature,

5. CONCLUSIONS

The synthesis and characterization ex-
periments reported here indicate that it is
possible to exchange Fe3* by other M3* cat-
ions and to preserve the rutile bulk struc-
ture of FeSbO4. However, the coexistence
of two such M3+ with Sb>* in a single phase
is limited to small amounts of one of them.
X-ray diffraction showed the segregation of
two phases when impregnation went be-
yond the 7-10% level, depending on the el-
ements involved.

The XPS analysis were conclusive re-
garding the antimony surface enrichment of
most of the catalysts tested and proved that
the bulk structure is not a deciding factor
defining the change of oxidation state of the
cations present in the surface layers. How-
ever, the capacity of Sb to be reduced un-
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der reaction conditions proved to be critical
for the catalytic performance of these ox-
ides. This relationship is established in the
next paper in this series (16).
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