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Ammoxidation  of propane  to acrylonitrile  was  examined  over  a Fe3BiOx/SiO2 sample  prepared  by  thermal
decarbonylation  of [Et4N][Fe3(CO)10(�3-Bi)]  on  the surface  of  mesoporous  silica.  Catalytic  measurements
performed at  500 ◦C  showed  that  this  sample  yields  49% acrylonitrile  selectivity  at  36%  propane  conver-
sion  when  a 5.5%C3H8/30%O2/11%NH3/He  balance  reaction  mixture  was  used  at  a  GHSV  of  1360  h−1.
HRSTEM,  EDS,  and  XPS  measurements  indicate  that mixed  Fe3BiO6 oxide  particles  less than  2 nm in  size
were  formed  on  the surface  of this  material  under  reaction  conditions.  A  Fe/Bi  atomic  ratio  in these
ropane ammoxidation
ixed FeBi oxides
anoparticles
luster-derived catalyst
PS
RSTEM

particles  is approximately  3:1 and  the  Fe  and Bi ions  both  are  in the  +3  oxidation  state.  A Fe-Bi/SiO2 sam-
ple  prepared  by  co-impregnation  of individual  Fe and  Bi salts  had  very  low  activity  and  low  selectivity
for  acrylonitrile  formation  from  propane  under  similar  experimental  conditions  due  to  larger  sizes  of
particles  formed  under  reaction  conditions  and  enrichment  of their  surface  with  Fe.

©  2015  Elsevier  B.V.  All  rights  reserved.
DS

. Introduction

The ammoxidation of propene to acrylonitrile (Eq. (1)) catalyzed
y bismuth molybdates is one of world’s largest commercial pro-
esses for the production of a commodity chemical [1–3].

3H6 + 3/2O2 + NH3 → CH2CHCN + 3H2O (1)

Experimental and computational results have indicated that the
ritical alkene activation step occurs at the methyl group of propene
y a Bi-O function in the bismuth-molybdate catalysts [4–9]. Sup-
orted catalysts incorporating bismuth have also been shown to
atalyze the oxidation of different aromatic and alkane compounds
10–12]. There is considerable interest in developing selective oxi-

ation and ammoxidation reactions by using less expensive and
idely available saturated hydrocarbons and considerable efforts
ave been made to utilize propane as a feedstock for the synthesis
f acrylonitrile [13–33].

∗ Corresponding author. Tel.: +1 8037776781.
∗∗ Corresponding author. Tel.: +1 8037779914.
∗  ∗∗Corresponding author. Tel.: +1 3124133350.

E-mail addresses: adamsrd@mailbox.sc.edu (R.D. Adams), alexeev@cec.sc.edu
O.S. Alexeev), amiridis@uic.edu (M.D. Amiridis).

ttp://dx.doi.org/10.1016/j.apcata.2015.04.025
926-860X/© 2015 Elsevier B.V. All rights reserved.
Literature reports have shown that iron-antimony oxide
catalysts exhibit significant activity for the oxidation and
ammoxidation of propane [34] and propene [35]. Zhuang and
Catlow [36] have examined possible mechanisms of propane
ammoxidation over FeSbO4 catalysts by computational methods
and identified two  possible pathways: one that starts with hydro-
gen abstraction from the methylene group in propane and proceeds
through a propylene intermediate and a second one that starts
with hydrogen abstraction from one of the methyl groups. These
two mechanisms have similar energy barriers, resulting in simi-
lar temperatures at which the products are formed. Moreover, the
antimony and oxygen atoms were found to play key roles in the CH
activation steps of the hydrocarbon.

While antimony and bismuth have similar chemical properties,
there are virtually no literature examples of propane ammoxida-
tion over iron-bismuth catalytic materials. A number of years ago,
it was reported that ternary iron-bismuth-phosphorus oxide sys-
tems are effective catalysts for the ammoxidation of propene [37]
and acrolein [38]. More recently, it has been shown that catalytic
properties of supported bimetallic catalysts incorporating bismuth

can be significantly improved by using bismuth-transition metal
carbonyl cluster complexes as precursors [39,40]. Accordingly, we
have now examined the ability of SiO2-supported iron-bismuth
nanoparticles prepared from iron-bismuth carbonyl cluster

dx.doi.org/10.1016/j.apcata.2015.04.025
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omplexes to catalyze the reaction of propane ammoxidation to
orm acrylonitrile. These results are reported herein.

. Experimental

Reagent grade solvents were dried by the standard pro-
edures and freshly distilled under nitrogen prior to use.
Et4N][Fe3(CO)10(�3-Bi)], 1 was prepared as reported elsewhere
41]. The Fe(CO)5 (STREM) and NaBiO3 (Sigma–Aldrich) compounds
ere used in the preparation routine without further purification.

.1. Catalyst preparation

The cluster-derived catalyst (further denoted as Fe3BiOx/SiO2)
as prepared from the bimetallic precursor 1: 520 mg of 1 was
issolved in 100 mL  of CH2Cl2. 5.00 g of Davisil 923 (pore size
0 Å, 100–200 mesh, Grace Davison) mesoporous silica support was
dded to this solution and the slurry was stirred under nitrogen for
4 h. The solvent was then slowly removed under vacuum. Finally,
he impregnated sample was heated under vacuum to 200 ◦C for

 period of approximately 2 h to remove the CO ligands, yielding
.25 g of supported catalyst with 5% metal loading.

For comparison, the Fe-Bi/SiO2 sample with a Fe/Bi molar ratio of
 was prepared by co-impregnation: 85.9 mg  of FeBr2 and 41.9 mg
f BiCl3 were dissolved in 100 mL  of acetonitrile (NCMe). Following
he addition of 1.00 g of Davisil 923 mesoporous silica support, the

ixture was stirred under nitrogen for 24 h. After the solvent was
lowly removed by evacuation, the resulting material was heated
nder vacuum to 200 ◦C for a period of approximately 2 h to yield
.05 g of catalyst with 5% metal loading.

.2. Characterizations

.2.1. High resolution scanning transmission electron microscopy
High resolution scanning transmission electron microscopy

HRSTEM) was  performed at the University of South Carolina Elec-
ron Microscopy Center using a JEOL 2100F 200 kV FEG-STEM/TEM
quipped with a CEOS Cs corrector on the illumination system.
he geometrical aberrations were measured and controlled to
rovide less than a �/4 phase shift of the incoming electron
ave over the probe-defining aperture of 17.5 mrad. High angle

nnular dark-field (HAADF) high resolution scanning transmis-
ion electron microscopy images were acquired on a Fischione
odel 3000 HAADF detector with a camera length such that the

nner cut-off angle of the detector was 50 mrad. The scanning
cquisition was synchronized to the 60 Hz AC electrical power
o minimize 60 Hz noise in the images and a pixel dwell time
f 15.8 �s was used. Particle size distributions were obtained by
bserving and including at least 300 particles from several differ-
nt images. The surface-averaged size of particles was calculated

s
∑

i

nid
3
i
/
∑

i

nid
2
i

(where ni is the number of particles with the

i diameter).

.2.2. X-ray photoelectron spectroscopy (XPS)
A Kratos AXIS Ultra DLD X-ray photoelectron spectrometer

quipped with a monochromatic Al-K� source operated at 1.5 keV
nd 150 W was used for XPS measurements. The pass energy was
xed at 40 eV for the detailed scans. A charge neutralizer was used
o compensate for the surface charging during the photoemission.
he Si 2p signal with a binding energy of 103.3 eV was used as an

nternal reference for calibration of the O 1s, Fe 2p, and Bi 4f bind-
ng energy values. All binding energies reported in this work were

easured with a precision of ±0.2 eV. XPS data were analyzed by
onlinear curve fitting using the PeakFit 4.12 software. In all cases,
A: General 501 (2015) 10–16 11

a linear-type background was subtracted from the spectra and a
curve fit was  performed using the minimum number of Voigt G/L-
type peaks that provides a good fit. In each case, the fitting routine
was completed when the coefficient of determination (R2) value
was 0.98 or higher.

2.2.3. Catalytic measurements
The catalytic tests were performed in a Pyrex single-pass fixed-

bed reactor at atmospheric pressure and temperatures in the
350–500 ◦C range. The temperature inside the reactor was mon-
itored by a thermocouple extended into the catalyst bed. Samples
in powder form (0.3 g) were diluted with quartz (2 g), loaded
into the reactor, and heated to 300 ◦C under He for a period of
approximately 5 h prior to measurements. Two reaction feeds (i.e.,
5.5%C3H8/30%O2/11%NH3/He and 8%C3H8/20%O2/9%NH3/He) with
O2/C3H8 ratios of 5.5 and 2.5, respectively, were used to deter-
mine how catalytic properties of SiO2-supported Fe-Bi samples in
propane ammoxidation depend on the O2 content. In each case,
the total volumetric flow rate of the reactant mixture was  held
at 2.7 and 9 mL/min (1 atm, 25 ◦C), yielding a corresponding Gas
Hourly Space Velocity (GHSV) of 408 and 1360 h−1, respectively.
The feed and the reaction products were analyzed with an on-
line gas chromatograph (HP 5890, Agilent) equipped with TCD and
FID detectors and carboxen-1000 and plot-Q columns. A carboxen-
1000 column was used for the analysis of CO2, while a plot-Q
column (30 m,  0.53 mm ID, Supelco) was used for the analysis of
hydrocarbons. All the lines leading to the gas chromatograph were
heated at 220 ◦C using heating tapes in order to avoid condensation
and polymerization of the acrylonitrile. In the absence of a catalyst,
there was no measurable conversion of C3H8. The results reported
herein were obtained after steady-state conditions were reached
at each temperature. In order to do so, measurements were car-
ried out for at least 4 h at each temperature with 30 min  intervals
between the reactor effluent analysis injections. No deactivation
of the catalysts was observed even after 2 days of testing at the
same temperature and reproducible results were obtained at differ-
ent temperatures regardless of the heating/cooling protocol used,
indicating the absence of thermal deactivation either.

Propane conversion was  determined as the molar amount of
propane consumed over the total molar amount of propane used
in the feed. Product selectivities were determined as the molar
amount of each product formed divided by the molar amount of
propane consumed and adjusted for differences in carbon stoi-
chiometry (i.e., multiplied by the ratio of carbon atoms in the
specific product over the number of carbon atoms in propane).
Product yields were determined as the product of propane con-
version multiplied by product selectivities.

3. Results and discussion

Results of the catalytic measurements obtained at the GHSV of
1360 h−1 for the cluster-derived Fe3BiOx/SiO2 catalyst are shown
in Fig. 1, where the propane conversion and the selectivities for the
various products formed are plotted as a function of reaction tem-
perature. The limited catalytic activity observed at temperatures
below 450 ◦C (i.e., propane conversions below 10%) is associated
primarily with the oxidation of propane, as indicated by the for-
mation of CO2 as the main reaction product. The formation of
acrylonitrile (AcCN), acetonitrile (ACN), propene, and ethene was
first detected at 420 ◦C. Consistent with previous literature reports
[29–34,36], the appearance of propene among other reaction prod-

ucts suggests that it may  be an intermediate for the propane
ammoxidation reaction. Both the selectivity to different products
and the propane conversion continue to increase with reaction
temperature. For example, the propane conversion was as high
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Fig. 2. Propane conversion and product selectivities for the ammoxidation of

f  propane over a cluster-derived Fe3BiOx/SiO2 catalyst as a function of
eaction temperature (feed composition: 5.5%C3H8/30%O2/11%NH3/He balance;
HSV = 1360 h−1).

s 36% at 500 ◦C and the selectivity to AcCN reached 49%, while
he yield was 18%. Corresponding changes for other reaction prod-
cts were evidently less prominent as ACN, propene, and ethene
electivities remained below 10% in the 420–500 ◦C temperature
ange.

When lower space velocities and, therefore, longer contact
imes were used in experiments with Fe3BiOx/SiO2, higher propane
onversions were observed at the same temperature, while the
electivity to AcCN remained similar, resulting in higher yields, as
hown in Table 1. For example, the AcCN yield increased from 7 to
9% and from 18 to 29% at reaction temperatures of 480 and 500 ◦C,
espectively, when the GHSV was decreased from 1360 to 408 h−1.

 similar trend was also observed for ACN, since the ACN selectivity
as not significantly affected in this case either.

A comparison was also attempted between the cluster-derived
e3BiOx/SiO2 sample and a Fe-Bi/SiO2 catalyst of the same com-
osition prepared by co-impregnation. The results collected for
e-Bi/SiO2 at 500 ◦C and GHSV of 1360 h−1 (Table 1) indicate a much
ower propane conversion and no measurable production of either
cCN or ACN, although the formation of propene was observed

2.4% yield) in addition to CO2.
The effect of the feed composition on the production of AcCN
ver Fe3BiOx/SiO2 was examined next. For example, at 500 ◦C and
HSV of 408 h−1, a decrease in the O2/C3H8 ratio from 5.5 to 2.5

esulted in a moderate decrease of propane conversion from 59 to
7%. At the same time, the AcCN selectivity increased from 48 to

Fig. 3. HAADF HRSTEM images of a cluster-derived Fe3BiOx/SiO2 c
propane over a cluster-derived Fe3BiOx/SiO2 catalyst as a function of reaction tem-
perature (feed composition: 8%C3H8/20%O2/9%NH3/He balance; GHSV = 408 h−1).

59%, while the AcCN yield (28%) remained unchanged. The com-
plete results collected at these conditions are shown in Fig. 2.

Typical HAADF HRSTEM images collected for a cluster-derived
Fe3BiOx/SiO2 sample that was  used for propane ammoxidation at
500 ◦C are shown in Fig. 3. Highly dispersed particles less than 2 nm
in size constitute the majority of particles present on these images.
The particle size distribution obtained for this sample is relatively
narrow with approximately 96% of the particles being in the size
range of 0.5–2.0 nm. Several particles with sizes in the 2.5–4.5 nm
range can be also found in HRSTEM images. While the fraction of
these larger particles is relatively small and does not exceed 4%,
their contribution to an average particle size is significant, as the
surface-averaged size of the particles calculated from these data
was found to be of approximately 2 nm (Fig. 4). Energy dispersive
X-ray spectroscopy (EDS) measurements performed on random
particles of different sizes shows the presence of both Fe and Bi
in these particles with atomic concentrations of approximately 75
and 25%, respectively, yielding approximately a 3:1 Fe/Bi atomic
ratio, which is consistent with the Fe/Bi ratio found in the cluster
precursor complex.

In addition, to determine the elemental distribution of Bi and
Fe on the surface of Fe3BiOx/SiO2, spatially resolved EDS measure-
ments were carried out on a relatively wide sample area (around

0.08 �m2). Fig. 5A and B shows the relevant EDS chemical maps of
the Bi L� and Fe K� characteristic X-rays, respectively, acquired at
a pixel size of 10 nm.  These images are unfiltered, representing the

atalyst that was used for propane ammoxidation at 500 ◦C.
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Table  1
Summary of the effects of space velocity and temperature on propane conversion and product distribution over the cluster-derived Fe3BiOx/SiO2 catalyst.

Sample/reaction conditions Propane conversion, % AcCN selectivity, % ACN selectivity, % C3H6 selectivity, % AcCN yield, %

Fe3BiOx/SiO2, GHSV = 1360 h−1, T = 480 ◦C 19 34 5 8 7
Fe3BiOx/SiO2, GHSV = 408 h−1, T = 480 ◦C 51 36 5 3 19
Fe3BiOx/SiO2, GHSV = 1360 h−1, T = 500 ◦C 36 49 5 3 18
Fe3BiOx/SiO2, GHSV = 408 h−1, T = 500 ◦C 59 48 4 4 29
Fe-Bi/SiO2, GHSV = 1360 h−1, T = 500 ◦C 12 <1 <1 20 <1
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F
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ig. 4. Particle size distribution characterizing a cluster-derived Fe3BiOx/SiO2 cata-
yst that was used for propane ammoxidation at 500 ◦C.

aw intensities of the characteristic Bi and Fe edges at each point in
he map. A comparison of these maps shows that the bright areas
nriched in Fe in Fig. 5B closely correspond to the areas enriched
n Bi in Fig. 5A. This further suggests that Fe and Bi are closely
ssociated on the surface of this catalytic material.

To clarify the nature of particles formed in the spent
e3BiOx/SiO2 sample, the surface of this material was  examined
y X-ray photoelectron spectroscopy (XPS) and the spectra col-

ected for the O 1s, Fe 2p, and Bi 4f regions are shown in Figs. 6–8.
he O 1s spectrum includes two components with binding energies
f 532.9 and 530.3 eV (Fig. 6). Consistent with previous literature

eports [42], a relatively strong O 1s peak at 532.9 eV originates
rom Si-O contributions of the SiO2 support. In agreement with
uch an assignment, the O/Si atomic ratio for this peak was found

ig. 5. EDS maps of the Bi L� (A) and Fe K� (B) characteristic X-rays acquired at a pixel s
mmoxidation at 500 ◦C.
Fig. 6. O 1s region of the XPS spectrum of a cluster-derived Fe3BiOx/SiO2 catalyst
used for propane ammoxidation at 500 ◦C (solid line) and deconvolution results
(dotted line).

to be of approximately 2.0. A weaker O 1s contribution at 530.3 eV
clearly represents the species formed on the SiO2 surface. The
specific assignment for this peak is less certain since differences in
O 1s binding energies reported previously for various Fe oxides (i.e.,
529.9–530.9 eV) [43], Bi2O3 (529.4 eV) [44], and FeBiO3 (529.5 eV)
[45] species are small and, therefore, O 1s peaks originating from
Fe-O, Bi-O, and Fe-O-Bi are expected to overlap if any combinations
of such species are formed on the support surface. Regardless of this
uncertainty, the presence of this peak in the XPS spectrum indicates
that the particles observed on the surface of the spent Fe3BiOx/SiO2
The Bi 4f region can be fitted with a pair of peaks with FWHM
values of 1.7 eV, a spin-orbit split of 5.3 eV, and binding energies
of 159.3 and 164.6 eV which correspond to Bi 4f7/2 and 4f5/2 core

ize of 10 nm for a cluster-derived Fe3BiOx/SiO2 catalyst that was used for propane
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ig. 7. Bi 4f region of the XPS spectrum of a cluster-derived Fe3BiOx/SiO2 catalyst
sed for propane ammoxidation at 500 ◦C (solid line) and deconvolution results
dotted line).

evel emissions, respectively (Fig. 7). These binding energies are
lightly higher than those reported previously for Bi2O3 (i.e., 158.8
nd 164.2 eV) [46] but match closely with the Bi 4f7/2 and 4f5/2 bind-
ng energies reported for various mixed oxides, including FeBiO3
i.e., 159.1 and 164.4 eV, respectively) [47]. While higher binding
nergies of Bi in the latter case can be explained by electron trans-
er from the Bi cations towards other components of mixed oxides
46], the Bi 4f7/2 and 4f5/2 binding energies determined from our
pectra are consistent with Bi3+ cations being present on the sur-
ace of the spent Fe3BiOx/SiO2 material, as no any contributions
rom Bi5+ cations (expected at 161.5 and 167.0 eV for 4f7/2 and 4f5/2
ore level emissions, respectively) can be observed in XPS spectra.

The Fe 2p XPS region is more complex and includes besides 2p3/2

nd 2p1/2 spin-orbit doublet components the corresponding satel-
ite peaks at 718.2 and 731.7 eV, respectively (Fig. 8). Moreover,

inimum two components are required to include in the fit for
ach Fe 2p3/2 and Fe 2p1/2 emission line in order to achieve a R2
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ig. 8. Fe 2p region of the XPS spectrum of a cluster-derived Fe3BiOx/SiO2 catalyst
sed  for propane ammoxidation at 500 ◦C (solid line) and deconvolution results
dotted line).
 A: General 501 (2015) 10–16

value of 0.98 or higher. As a result, two  types of Fe ions can be
identified in the spectrum with Fe 2p3/2 and 2p1/2 binding energies
of 710.6/713.0 eV and 723.9/726.1 eV, respectively, and a spin-orbit
split of approximately 13.2 eV. These binding energies are fully con-
sistent with those reported in the literature [43,45,46] for Fe3+ ions
in FeO(OH), Fe3O4, Fe2O3, and FeBiO3 compounds. Since the pres-
ence of satellite peaks is typical for Fe 2p3/2 and 2p1/2 emission
lines of Fe3+ ions and contributions from Fe2+ ions (expected at
709.5 eV) cannot be found in the spectrum, we  can conclude with
confidence that only Fe3+ ions are present on the surface of the
spent Fe3BiOx/SiO2 material. These Fe3+ ions are obviously not iden-
tical since both the Fe 2p3/2 and 2p1/2 core level emission lines split
into two components.

Since XPS provides average information from the surface, sev-
eral assignments are possible. For example, one could suggest that
the Fe 2p3/2 and 2p1/2 peaks with binding energies of 710.6 and
723.9 eV, respectively, represent Fe-O-Bi species, while the second
set of Fe 2p3/2 and 2p1/2 peaks with binding energies of 713.0 and
726.1 eV, respectively, originates from Fe3+ cations not interacting
with Bi. In other words, such an assignment suggests that not all
oxide particles formed on the surface of SiO2 incorporate both the
Fe and Bi ions but at least some of them incorporate only Fe ions.

Alternatively, one can suggest that all particles formed on the
SiO2 surface consist of mixed FeBi oxides but Fe3+ ions in these
particles have two  different coordination environments. This sug-
gestion is similar to what have been reported previously for several
pure Fe oxides and FeBiO3 nanoparticles. For example, Fe3+ ions
in octahedral and tetrahedral coordination with characteristic Fe
2p3/2 binding energies in the 710.2–712.3 eV and 712.9–713.7 eV
range, respectively, were found to be present in Fe3O4 and Fe2O3
[43]. Likewise, it has been reported that the Fe 2p3/2 region of
FeBiO3 nanoparticles splits into two components with binding
energies of 710.3 and 712.1 eV, consistent with the presence of
Fe-O-Bi links in which Fe3+ ions have two different coordination
environments [45].

In attempts to narrow the assignment choices for the Fe 2p
region and to determine the composition of particles formed on
the SiO2 surface more precisely, XPS spectra in O 1s, Fe 2p, and
Bi 4f regions were quantified using peak areas and atomic sen-
sitivity factors that were included in the Kratos software by the
manufacture. The results obtained indicate that particles formed
on the surface of the spent Fe3BiOx/SiO2 sample consist of 61.6%
O, 27.7% Fe, and 10.7% Bi, yielding a Fe/Bi atomic ratio of 2.6 and
a net composition of surface species of approximately Fe2.6BiO5.8.
The Fe/Bi atomic ratio determined from XPS is fairly close to a Fe/Bi
atomic ratio of 3 estimated from EDS measurements, suggesting
that the Fe/Bi ratio remains nearly unchanged when the cluster
precursor is transformed into a mixed FeBi oxide on the surface
of silica under reaction conditions. Taking into account that the Fe
and Bi ions both are in the 3+ oxidation state, the net composition
of the surface species thus formed can be further approximated
as Fe3BiO6 to balance the overall charge. However, since FeBiO3
is the most common composition representing mixed FeBi oxides
[45,46], one could also suggest that Fe3BiO6 species can be repre-
sented by a 1:1 ratio of FeBiO3 and Fe2O3. While such a suggestion
clearly assumes the existence of two types of Fe3+ ions due to the
presence of Fe-O-Bi and O-Fe-O on the support surface and is con-
sistent with fitting results for the Fe 2p region, it is also assumes that
the atomic ratio between Fe species of Fe2O3 and those of FeBiO3
must be 2:1. In contrast to this expectation, our results show a
1:1 ratio between Fe3+ species with characteristic Fe 2p3/2 binding
energies of 713.0 and 710.6 eV, strongly suggesting that this is not

the case. Therefore, it is more likely that particles observed on the
surface of SiO2 in the spent Fe3BiOx/SiO2 material consist of a pure
Fe3BiO6 mixed oxide in which Fe3+ ions have two  distinct coordi-
nation environments. Our attempts to clarify further the structure
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f these particles by XRD were not successful due to their small
izes.

For comparison purposes, XPS measurements were also
erformed over the spent Fe-Bi/SiO2 material prepared by co-

mpregnation. The spectra collected for the O 1s, Fe 2p, and Bi 4f
egions are shown in Figs. 9–11. The O 1s spectrum includes two
omponents with binding energies of 532.8 and 530.0 eV (Fig. 9).
he former peak clearly represents the support oxygen, as the
/Si atomic ratio of 2.1 for this peak is consistent with the SiO2

toichiometry. As we discussed above, the O 1s peak at 530.0 eV
ost likely represents Fe-O, Bi-O, and Fe-O-Bi contributions of the

xide species formed on the SiO2 surface. Similar to the case of
he cluster-derived sample, the Bi 4f region includes a pair of peaks

ith binding energies of 159.2 and 164.5 eV assigned to Bi 4f7/2 and

f5/2 core level emissions, respectively (Fig. 10). Furthermore, two
ypes of Fe ions can also be identified in the Fe 2p spectrum of this
ample with Fe 2p3/2 and 2p1/2 binding energies of 710.6/713.2 eV
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and 723.9/726.0 eV, respectively, together with the corresponding
satellite peaks at 718.2 and 731.5 eV, respectively (Fig. 11).

A comparison of these data with those included in Figs. 6–8 fur-
ther shows that the co-impregnated sample has the set of peaks in
the Bi 4f and Fe 2p regions with binding energies closely matching
the corresponding binding energies of the cluster-derived sam-
ple. This result suggests that surface species of similar nature are
formed in both cases and these species incorporate iron and bis-
muth, both of which are in +3 oxidation state.

However, some substantial differences between co-
impregnated and cluster-derived samples were also observed. For
example, Table 2 shows a comparison of the O/Si, Fe/Si, and Bi/Si
atomic intensity ratios for these two  materials. It has been shown
previously that atomic intensity ratios of different peaks in XPS
spectra are directly related to the dispersion of metal oxide species
formed [48,49]. The larger the ratio, the more dispersed the oxide
phase [48,49]. As can be noted from data of Table 2, the O/Si, Fe/Si,
and Bi/Si atomic intensity ratios characterizing the cluster-derived
Fe3BiOx/SiO2 sample are significantly larger than those calculated
for the co-impregnated Fe-Bi/SiO2 sample, strongly suggesting that
the surface species formed in the former case are better dispersed.

It is further evident that the Fe/Bi ratio characterizing the co-
impregnated Fe-Bi/SiO2 sample is approximately 6, which is higher
than the Fe/Bi ratio of 2.7 estimated for the cluster-derived sam-
ple. This result clearly indicates that the 3:1 Fe/Bi ratio initially
intended for surface species in the co-impregnated material does
not hold and in fact, the surface species formed are enriched with
iron. Therefore, we can infer that the dispersion of surface species
formed and the Fe/Bi ratio in these species are two important
factors that govern ammoxidation activity of this type materials,

considering that a bifunctional-type of mechanism is involved in
the ammoxidation of the propane [3].

Table 2.
XPS atomic intensity ratios of samples used for propane ammoxidation.

Sample O/Si Fe/Si Bi/Si

Fe3BiOx/SiO2 0.17 0.08 0.03
Fe-Bi/SiO2 0.01 0.03 0.005



1 alysis

4

m
a
t
o
u
t
w
t
F
c
e
s
g
a

A

C

R

[

[
[
[
[
[

[
[
[
[

[

[
[
[
[
[

[

[
[
[

[

[
[

[
[
[
[
[

[

[

[

[

[

[

[

[

[
Trans. 79 (1983) 2055–2069.
6 R.D. Adams et al. / Applied Cat

.. Conclusions

Our results have shown that the cluster-derived Fe3BiOx/SiO2
aterial prepared from the [Et4N][Fe3(CO)10(�3-Bi)] precursor is

n effective catalyst for the ammoxidation of propane at tempera-
ures above 500 ◦C. Nearly uniform particles with an average size
f approximately 2 nm are formed on the surface of this material
nder reaction conditions. EDS and XPS measurements indicate
hat these particles incorporate both the Fe and Bi components
ith a 3:1 Fe/Bi atomic ratio and both of these elements are in

he +3 oxidation state in the active material. The cluster-derived
e3BiOx/SiO2 sample performs moderately better than FeSb oxide
atalysts used for propane ammoxidation [29–33], but it is not as
ffective as the MoV(Nb,Ta)(Te,Sb)O combinations also used for the
ame reaction [3,26]. The presence of propene in the effluent sug-
ests that propene may  be an intermediate in the catalytic process,
s has been also recognized by others [29–34,36].
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