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Ammoxidation of propane was investigated over FeVSbO mixed
oxide catalysts. The results obtained show that in VSbO4 mixed
oxide catalyst systems, substitution of vanadium by small quan-
tities of iron has a strongly positive effect on the activity of the
catalysts. With such a system, the selectivity to acrylonitrile de-
creases while the selectivity to propene increases. At high levels
of vanadium substitution by iron, the activity was low but the
selectivity towards acrylonitrile was enhanced. The characteriza-
tion of the catalysts carried out using several techniques, such
as X-ray diffraction, Mossbauer spectroscopy, X-ray absorption,
and electron microscopy, has shown that a continuous solid solu-
tion was formed between VSbO4 and FeSbO4. At low iron load-
ing, Fe3* substituted for V4* in the cationic-deficient structure
V324V(3)f2‘85b(5)_4§2<>0,1604, leading to a structure with both cationic
and anionic vacancies, Fei+V(3)_J§3Vg_§17xSbg_+92<>0_1304_ «»and gen-
erating very active sites for alkane activation. At high iron loading,
only V3* was present in the bulk of the solids and only Fe3* con-
tributed to the isolation of the vanadium sites, which are selective
to acrylonitrile. © 2002 Elsevier Science

Key Words: acrylonitrile; propane ammoxidation; vanadium
antimonate; iron antimonate; catalytic sites.

1. INTRODUCTION

The process for production of acrylonitrile from propane
instead of propene as feedstock has developed to the
pilot plant stage. It is accepted that it will likely achieve
the industrialisation step within the next few years. A mod-
ified VSbO system as a major candidate catalytic system has
been extensively studied and the outcome is the existence
of both numerous patents and publications (1). All these
studies have contributed to the comprehensive knowledge
we have today regarding these catalysts, including the iden-
tification of the active phase.

The VSbO, phase has been shown to be the active phase
of this system (2). Isolation and dispersion of the vanadium
site at the surface of this phase has been recognised as the
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key factor required for achieving high activity and, most
important, high acrylonitrile selectivity (3, 4). In parallel
to these studies, the effect of various additives has been
investigated; especially studied are the Al and group VIb
transition metals, which have been shown to enter in the
active-phase structure (5-8). The hypothesis is that they
contribute to the isolation of the vanadium site in the cata-
lyst, thus improving the selectivity towards acrylonitrile. Al,
when added in large quantities (Al/(Al 4+ Sb + V) > 0.5),
also plays a role as a support, owing to the formation of
Al,O3. The group VIb transition metals, Cr, Mo, and W,
which were shown to be effective promoters, are believed
to act by providing active sites for the consecutive transfor-
mation of propylene to acrylonitrile, leading to more selec-
tive catalysts (6). Niobium, under specific conditions, may
substitute for vanadium, but forms a new phase SbNbO4
that is reported to have a positive effect on the catalytic
properties (7). More recently, titanium has been studied
as substituent to vanadium (8). It was shown that tita-
nium decreases the activity of the catalysts but increases
the selectivity to acrylonitrile. Such an effect was explained
by isolation of the vanadium centres in the active phase,
which led to a decrease in V-O-V moieties. These have
been identified as centres responsible for degradation of
propane and propylene; it was further proposed that the
activity could be correlated with the content of V3* in the
unit cell of the active phase, whereas the selectivity to acry-
lonitrile could be correlated to the V4*/V3+ ratio. If the
latter model was in agreement with the role of Sb>* pro-
posed earlier in the activation of ammonia (9, 10), the prin-
cipal role attributed to V3* in the activation of the propane
molecules could appear questionable. Although a recent
publication stressed that V3* may have an effect on the en-
hancement of the activity of an alkane molecule (11), most
of the studies attribute this role to the V** or V3* centres
(12).

The objective of this work was to try to understand the
role of vanadium and its environment in the activation of
propane. To address this issue, we studied the effect of
iron substitution to vanadium in the VSbOy4 active phase.
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The rationale behind this choice was the following: (i) the
substitution of vanadium by iron will lead to the formation
of a solid due to the fact that FeSbOy, crystallises with the
same type of structure as VSbOy (13) and that Fe** has the
same cationic radii as V>t (14); (ii) prepared in air, VSbOy
contains a large amount of V**, which is balanced in the
structure by cationic vacancies, leading to the approximate
composition Vgt Vib.Sb3$,<0.1604(15); and (iii) the sub-
stitution will have a direct effect on the V#*/V>* ratio and
valuable data would possibly be generated to correlate the
activity and the selectivity in acrylonitrile to given species
or compositions.

Furthermore, a kinetic scheme has been proposed in
which acrylonitrile is formed both from propane directly
and via a propylene intermediate (16). The existence of
the latter pathway has recently been questioned (17), and
further analyses performed in this study on VFeSbO cata-
lysts allowed us to review and substantiate this discussion.
Finally, FeSbOy, is known to be an efficient catalyst for
the ammoxidation of propene (18), and the presence of
iron could thus change the selectivity pattern obtained over
VSbOy.

2. EXPERIMENTAL

The V;_xFeySbOy, catalysts have been prepared using
two different procedures, depending on their relative com-
position in vanadium and iron. Fe-rich compounds (X > 0.6)
have been prepared according to a procedure described for
FeSbOy (19), and V-rich compounds (x < 0.5) according to
a procedure described for VSbOy (20). Briefly, in the first
case, Fe(NO3)3 - 9H, O was heated to 353 K, and Sb, O3 and
NH4VO; were then added under stirring. The solution was
neutralized using NH4,OH, filtered and dried at 383 K for
24 h. The resulting solid was then calcined in air at 773 K
for 20 h and at 1173 K for 2 h. In the second case, Sb, O3
was added to a NH4;VO3; and Fe(NO3); - 9H,O solution,
and the resulting mixture was then heated under reflux and
stirring for 18 h. The solution was then evaporated and the
resulting slurry dried at 353 K before calcination at 623 and
973 K for 3 h each. The catalysts are designated according
to their relative vanadium and iron contents.

The chemical compositions of the prepared solids were
determined using atomic absorption and their surface
area measured using nitrogen adsorption, according to the
Brunauer-Emmett-Teller BET method. The step-scanned
X-ray powder diffraction patterns were recorded at room
temperature with 0.02° (20) steps over the 10-88° (20) an-
gular range for 10 s counting time per step, using a Siemens
D500 diffractometer and filtered CuK « radiation. The data
obtained from the powder patterns have been used to cal-
culate the unit cell of the compounds using a method pro-
posed by De Wolff (21). ¥’Fe Mossbauer spectroscopy was
performed at 298 K with a time-mode spectrometer and a

constant acceleration drive. 2 GBq >’Co/Rh was used as a
radiation source. The hyperfine parameters were deter-
mined by computer fitting with a precision of about
0.02 mm - s~!. In order to avoid too high a Méssbauer ab-
sorption, the samples were diluted in Al,O3 and pressed
into pellets.

V-K edge X-ray absorption near-edge (XANES) spectra
were collected at the LURE synchrotron facility in Orsay
(D44) with a varying energy step of 1 eV/sin the range 5420—
5450, 0.3 eV/2 s in the range 5450-5490, and 0.6 eV/s in the
range 5490-5560, with three scans per sample. A Si(311)
double-crystal monochromator was used for energy selec-
tion. To compare the different XANES spectra, the absorp-
tion background was first carried out using a linear law over
the entire range, and the spectra were normalized in the
middle of the first EXAFS oscillation, at ca. 80 eV above
the absorption edge.

High-resolution electron microscopy was performed with
a JEM equipped with an EDS LINK-ISIS (spatial resolu-
tion, 1 nm). Energy-dispensive X-ray (EDX) analyses were
conducted using a probe size of 25 nm to analyse grains ei-
ther isolated or sticking to each other. Diffuse reflectance
fourier transform (DRIFT) spectra were recorded using a
Magna-IRTMS550 spectrometer from Nicolet between 4000
and 650 cm~! with a 1-cm™! precision. Samples were sieved
between 200 and 300 um before analysis.

X-ray photoelectron spectroscopy (XPS) measurements
were performed with a VG ESCALAB 200 R. Binding en-
ergies were corrected relative to the carbon 1s signal at
284.6 eV. For quantitative analysis, the signal intensities of
Fe 2p, V 2p3,2, Sb 3d3/2, and O 1s were measured using in-
tegrated areas under the detected peak. The O 1s and Sb
3ds3/, peaks being superposed, the O 1s signal intensity was
obtained by subtraction of the calculated Sb 3ds/, signal in-
tensity to the total intensity of the peak. Results, expressed
in terms of elemental ratios, were calculated with an exper-
imental precision around 10%.

Catalytic activity measurements were conducted at
atmospheric pressure in a dynamic differential micro-
reactor containing 0.5-1.0 g of catalyst between 723 and
773 K. Reaction conditions were as follows: total flow rate,
17.2cm? -minfl; O,/propane/NHy4/N,/Ne = 1/2/2/7/0.05 (Ne
was used as an internal standard). The catalysts were com-
pared at 753 K using these conditions, with different masses
to keep a comparable conversion level of about 18%. Ace-
tonitrile (ACE), cyanhydric acid (HCN), propene (PRO),
CO, and CO; were the by-products formed with acryloni-
trile (ACN) under the reaction conditions used. The gas-
feed composition was fixed using Brooks mass flow con-
trollers, and the reactor was placed in a furnace controlled
by a temperature programmer controller. The apparatus
contained only stainless steel, except the reactor was in
quartz. The powdered catalyst was on a sintered glass, and a
little abyss on the surface of the glass reactor allowed place-
ment of a thermocouple in the catalyst bed to measure the
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reaction temperature. The gas mixture sampled before or
after the reactor flowed to a six-way valve that then allowed
injection on-line to a CP9003 CHROMPACK gas chro-
matography equipped with a thermal conductivity detector
(TCD) and two columns in series (Tamis 5A and Haysep Q).
The steam selection system and the tubes from the valves
to the chromatographs were maintained at 403 K in order
to avoid the polymerization and possible condensation of
the products. The sample was first injected on the Haysep Q
using a 10-way valve system. Before the peak of air reached
the Tamis 5SA column, the columns were switched so that
the Tamis SA could see and separate the permanent gases
and CO only after they passed the Haysep Q again.
The conversion ¢ was calculated using

. n[cn] % o
=3 o]~ 100%: 1]

n

where n is the number of carbon in the product ¢y, [Cn] is
the molar concentration of products with n carbon atoms,
and [Cpo] is the molar concentration of a propane in
feed.

The selectivity for a certain product is calculated on the
basis of carbon efficiency using

5 [cpl
%3 - PZ

x 100%, 2]

nCn

where ¢y and ¢, are the molar concentrations of a product
with p and n carbons, respectively. In each case, the car-
bon balance was calculated and appeared to be equal to
100 £2%.

3. RESULTS

3.1. Characterization of the Fresh and Used Catalysts

The results of the chemical analysis and BET surface area
measurements are presented in Table 1. The Fe/(Fe + V)

TABLE 1

Chemical Analyses and BET Surface Area Measurements Data

Atomic weight (%) Surf
urface area

Compound Fe A% Sb T (K)2 (m?-g71)
VSb — 21.5 49.5 973 33
10FeVSb 22 19.0 48.9 973 10.0
20FeVSb 42 16.8 48.9 973 16.0
40FeVSb 8.9 12.6 50.3 973 21.4
60FeVSb 15.2 8.9 49.5 973 20.5
80FeVSb 18.6 4.2 51.5 1173 6.6
90FeVSb 20.8 22 51.8 1173 8.3
FeSb 22.9 — 50.4 1173 10.7

@ Temperature of heat treatment for the preparation.

ook

-
(3]
T

o
I

w

L s e

BET surface area (m*.g™)
T
I 0 e Y R it T (o o T A 0 P

——————=n
0 ral il | s le s e g las ol 11y
950 1000 1050 1100 1150 1200 1250 1300 1350

T (X)

FIG. 1. Evolution of the BET surface area of the 60Fe VSb compound
as a function of the firing temperature.

and (V + Fe)/Sb ratios obtained correspond to the theo-
retical values. The catalysts were not treated at the same
temperature but it can be observed that the surface area
of VSbOy increased with the iron substitution and that of
FeSbOy4 decreased with the vanadium substitution. For the
compound 60FeVSb, the effect of the heating temperature
on the surface area was studied (Fig. 1). A strong decrease
downto2m?-g~!at 1173 K was observed. It was also shown
that the surface areas did not vary under the conditions of
catalytic testing.

The X-ray diffraction patterns of the solids are presented
in Fig. 2. They all correspond to a single well-crystallised
rutile-type phase. In stoichiometric rutile phase, iron and
antimony have been shown to be randomly distributed in
the cations sites (22), whereas vanadium and antimony un-
dergo a partial ordering, leading to a 32-fold supercell with
2./2a,2./2b, 4c (23). Because it was impossible to observe
superlattice reflections in the X-ray powder diffraction pat-
terns of the catalysts, we calculated the a and ¢ parame-
ters of the simple tetragonal unit cell (Table 2, Fig. 3). The
a parameter increased progressively with the iron content
of the Fe, V1_xSbOy solid solution, whereas the ¢ parame-
ter increased strongly between X = 0 and 0.5 and remained
constant at higher iron content. In order to confirm that
a solid solution existed in the vanadium-rich composition
range, a study by electron microscopy with EDX analyses
was conducted on the 20FeVSb catalyst. The solid parti-
cles were found to correspond to a single or aggregates
of grains (10-20 nm) whose Fe/(Fe + V) and Fe/Sb atomic
ratios were quantified (Fig. 4). Despite the large standard
deviation obtained when atomic ratios were evaluated with
this technique, we observed only a narrow compositional
population with Fe/(Fe 4+ V) and Fe/Sb mean ratios equal
to 0.19 £ 0.03 and 0.22 £+ 0.02, corresponding to the total
cationic composition of the sample.

The surface composition of the catalysts has been de-
termined by XPS before and after catalytic test (Table 3).
The V (516.8 £ 0.2 eV), Sb (540.25 £+ 0.10 eV), and Fe
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FIG.2. X-ray diffraction patterns of the Fe,V;_xSbO, catalysts:
(a) VSb, (b) 10FeVSb, (c) 20FeVSb, (d) 40FeVSb, (e) 60FeVSb,
(f) 80FeVSb, (g) 80FeVSb, (h) FeSb.

(711.70 £ 0.15eV) binding energies remained very constant
in all the analyses and did not vary significantly before or
after catalytic testing. For all the compounds, the surface
iron content was consistently lower than the bulk content
and the surface antimony content higher. After the catalytic
test, the surface iron content of the samples increased to
about the same as in the bulk. The surface antimony content
remained constant except for the pure VSbO4 compound,
for which it strongly increased.

The V-K edge, XANES, and Méssbauer spectroscopy
were used to characterise the average valence states of
vanadium and iron in the compounds. The V-K edge of the
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FIG. 3. Evolution of the unit cell parameters of the Fe,V;_4xSbO,

solid solution as a function of x.

VSb, 20FeVSb, and 60FeVSb samples along with that of the
V4 standard (VO),P,07 phase are presented in Fig. 5. For
the 60FeVSb sample, a single pre-edge peak at 5470.0 eV
was observed, whereas for the VSb and 20FeVSb com-
pounds, a second peak at 5469.2 eV was observed. These
peaks have been attributed to V** and V** by compari-
son with standard phase and literature data (24). Results
of fitting to a model with a weighted superposition of V4*
and V3*components (Fig. 6) showed that the V4 : V37 ra-
tio obtained for VSb (63:37) was relatively close to the
theoretical one calculated for the Vit VoheSby$,<0.1604
stoichiometry (70:30). The calculated V**:V3* ratio for

TABLE 2

Cell Parameters of the Tetragonal Rutile Phase Calculated for the Fe,V;_,SbOs Compounds

X in FexV1 ,beO4

Cell

parameters 0.0 0.1 0.2 0.4 0.6 0.8 0.9 1.0
a(A) 4.624 (1) 4.631 (1) 4.627 (1) 4.6280 (9) 4.6278 (7) 4.6328 (7) 4.6329(9) 4.637 (1)
c(A) 3.0332(8) 3.046 (1) 3.0543 (6) 3.0692 (5) 3.0752(4) 3.0772(4) 3.0737(5) 3.0737 (7)
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FIG. 4. Histogram of X-ray microanalysis results of 20FeVSb.

the 20FeVSb compound was 53 :47, indicating either an in-
crease in the V3* content or a decrease in the V4* content.
The data obtained did not exclude the presence of V3* in
the sample, which would have been characterised by a peak
in a range in energy close to that attributed to V3*. In the
60FeVSb compound, only V3* ions were present.

The >’Fe Mossbauer spectra of the samples were fitted
with one ferric doublet (Fig. 7). The calculated parameters

TABLE 3
Atomic Surface Composition of the Solids Calculated

from XPS Analyses Data

Fel(Fe + V) Sb/(V + Fe)
Compound Before test After test Before test After test
VSb 0.00 0.00 13 2.5 (1.0)
10 FeVSb 0.04 0.08 (0.10) 11 1.4 (1.0)
20 FeVSb 0.10 0.22 (0.20) 13 12 (1.0)
40 FeVSb 0.30 0.39 (0.40) L5 1.5 (1.0)
60 FeVSb 0.52 0.55 (0.61) 19 2.0 (1.0)
80 FeVSb 0.85 0.77 (0.81) 1.6 1.5 (1.0)
FeSb 1.00 1.00 13 1.1 (1.0)

Note. Bulk compositions calculated from chemical analyses are given
in parentheses for comparison.
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FIG.5. Normalised V-K edge XANES spectra of (a) VSb,
(b) 20FeVSb, (c) 60FeVSb, (d) (VO),P,0;.

reported on Table 4 corresponded to those published for
FeSbOy (25, 26). This doublet is caused by paramagnetic
Fe* ions, of which the isomer shifts (§) and quadrupo-
lar splittings (A) at room temperature are typical of Fe3*
(high spin) in octahedral coordination. The high value of
A accounts for a relatively high electrical gradient field
at the iron nucleus, which should arise both from a dis-
tortion of the octahedra formed with the nearest oxy-
gen neighbors and from the lack of a strict ordering of
the cations. The Mossbauer parameters of the solids af-
ter catalytic testing were the same as before, showing that
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FIG. 6. Fitting of the pre-edge peak of the normalised V-K edge

XANES spectra of VSb (top) and 20FeVSb (bottom) compounds.
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TABLE 4
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Maossbauer Parameters Computed from the Spectra of the
Fe,V1_,Sb0O, Samples Recorded at 295 K and Fitted to One

Doublet
8 w A
Compound (mm -s71)

20FeVSb 0.35 0.40 0.69
40FeVSb 0.34 0.39 0.69
60FeVSb 0.34 0.39 0.71
80FeVSb 0.34 0.40 0.72
FeSb 0.34 0.39 0.73
20FeVSb after test 0.36 0.39 0.69
60FeVSb after test 0.34 0.38 0.71

Note. §, Isomer shift (referred to «Fe); W, line width; A, quadrupolar
splitting.

x107

velocity (mm/s)

FIG.7. Experimental Mossbauer spectra of the Fe, V1_4SbOy cata-
lysts, recorded at 295 K. Solid lines are derived from least-square fits.
(a) FeSb, (b) 80FeVSb, (c) 60FeVSb, (d) 40FeVSb, (e) 20FeVSb.
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FIG. 8. Experimental Mossbauer spectra of the 20FeVSb catalyst,
recorded at 295 K before (a) and after (b) catalytic testing. Solid lines
are derived from least-square fits.

iron was not reduced in the testing conditions (Table 4,
Fig. 8).

The DRIFT spectra of the vanadium-rich catalysts
showed two bands, at 1015 and 880 cm~! (Fig. 9). The
observed bands confirmed the presence of cationic vacan-
cies, as they correspond precisely to those reported for the
VSbOy, structure in literature (15, 27).

3.2. Catalytic Properties of the Catalysts

The catalytic properties of the Fe,V;_xSbO4 compounds
have been compared in the ammoxidation of propane at al-
most iso-conversion, and at 753 K under the conditions de-
scribed in the experimental section (Table 5). The products

Absorbance

0 n
850 900 950 1000 1050 1100 11580 1200

Wavenumber (cm’")

FIG.9. DRIFT spectra of the catalysts: (a) FeSb, (b) 80FeVSb,
(c) 60FeVSb, (d) 40FeVSb, (e) 20FeVSb, (f) 10FeVSb, (g) VSb.
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TABLE 5

Catalytic Properties of the Compounds Fe,V;_,SbO, in the Ammoxidation of Propane at 753 K

Selectivities (%)

RG; Conversion
Compound (107 ¥mol -s7! - m~2) (%) CO CO, PRO HCN ACE ACN
VSb 57.7 16 11 10 33 16 6 24
10FeVSb 129.3 17 11 8 49 14 6 12
20FeVSb 136.7 19 8 7 51 13 6 15
40FeVSb 58.1 18 13 14 28 16 5 24
60FeVSb 21.0 22 13 14 20 16 4 33
80FeVSb 15.6 19 15 17 11 17 2 38
FeSb 9.6 22 4 67 14 4 0 11

Note. ACE, acetonitrile; ACN, acrylic acid; RC3, rate of transformation of propane.

obtained from the catalysts studied were PRO, CO, COs,,
HCN, ACE, and ACN. The results are presented in Figs. 10
and 11. The results are expressed as the observed trans-
formation rate of propane per unit surface area of catalyst
and selectivities toward the products that are listed above.
It can be observed that the activity of the FexV_xSbO4
compounds strongly increased with the iron content to ap-
proximately X = 0.15; beyond this value it significantly de-
creased to around X = 0.4 and then increased slightly to
x = 1. However, the selectivity to propene increased and
that to ACN and COy decreased slightly when the activ-
ity increased strongly and further, respectively, decreased
and increased strongly when the activity decreased. Typi-
cally, FeSbOy catalytic has a different behavior with a sig-
nificantly lower activity and a high selectivity to COy.

4. DISCUSSION

The results obtained in this study showed that the sub-
stitution of iron for vanadium in VSbOy led to a continu-
ous solid solution between VSbO,4 and FeSbO,4. Chemical
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FIG. 10. Variation of the rate of propane conversion at 753 K as a
function of the surface iron composition of the Fe,V;_,SbOy catalysts.

analysis data allowed us to calculate the composition of the
compounds assuming the presence of a rutile phase with
four oxygens per formula (Table 6). The cation-deficient
composition of VSbOy, characterised earlier (15), was con-
firmed. The total formula was consistent with the data
obtained using XANES, validating the technique as ben-
eficial for evaluating the V**:V3* ratio. In the catalysts
with a low iron content, it was not possible to calculate a
composition on the basis of a fully oxidized rutile structure.
The charge discrepancy introduced by the iron substitution
could be balanced by the presence of V3* or anionic va-
cancies. In the first case, V>t and V3 would not have been
differentiated in the XANES data and the V**:V3* ratio
observed should have been 38:62, which is far from what
was really observed. A phase composition with anionic va-
cancies appeared more probable (Table 6). These vacancies
were present in the solid when x in Fe, V;_4SbOy varied be-
tween 0 and 0.6. A continuous decrease in the V4 content
was observed in this range of composition (Fig. 12). Both
the cationic and anionic vacancy contents passed through a
maximum around X = 0.15 (Fig. 13). These transformations

80
F ACN
70 E PRO :
r COx |
60 [ HCN 3
§ F ACE ]
~ 50 F =
3 :
S 40t =
2 y ]
5 30F 3
20 ¢ 3
10 [
[ | | | 1
0 0,2 0,4 0,6 0,8 1
xinFe V. SbO, at the surface
X l-x 4
FIG. 11. Variation of the selectivities at 753 K as a function of the

surface iron composition of the Fe, V;_4SbOy catalysts.
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TABLE 6 0.2 , 1 4.1
<
=
Calculated Formula of the Compounds Using g z
all the Characterisation Data % 015 - 408 3
& g
Compound Calculated formula § E”
=] C <4 4 é
g 0.1 &
VSb V3§7V3;6<>0-165b3;104 é i
10FeVSb Fej o Vo Vo5 ©01sSbg 5, 03,05 £ 1395 §
20FeVSb Fegjgvg§3vgjl<>0_16Sb§;zo3_gg o 0.05 - 3
40FeVSb Feg b5 Vihu Vob30010Sb) bs 03,00 2 lae §
60FeVSb Fe3;3vg;05b3;7o4 £ oL &
80FeVSb Fej  VaisSbit Oy RN g
90FeVSb Fej 50V 10Sb75, 04 0 02 04 06 08 1
FeSb Fejt,Sb 5,04 xinfe V, SbO,
FIG. 13. Variation of the cationic vacancies content and of the number

should account for the observed change in cell parameters
of the structure that should correspond to the VSbO432-
fold supercell, within the same range of composition. At
higher iron content, a rutile structure with only V3* cations
and almost no vacancies was observed. No significant vari-
ations in the cell parameters were observed, fitting with the
fact that Fe’**and V3*cations have similar ionic size. The
presence of cationic vacancies was confirmed by the obser-
vation of bands at 1015 and 880 cm ™! in the DRIFT spectra.
Moreover, the linear relationship previously shown to ex-
ist between the intensity of the band at 1015 cm™! and the
number of cationic vacancies (15) was observed (Fig. 14).
The results clearly showed that at low levels of vanadium-
by-iron substitution, Fe>* was substituting not V3* but V4,
The positive charge defect relative to this substitution was
balanced by the creation of anionic vacancies, while the
number of cationic vacancies remained at best constant
or even slightly increased. The rutile structure is made of
edge-sharing octahedra connected together and forming
chains in the [001] direction. To be balanced by cationic
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FIG. 12. Variation of the V3*/(V3** + V**) as a function of the iron
composition of the FexV;_4SbOy, catalysts.

of oxygen atoms per formula as a function of the iron composition of the
Fe,V1_xSbOy catalysts.

vacancies, V** should form locally in these chains positively
charged defects that could correspond to two V*#* octahe-
dra sharing an edge. This is consistent with the increase in
the ¢ parameter observed when the V4* content decreased
(for 0 < x < 0.6 in FexV;_xSbOy). Two of these pairs
would be associated with a cationic vacancy. Since 0.64 V4*
were present per formula in the pure vanadium antimonate
(Table 6), this corresponds to 0.16 defects. Taking into ac-
count the fact that this defect number was approximately
the same as that of the maximum substitution of V*+
by Fe3*, one may propose that only one out of the four
V#* cations could be substituted without destabilising the
defect.

Atlow iron content, the substitution of vanadium by iron
cations in the vanadium antimonate was shown to have a
strong effect on the activity of the catalyst (Table 5). Such an
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FIG. 14. Variation of the intensity of the DRIFT band at 1015 cm™! as
a function of the number of cationic vacancies per Fe,V;_xSbO, formula.
(1) x=0,(2) x=0.1,(3) x=0.2, (4) x=0.4.
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effect could not be attributed to the Fe>*/Fe?* redox couple,
since Fe”* was detected neither before nor after catalytic
testing. Therefore, it can be inferred that the Fe3*/Fe”* re-
dox couple is not involved in the reaction mechanism. This
leads to a first conclusion, that trivalent cations like APt
present in the industrial catalysts, could replace Fe** and
give the same effect. The increase in activity could neither
be attributed to the supra surface antimony sites detected
by XPS because no relation could be observed between the
antimony to iron and vanadium ratio of the surface and the
activity nor to the selectivity of the catalysts. Moreover, all
the effects reported for these supra surface antimony sites
concern the selectivity but never the activity of the catalysts
(20, 27, 28). The increase in activity appears to be related
to the formation of the new defect structure that creates
highly active sites for the activation of propane. These sites,
however, were less selective towards ACN.

The initial activation step of the alkane has been de-
scribed as a two-step mechanism with first a C-H bond
cleavage that may take place via the attack by a positive
electron hole leading to a radical (29):

CsHg + pJr <~ C3H; +H".

Since an electron hole can be filled by an electron hop-
ping from a neighbour anion (O?>~ +p* < O7), the above
equation may be written as

C3Hg + O™ < GH; + (0*)° + HT,

where (O?7)° is an oxygen anion in its normal lattice po-
sition (neutral). The formed radical can be subsequently
transformed into an alkoxide ion using an electron trapped
at an oxide vacancy (30),

G;H; 4 Vg + (0*)° — (OC3Hy) 4, + V5,

where Vg and V{; represent, in the Kroger—Vink notation
for point defects in crystals, oxygen vacancies with effective
charges +1 and +-2.

The direct abstraction of an H™ from an anionic va-
cancy has also been proposed (31). In such an environment,
both charge transfer reactions should occur preferentially
at defect sites which are different for the two steps (i.e.,
cationic and anionic vacancies) and which are usually not
present simultaneously in large amounts in the same struc-
ture. We postulate that the presence of both types of de-
fect in close vicinity is a key factor in the activity of iron-
substituted vanadium antimonate. The presence of cationic
vacancies is related to that of V4*, which may also be in-
volved through charge transfer in the formation of active
species for the first step, V4 + 0>~ < V3~ 4+ O~, whereas
anionic vacancies may be involved through another charge
transfer in the formation of active species for the second
step, V3t + V" < V# 4+ V.. The concomitant increase in
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propene selectivity with the substitution of vanadium at
low iron content should be due to the presence of the an-
ionic vacancies, which limits the number of active oxygen
species for the further transformation of the intermediate
formed and to the decrease of the nucleophilic character
of the oxygen cations of the defect structure related to
the anion deficiency. Concerning the selectivity to acetoni-
trile, its nonevolution in the range of catalyst compositions
tested seems to support the postulate made earlier of a main
pathway directly from propane for the formation of this
product (32).

Because we postulated that the activity is related to the
presence of defects, the less defect, the lower the activ-
ity should be. That is indeed observed with catalysts with
higher iron content, in which the number of defects is low
and for which the activity is strongly decreased (Table V).
However, with such catalysts, the selectivity to acryloni-
trile increased due to the dispersion of vanadium, which
should allow statistically more reactions with the activated
ammonia molecules. These results correlate well with those
obtained by Nilsson et al., who have shown that the more
selective catalytic sites were isolated vanadium centres (5).
The results obtained also showed that iron played a role in
stabilising the surface composition in the conditions of the
catalytic tests, partially avoiding the formation of surface
antimony oxide, SbOy. In the absence of iron, the vana-
dium antimonate catalyst surface equilibrates with the re-
ductive reaction atmosphere by the reduction of Sb>* into
Sb3*. Since Sbt cannot be stabilised in the rutile structure,
SbOy is formed at the surface. In iron-containing vanadium
antimonate, the surface equilibrates differently by increas-
ing the surface anionic vacancy content (i.e., the surface
iron content) (Table III). It has been shown that antimony
oxide is inactive in the reaction but that limited amounts of
antimony oxide at the surface of the rutile phase promote
the selectivity to acrylonitrile (33). Because iron limits the
formation of antimony oxide at the surface, it is likely to
lead to more efficient but less selective catalysts.

The question that remains is whether the oxidation state
of the vanadium active sites is +4 or +3. In fact this ques-
tion could be meaningless if it were the defects that played
the main roles. In such case, it would be the V4 /V3+ re-
dox couple that would intervene in the electron transfers
and the creation of the active sites; furthermore, in the two
steps proposed for the alkane activation, the two differ-
ent cations could be involved as proposed above. A similar
mechanism cannot be excluded, and could well occur for
(VO),P,07-based catalysts (explaining why, in the litera-
ture, all the vanadium species have been proposed over the
years as active sites). The presence of cationic vacancies
at the surface has been proposed and related to both the
presence of V3* and the p type of the semiconductivity
observed (34), whereas the presence of anionic vacancies
could be partially related to that of V3*.
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5. CONCLUSION

The results obtained in this study have shown that the
substitution of vanadium by iron in VSbOy led to a contin-
uous solid solution from VSbOy4 to FeSbO,4. At low load-
ing, iron-substituted V*4* in the cation-deficient structure of
VSbO, and not V3+ as would have been expected. In such a
case the resulting positive charge discrepancy is balanced by
oxygen vacancies, leading to a structure with both cationic
and anionic vacancies. Fe3* Vit Vit o 15Sb3 5,04 is
thus obtained with a maximum of vacancies in the range
0.1 <x <0.2. This structure led to catalytic sites with higher
efficiency, able to activate propane but less selective to
ACN. The presence in close vicinity of cationic and anionic
vacancies should promote both the formation of radicals
from the alkane molecules and their subsequent transfor-
mation into alkoxide intermediate species in the reaction
network. The concomitant decrease in selectivity in acry-
lonitrile to the benefit of that in propene would be related to
the decrease of the number of oxygen species that could be
implicated in the further transformation of the intermediate
alkoxide species. The results obtained also point to a possi-
ble role of iron cations in the stabilisation of the rutile struc-
ture by participating in a redox equilibration of the solid
with a cationic diffusion process between bulk and surface.

At high loading, iron substitutes V3* in a structure with
less vacancy. It decreases monotonoically the activity but
increases the selectivity to ACN, probably by isolating the
active vanadium sites, as proposed earlier. We have also
shown that the Fe3*/Fe?* redox couple was not directly
involved in the reaction mechanism but that iron intervenes
by changing the relative valence state of vanadium and the
cationic and anionic assessment in the structure. Such arole
could similarly be attributed to aluminum in the industrial
catalysts.
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