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Catalysts belonging to the Sb—V—0 system were prepared with
various Sb/V ratios and were used for propane ammoxidation to
acrylonitrile. XRD patterns of freshly prepared samples show
those with excess vanadia to consist of V,;0s and SbVQ,, while
SbVO, and a-Sb,04 are constituents in the samples with a Sb/V
ratio above unity. High rate and selectivity for propylene forma-
tion at low conversion are characteristic for samples with excess
vanadia and considering XRD, Raman, infrared, and XPS
results, this is explained by formation of amorphous vanadia
spread over the surface of SbVQ,. Catalysts with both a-Sb,O,
and SbVQ, phases are the most selective for acrylonitrile forma-
tion, a function that is linked to their ability to selectively trans-
form intermediate propylene. XPS data suggest this function to be
associated with the formation of suprasurface antimony sites on
SbVOQ, as a result of migration of antimony from «-Sb;0, during
the catalytic process. Raman and infrared spectral features re-
vealed that compared with SbVQ,, the samples with both a-Sb,0,
and SbVO, are more efficiently reoxidised during propane am-
moxidation. Rate dependences on the partial pressures of reac-
tants over a sample with excess «-Sb,0,4 show that the adsorption
of propane is the rate limiting step for propylene formation, and
that acrylonitrile and carbon oxides are predominantly formed
from the intermediate propylene in routes comprising nonequili-
brated steps. Addition of water vapour results in an increase of
rate and selectivity for acrylonitrile formation. The kinetic depen-
dences indicate that for acrylonitrile formation it is advantageous
to have a feed rich in propane and to use recirculation for obtain-
ing high productivity. © 1994 Academic Press, Inc.

INTRODUCTION

Currently there is worldwide interest in the develop-
ment of catalytic processes for the production of chemi-
cals from alkane feedstocks, replacing oider technologies
converting olefins (1). A recent example is the replace-
ment of processes for benzene and butene conversion to
maleic anhydride with modern technology using butane
feedstock (2). For propane ammoxidation to acryloni-
trile, it has been announced that BP America (formerly
Sohio) is to commercialise a process in the near future
(3). Such a process can be economically feasible com-
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pared with existing processes from propylene due to the
difference in price between propane and propylene,
which is currently of the order of 10 U.S. cents/lb (4).
However, the propane ammoxidation process has to
compete with the existing propylene processes, which
give acrylonitrile selectivities of more than 80% at 98% of
conversion per single pass (5). New propane ammoxida-
tion technology also has to be competitive with a two-
step process comprising a propane dehydrogenation unit
together with conventional propylene ammoxidation
technology. It has been reported that the latter two-step
process would give 15-20% higher cost of production
compared with a direct on-step propane ammoxidation
process (6).

Different types of catalysts have been patented for pro-
pane ammoxidation, such as Bi-Mo-V scheelite-type (7)
and rutile-type with Sb, V., W, Mo, and Al as key ele-
ments (8). Consideration of the data in the patents shows
the latter catalyst system to be the most promising for
industrial use. The Sb—-V-(W, Mo}-AI-O system is very
complex and in addition to the simple oxides it comprises
phases such as SbVO,, AIVO,, and AISbO,. Possibly
AlISbQy can form a solid solution with SbVQ, (9). How-
ever, SbVOy is a crucial catalyst component (8) with two
redox couples, Sb3*/Sb’* and V3*/V4*/V5* and it has
been reported to have a cation-deficient rutile structure
with the composition Sby 5, V(904 when prepared in air
(10). If V505 and Sb,0; are heated under an atmosphere
strictly free of oxygen, a phase with the approximate
composition Sbg g5V 9504 is formed (11). Berry et al. have
reported similar compositions (12). Méssbauer spectral
data showed the antimony in both oxidised and reduced
SbVO, to be present in the bulk exclusively in the pen-
tavalent state (11), and consequently the vanadium is in
the trivalent and tetravalent states,

Recent articles on propane ammoxidation over the
rutile-type catalysts have been concerned mainly with
the complex Sb—-V—-(Mo, W)-Al-O system (9, 13, 14).
However, there is need for more detailed investigation of
the Sb—-V-0 subsystem since such a study would create a
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better basis for understanding the more complex multi-
component catalyst system. The present study concerns
the investigation of Sb—V-0 catalysts for the ammoxida-
tion of propane.

EXPERIMENTAL

Preparation of Catalysts and Reference Compounds

Catalysts with various Sb/V ratios were prepared by
adding Sb,0; (Merck, p.a.) to a warm solution of
NH,VO; (Merck, p.a.) in water, which was then heated
under reflux with stirring for 16~18 h. The bulk of the
water from the resulting slurry was evaporated on a hot
plate under agitation until a thick paste had formed. The
paste was then dried at 110°C for 16 h, and subsequently
heated at 350°C for 5 h. After sieving the material, the
fraction of particles in the range 150-425 um was
calcined at 610°C during 3 h in a flow of air. The catalyst
notation and the corresponding Sb/V ratio and Sb/(Sb +
V) fraction are given in Table 1 together with the specific
surface area and the catalyst phase composition deter-
mined by XRD. For all samples the unit cell dimension of
the SbVO, phase was found to agree with that reported
for the oxidised form, i.e., Sby¢:V9,0s, which has a
rutile structure with @ = 0.4625 nm and ¢ = 0.3040 nm
(10).

For comparative purposes, two samples were prepared
from V,0s5 (Riedel-de-Haén, 99.5%) and Sb,O; (Merck,
p.a.) powders in the molar ratio 1: 1, which were mixed
by grinding and subsequently heated at 800°C for 2 h in
air and in nitrogen free of oxygen, respectively. The
former sample was the same as that previously used for
crystal structure determination, according to which the
product is pure, single-phase, and has a cation-deficient
rutile structure with a composition close to Sb(V)yg
V(IDg28VIV)g.64J0.1604, where OJ denotes metal ion va-
cancies (10). The sample prepared in nitrogen gave an
XRD pattern in agreement with data reported for the
Composition Sb(V)o,gsV(III)(},gsV(IV)o_1004 (11), but weak
lines from «-Sb,0, were also noticed.

Characterisation of Catalysts

A Micromeritics Flowsorb 2300 instrument was used
for the determination of specific surface areas, applying
adsorption of N; at liquid N, temperature. Prior to mea-
surement, the samples were degassed at 350°C for 3 h in
nitrogen.

X-ray diffraction (XRD) analysis of the catalysts was
carried out on a Philips X-ray diffraction instrument us-
ing a PW 1732/10 generator and CuKa radiation.

Raman measurements were performed with a Bruker
IFS66 FTIR spectrometer equipped with an FRA106 Ra-
man device. A low power diode pumped Nd: YAG laser
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with an excitation line at 1046 nm and a liquid nitrogen
cooled germanium diode detector were used. Measure-
ments were carried out under ambient conditions on un-
divided catalyst particles in 5S-mm NMR tubes. The
power was usually set at 100 mW and the resolution was
8 cm~!. Backscattering at 180° was measured and 4000
scans were averaged.

FTIR transmission spectra were collected on a Nicolet
20 SXC spectrometer equipped with a Csl beamsplitter,
allowing recording down to 200 cm~'. Disks containing 3
mg sample and 200 mg KBr were pressed. Spectra were
recorded at room temperature in an atmosphere of dry
air. The resolution was 2 cm™! and 1000 scans were aver-
aged.

X-ray photoelectron spectroscopy (XPS) measure-
ments were performed with a Kratos XSAM 800 instru-
ment using MgKa X-ray radiation (1253.6 eV). The sam-
ple was attached to the sample holder with double-sided
tape. Charging effects were overcome by mixing the sam-
ple with acetylene black (Carbon Philblack 1-ISAF from
Nordisk Philblack AB). Spectra were recorded for the O
1s, Sb 3d, V 2p, C 1s, and Sb 4d spectral regions. The C
1s signal was set to a position of 284.3 eV. All catalyst
samples were run twice, first without the addition of car-
bon black for determination of the Sb/V catalyst ratio and
then with carbon black added for the measurement of
band positions. For determination of atomic ratios the Sb
3d3, band was used for antimony, because the Sb 3ds,
and the O 1s bands are very close and cannot be resolved.
The V 2p;;, band was used for vanadium since at high
antimony content the intensity of the additional V 2p»
band is too low for quantification. Theoretical sensitivity
factors for spectral analysis were recalculated and set as
Sb 3d = 3.20 and V 2p = 1.30.

TABLE 1

Catalyst Notation, Composition, and Specific Surface Area

Catalyst Sb/(Sb + V) BET area” Phase composition®
notation Sb/V (at.%) (m¥/g) (XRD)
Sb1v4 1:4 20.0 16.4 V,05 + SbVO,

Sbiv2 1:2 333 9.9 V,0s + SbVO,

Sbivi 1:1 50.0 10.6  SbVO, + (V,0¢ + a-Sb,0,)
Sb2Vvi 2:1 66.7 3.6 SbVO, + a-Sb,0O,
Sbivli 3:1 75.0 4.3 SbVO, + a-Sb,0,
Sb4vi 4:1 80.0 2.6 SbVO, + a-Sb,0,
Sbsvi 5:1 83.3 1.4  SbVQO, + a-Sb,0,
SbéVl 6:1 85.7 2.5 SbVO, + a-Sb,0,
Sb7Vvi 7:1 87.5 1.3 SbVO, + a-8b,0,

« The BET area for V,0s and a-Sb,0, used as catalysts was 7.8 and
0.6 m?/g, respectively.

b The XRD data for SbVO, were in agreement with those reported in
Ref. (10) for a rutile with the composition Sby g,V 9,0;.

¢ Traces.
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Variation of rates and selectivities in propane ammoxidation with the fraction Sb/(Sb + V). (a) Rate for propane conversion (X) and rate

for formation of propylene (O) and carbon oxides (A); (b) rate for formation of acrylonitrile (3) and acetonitrile (&); (¢) selectivity for formation of
propylene (@) and carbon oxides (A); and (d) selectivity for formation of acrylonitrile (M) and acetonitrile (). Experimental conditions: reaction
temperature 480°C, mole ratio propane/oxygen/ammonia/water vapour/nitrogen = 2/4/2/1/5, and propane conversion 1-4%.

Temperature-programmed desorption of oxygen and
subsequent reoxidation were carried out in pure argon
and in argon with 1 vol.% of oxygen, respectively. The
catalyst was placed in a quartz reactor which was heated
in a furnace. A VG Pegasus mass spectrometer was con-
nected to the outlet for analysis of oxygen.

A plug-flow reactor made of glass was used for the
activity measurements. The catalyst sample was diluted
with quartz grains to have isothermal conditions. Precau-
tions were taken to avoid contribution from homoge-
neous reactions. In particular, dead volumes were re-
duced and hot zones were avoided in the tubing between
the reactor and the analysis equipment. Nitrogen, oxy-
gen, ammonia, propane, and water were dosed using
mass flow regulators. The products were analysed on a
Varian Vista 6000 gas chromatograph equipped with a
Valco sample valve, an FID detector, a Porapak Q
column, and a methaniser for the analysis of carbon ox-
ides. Dependences on partial pressures of reactants and
water vapour were studied sequentially by varying each
pressure from low to high.

Catalyst samples were characterised before and after
use in the catalytic reaction. For the latter purpose the
samples were cooled to room temperature in the flow of
reactants, but the flow of water vapour was stopped upon
reaching 100°C.

RESULTS
Propane Ammoxidation over Sb—V-0 Catalysts

In Fig. 1 reaction rates and selectivities for the forma-
tions of propylene, acrylonitrile, acetonitrile, and carbon
oxides are given for low propane conversion as a function
of the catalyst composition. In addition to these prod-
ucts, minor amounts of ethylene, methane, and HCN
were formed. The total reaction rate is the highest for
Sb1V2 (33.3 at.% Sb), and so are the rates for formation
of propylene, carbon oxides, and acetonitrile. The rate
for formation of acrylonitrile, on the other hand, is the
highest for Sb2V1 (66.7 at.% Sb). Considering the selec-
tivity data, Fig. 1 shows that the selectivity for propylene
formation passes through a minimum and is the lowest
for Sb2V1 (66.7 at.% Sb), while the selectivities for for-
mations of carbon oxides, acrylonitrile, and acetonitrile
all pass through maxima and are the highest for composi-
tions rich in antimony. It should be noted, however, that
the selectivity for propylene formation is high only at low
propane conversion. With increase in conversion the se-
lectivity for propylene formation over the vanadium-rich
samples was found to decrease due to combustion. For
the antimony-rich samples, on the other hand, the selec-
tivity for acrylonitrile formation increases with increase
in conversion due to the selective transformation of
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Variation of selectivities and yields with propane conversion in propane ammoxidation over Sb2V1. (a) Selectivity for formation of

propylene (@), acrylonitrile (M), acetonitrile (#), and carbon oxides (A); and (b) yield of propylene (O), acrylonitrile ((J), acetonitrile (¢), and
carbon oxides (A). Experimental conditions: reaction temperature 480°C, mole ratio propane/oxygen/ammonia/water vapour/nitrogen = 2/4/2/1/

S, total flow 70 ml/min (STP), and weight of catalyst 0.2-5.0 g.

formed propylene (see Fig. 2a). Consequently, for the
latter samples, when the selectivity for acrylonitrile for-
mation is compared at higher conversion (=30%) the
maximum with catalyst composition becomes less pro-
nounced. According to patents (8), the Sb/V ratio should
be in the range 2-10.

The data in Fig. 1 point to the Sb2V1 sample as being
the most interesting to explore further for acrylonitrile
formation at higher conversion. Figure 2 gives yields and
selectivities over this sample as a function of the propane
conversion. For propylene formation the selectivity de-
creases with increase in conversion, while the selectivity
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for formation of carbon oxides shows the reverse behav-
iour. The selectivity for acrylonitrile formation passes
through a maximum of about 37% at conversions in the
range 20-30%. A selectivity around 10% is obtained for
acetonitrile formation at low conversions, and it de-
creases with increase in conversion. The yields for for-
mation of carbon oxides and acrylonitrile increase with
increase in conversion. For acrylonitrile the highest
yield, 11%, is obtained for a propane conversion of about
30-40%. The yields of propylene and acetonitrile are low
and pass through maxima at 15 and 30% conversion, re-
spectively.
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Propane ammoxidation over Sb2V1. Rate (O) and selectivity (@) for propylene formation as a function of the partial pressure of (a)

propane, (b) oxygen, (c) ammonia, and (d) water vapour. Experimental conditions: (a) oxygen 14.5 kPa, ammonia 7.2 kPa, and water vapour 7.2
kPa; (b) propane 14.5 kPa, ammonia 7.2 kPa, and water vapour 7.2 kPa: (c) propane 14.5 kPa, oxygen 14.5 kPa, and water vapour 7.2 kPa; and (d)
propane 14.5 kPa, oxygen 14.5 kPa, and ammonia 7.2 kPa. Reaction temperature: 480°C. Data were obtained at differential conditions with

conversions in the range 1-6%.
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FIG. 4. Propane ammoxidation over Sb2V 1. Rate (open symbols) and selectivity (closed symbols) for the formation of acrylonitrile (O, B) and
acetonitrile (&, #) as a function of the partial pressure of (a) propane, (b) oxygen, (¢) ammonia, and (d) water vapour. Experimental conditions are

as in Fig. 3.

Influence on partial pressures of reactants. Figure 3
shows for Sb2V 1 the rate and selectivity dependences on
the partial pressures of propane, oxygen, ammonia, and
water vapour for propylene formation. In Figs. 4 and 5
are the corresponding data for acrylonitrile and acetoni-

trile, and carbon oxide formation, respectively. The rate
for formation of propylene shows a first order depen-
dence on the partial pressure of propane, while the rates
for formation of nitriles and carbon oxides follow a par-
tial order dependence of Langmuir~Hinshelwood type.
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506

With increase in propane pressure the selectivity for for-
mation of propylene increases, while the selectivity for
carbon oxide formation decreases. The selectivities for
formation of acrylonitrile and acetonitrile are almost in-
dependent of the partial pressure of propane and pass
through weak maxima. When the partial pressure of oxy-
gen is varied, the data in Figs. 3-5 show for all the prod-
ucts a Langmuir-Hinshelwood-type of rate dependence.
The initial selectivities for the formations of propylene
and nitriles show no strong dependence on the partial
pressure of oxygen, whereas the selectivity for formation
of carbon oxides increases with oxygen pressure and
passes through a maximum. More complex dependences
are observed with increase in the partial pressure of am-
monia. At low ammonia pressure, the rate and the selec-
tivity for formation of propylene increase rapidly and
tend to almost constant values at high ammonia pres-
sures. For acrylonitrile and acetonitrile formations, the
rates and the selectivities pass through maxima as a func-
tion of the partial pressure of ammonia, whiie the rate
and the selectivity for the formation of carbon oxides
strongly decrease with increase in ammonia pressure.
The dependences on the partial pressure of water vapour
are weak and for acrylonitrile formation the selectivity
and the rate of formation increase with the partial pres-
sure of water vapour.

Characterisation of Catalysts

Catalyst samples were characterised by various tech-
niques both as freshly prepared and after use in propane
ammoxidation for 7 h under the conditions specified in
the legend of Fig. 1. For comparisons, spectroscopic data
for some reference compounds were also collected.

X-ray diffraction. XRD data for the used samples
with Sb/V ratios above unity showed no significant differ-

Raman intensity (a. u.)
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Wavenumber (cm’ )

1100

FIG. 6. Raman spectra of a catalyst freshly charged as V,0s. (1)
fresh sample; (2) after use in propane ammoxidation.
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FIG. 7. Raman spectra of antimony-vanadium-oxide catalysts be-

fore and after use in propane ammoxidation. (1) Sb6V1, before use; (2)
Sb6V1, after use; (3) Sb3V1, before use; (4) Sb3Vl, after use; (5)
Sb1V1, before use; and (6) Sb1V1, after use.

ences compared with fresh samples, for which the phases
present are given in Table 1. After use of the SbiVi
sample in propane ammoxidation, the lines from crystal-
line V,0s have disappeared, while the lines from SbVO,
and a-SbyO, remain. Also, for Sb1V2, having an excess
of vanadia compared with the stoichiometric amount
needed for forming SbVQ,, the V,0;s lines disappeared
upon use and no new lines from reduced vanadia ap-
peared. The use of pure V,0s in propane ammoxidation,
on the contrary, gave a product which according to the
XRD pattern predominantly consists of V,0s (15), with a
trace of V¢O; (16).

Raman Fourier transform spectroscopy. In Fig. 6 the
spectrum of crystalline V,0s is presented together with
the spectrum recorded after its use in propane ammox-
idation. The fresh sample shows bands that are typical
for V,0s5 (17); especially strong bands are at 145, 285, 700,
and 995 ¢cm~!. After use the V,0s bands have aimost
disappeared, and a new strong band appears at 906 cm ™!
with a shoulder at 886 cm™!. Less intense bands are at
407, 465, 762, and 1010 cm~!. The presence of the new
bands clearly shows that a reduction of V,0; has oc-
curred, and according to the XRD data V40, has formed.

Raman spectra for the Sb1V1, Sb3V1, and Sb6V1 sam-
ples are given in Fig. 7. These spectra representatively
show the trends that were observed for the antimony
vanadium oxide catalysts. All the strong bands for V,0s
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(cf. Fig. 6) can be distinguished in the spectrum for
freshly prepared Sb1V1. Additionally, there are some
broad features in the ranges 800-930 and 350-520 cm ™',
After use in propane ammoxidation the V>Os bands have
disappeared and the two broad bands, especially that at
800-930 cm ™', have markedly decreased in intensity. The
spectra for SbIV4 and SbiV2 before and after use (not
shown) showed features identical with those observed for
Sb1V1 except for more intense V,0s bands before use.
After use the V,0O; bands had disappeared, and there
were no bands from any reduced vanadia phase, not even
in the spectrum for the used Sbi1V4.

No bands from V;Os are present in the spectrum for the
fresh Sb3V1 sample, but below 500 cm™! there are some
spectral features from a-Sb,Oy, of which the band at 200
cm™!is the most intense (18). Additionally, the two broad
features at 800-930 and 350-520 cm~! are present, which
were also in the spectra of the samples more rich in vana-
dium. After use of Sb3V 1 in propane ammoxidation there
is not much change in the spectrum; especially the a-
Sb,0, bands seem unaffected by the reaction. It is appar-
ent that, comparatively, the broad band at 800~930 cm™!
has not decreased so much upon use as was the case for
Sb1V1, Sb1V2, and Sb1V4, The Raman spectral features
of the Sb2V 1 sample before and after use were very simi-
lar to those shown here for Sb3V1.

For Sb6V1 there is almost no difference between the
spectrum before and after use. All the sharp bands
present are from a-Sb.O, (18). A new broad feature ap-
pears at 600-800 cm~'. This feature is very weak in the
spectrum for Sb3V1, and it increases in intensity with
increase in antimony content. Of the two other broad
features that are typical for the antimony vandium oxide
samples, the band at 800-930 cm ™' can be distinguished
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900 700 500 300 100
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FIG. 8. Raman spectra of freshly prepared (1) Sby ¢,V :0, and (2)
Sby Vi 0sOs.
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FIG. 9. [Infrared spectra of some antimony oxides. (1) Sb.O, (valen-

tinite and senarmontite}; (2) a-Sb,Oy, freshly prepared: and (3) a-Sb,O, ,
after use in propane ammoxidation.

as a shoulder, and the band extending from 350 to 520
cm™! is obscured by the bands from «-Sb,O;.

After use of a sample freshly charged as a-Sb,Oy in
propane ammoxidation, the bands from «-Sb,O, re-
mained and there were no new bands showing reduction
or phase transformation.

For comparison, the spectra of the reference com-
pounds Sbyg:V9:04 and SbgesV,sO4 are presented in
Fig. 8. Both samples are quite bad Raman scatterers. The
former sample has a band at 880 cm ! and a less intense
feature at 400-500 cm~!, while the spectrum of the latter
sample, except for an artefact peak at 542 cm™!, shows
only diffuse features. Comparison of the spectra in Fig. 7
for fresh antimony vanadium oxide catalysts with those
in Fig. 8 shows that Sby¢:V,.9:0;4 1s a major catalyst con-
stituent. The broad band at 600-800 cm ™!, which appears
at very high antimony contents, is possibly from amor-
phous antimony oxide.

Infrared spectroscopy. Freshly prepared V,0s gave a
typical spectrum (17), and after use only features charac-
teristic for V40, (15) were seen, with bands at 854, 885,
905, 928, 952, and 980 cm~!.

Absorbance spectra of fresh and used «-Sb,O, are
shown in Fig. 9 together with the spectrum for Sb,0,
(Merck). The latter sample is a mixture of the valentinite
and senarmontite phases, and the bands at 452, 5535, and
585 cm~! are from valentinite, while the band at 691 cm™!
is from senarmontite. Both phases have a band at 740
cm~! (18). Comparison of the spectra for fresh and used
a-Sb,04 shows no reduction upon use forming new
phases.

In Fig. 10 the infrared spectra of the oxidised and the
reduced form of SbVO, are shown. The Sbg¢,Vy4:0,
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FIG. 10. Infrared spectra of SbVO, samples. (1) Sby4,V(4:04: (2)

Sb0495Vl,0504 .

sample gives bands which are typical of the rutile struc-
ture (19, 20) at 362, 554, and 671 cm ™!, with a shoulder at
726 cm~!. Bands at almost identical positions are present
in the spectrum for SbgygsV 0504, but they are perturbed
by some weak bands from a-Sb,0, (cf. Fig. 9). Two more
bands are present in the spectrum of Sbg4; V920, at 880
cm~! (broad) and 1016 cm™!, positions that are close to
those at 820 and 1020 cm ! for two V,0s vibration modes
(17). However, the former bands are not from V,0s con-
tamination, a conclusion which is confirmed by the ab-
sence of V,05 bands in the corresponding Raman spec-
trum (cf. Figs. 6 and 8) and the previous characterisation
of this sample with electron microscopy, EDX analysis,
X-ray, and neutron diffraction (10). Also, other investiga-
tors (11, 12) have found it possible to prepare a homoge-
neous sample in air, while preparations performed in the
absence of gaseous oxygen always are contaminated with
antimony oxide.

Some typical catalyst spectra are shown in Fig. 11,
both before and after use in propane ammoxidation. The
spectrum of the fresh Sb1V1 sample clearly shows some
bands from V,0;s superimposed on the spectrum from the
Sby.e;Vg.9:04 phase. V,0s5 contributes to the absorbance
around 1020, 830, and 400-600 cm™!, and the band at 295
cm~! is from V,0s5 as well (17). After use of Sb1V1 in
ammoxidation, the V,0Os bands have disappeared. The
spectrum is now dominated by features from Sb-V-ox-
ide and comparison with the spectra in Fig. 10 reveals the
phase to be reduced, although incompletely so. For
Sb2V 1 there is no great change of the spectrum with use
except for a general increase in intensity of bands, a fea-
ture that is common for all samples. The bands at 1016
and 880 cm~! are from Sbg¢,V.9:04, and there are several
bands from «-Sb;04 (cf. Fig. 9). Most bands in the two

LINDBLAD, AND ANDERSSON

spectra for Sb7V1 are from «-Sb,0O4, and almost no fea-
ture from Sb—V-oxide is apparent. The main difference
in spectral features between the fresh and the used sam-
ple is the higher intensity of bands for the latter.

X-ray photoelectron spectroscopy. In Fig. 12 are
shown the 8b 3d,, and V 2py,, binding energies plotted for
the Sb-V-0 catalysts before and after use in propane
ammoxidation. Considering that the accuracy of XPS
binding energy values generally is of the order = 0.05 eV,
it is clear the variation of the reported values is small.
Despite this, however, some trends can be noticed. The
Sb 3ds;; binding energy value is identical for freshly pre-
pared catalysts with Sb/V = 1, while at higher ratios it
decreases with increase in antimony content. Compared
with fresh samples, after use in propane ammoxidation
the Sb 3ds,; binding energy is less for the samples with Sb/
V = 1 and higher for the samples that are richer in anti-
mony. The binding energy value for vanadium is almost
identical for the various fresh samples, except for Sb1V2
and Sb1V4, which have somewhat higher values. Upon
use in propane ammoxidation the V 2ps;, binding energy
generally decreases by some 0.1-0.2 eV. The V 2pi»
binding energy measured for V,0Os and pure Sby V904
was 517.1 and 516.8 eV, respectively, while that of Sb
3d3/2 for a-Sb:O4, Sbng (Aldnch), and Sb[)_ggV(}(9204 was
539.9, 540.3, and 540.2 eV, respectively.
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FIG. 11. Infrared spectra of some antimony-vanadium-oxide cata-

lysts before and after use in propane ammoxidation. (1) Sb1V1, before
use; (2) Sb1VI, after use; (3) Sb2V|, before use; (4) Sb2V 1, after use;
(5) Sb7V1, before use; and (6) Sb7V1, after use.
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Considering the Sb/V ratios determined by XPS (Fig.
13), two different trends can be noted. In the vanadium-
rich catalysts Sb1V4, Sb1V2, and Sb1V1, the Sb/V ratio
decreases upon use in propane ammoxidation, whereas
the reverse behaviour is observed for the samples with
higher antimony content. The Sb/V ratio determined for
the pure Sbg V(9,04 phase was 1.1:1.

Temperature-Programmed Desorption of Oxygen
and Reoxidation

Temperature-programmed desorption of oxygen from
the pure phase Sbpg:Vo5:04, which according to the
present results is a major catalyst constituent, was car-
ried out in a flow of argon from ambient temperature up
to 700°C. Figure 14 shows that desorption of oxygen
starts at about 500°C, and that the rate of oxygen desorp-
tion reaches a maximum around 600°C. In subsequent
treatment with 1 vol.% oxygen in argon, oxygen uptake
occurs already at ambient temperature. During increase
of temperature, the reoxidation rate attains a maximum
at 560°C and the process is almost complete when reach-
ing 700°C.
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FIG. 13. The Sb/V ratio determined by XPS as a function of the
nominal ratio. Filled symbols, fresh samples; open symbols, after use in
propane ammoxidation.
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DISCUSSION

Structure of Antimony-Vanadium-Oxide Phases

Stoichiometric SbVQ, cannot be prepared because the
two redox pairs Sb>*/Sb** and V3*/V4*/V5* make the
oxidation/reduction process complex (21). Birchall and
Sleight (11) reported the formation of Sbg 4,V 904 when a
mixture of Sb,05 and V,0s is heated in air at 800°C and
the formation of Sby g5V, 0504 together with Sb,O, when
the preparation is made in a sealed gold tube. Berry et al.
(12, 21) made similar observations and reported the com-
pOSitiOl’lS Sb|_yV1_yO4 and Sbl_yV047|'5y ,0< y < 0.1, for
preparations made in air and oxygen-free nitrogen, re-
spectively. Antimony Mossbauer data for the oxidised
and reduced phases indicated that the antimony is pre-
dominantly in the pentavalent state (11). No evidence for
an Sb** resonance was found, consequently indicating
the bulk of the vanadium to be in the trivalent and te-
travalent states. Recently, it was shown that Sby ¢,V 6,0,
has a cation-deficient rutile structure where the metal site
contains a random mixture of 46% Sb, 46% V, and 8%
vacancies (10). No evidence was obtained for an ordered
distribution of cations, and considering that the metal site
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FIG. 14. Reduction and reoxidation of Sbgs,V,0,. Temperature-
programmed desorption of oxygen in argon, followed by subsequent
reoxidation in an atmosphere with 1 vol.% of oxygen in argon. Solid
line, oxygen signal; dotted line, temperature.
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consists of six oxygens in a rather regular octahedron
with two bond distances of 1.98 A and four of 1.99 A, the
analysis showed preference for the Sb°* and V3t/V4+
bulk states. According to the XPS data in Fig. 12, how-
ever, the surface states are somewhat different from the
bulk states. The binding energy (BE) value for Sb 3ds in
Sbl1V1 (540.1 eV) and pure Sbgg; Vo904 (540.2 eV) is
intermediate between those for Sb,OQ4 (539.9 e¢V) and
Sb,0s (540.3 eV), indicating the presence of both Sb**
and Sb’* surface states. For vanadium the V 2p;; BE is
0.3-0.4 eV less than that for V,05 (517.1 eV) and some-
what higher than reported for VO, (22), revealing a pre-
dominance for V°* and V** surface states. Unlike a pre-
vious XPS study of SbVO, phases reporting an
enrichment of antimony at the surfaces (23), the present
data for Sb1V1 and the pure Sby 4, Vy 4,04 phase indicate
the Sb/V surface ratio to be close to the bulk value. The
discrepancy possibly is due to differences in synthesis
conditions.

For the assignment of the Raman and infrared spectral
features, it is worthwhile to note that in a stoichiometric
rutile structure there is only one type of bulk oxygen
species and all the cation positions are crystallographi-
cally identical (24). Each oxygen is bonded to three cat-
tons. In the cation-deficient oxidised phase Sby4,V.6:04,
in addition to 3-coordinated oxygens, as a consequence
of the cation vacancies there are some 2-coordinated ox-
ygens. It was shown that the 2-coordinated oxygens are
in the following configurations given in sequence of prob-
ability Sb—-O-Sb > Sb-0O-V > V-0-V (10). The argu-
ment was that an oxygen bonded to two antimony atoms
would require less distortion than is needed for the other
two configurations as was shown by the formal valence
for oxygen in an undistorted environment, which is — 1.8,
—1.4, and —1.1 for the Sb-0O-S8b, Sb-0O-V, and V-0O-V
configuration, respectively. The antimony-deficient re-
duced phase SbgosV;esO; has a stoichiometric rutile
structure without cation vacancies and thus all its oxy-
gens are 3-coordinated. The infrared spectrum in Fig. 10
of Sby g5V 0504 in the region 200-800 cm~' shows bands
which, although perturbed due to bands from «-Sb;0O,
contamination, are also evident in the spectrum of
Sby.9:Vo5:04. These bands are typical of rutiles and are
from vibration modes involving the 3-coordinated oxygen
(19, 20). Moreover, Sby¢,V(.5;04 has two unique infrared
bands at 880 and 1016 cm ™!, which thus possibly are from
vibration modes involving the 2-coordinated oxygen spe-
cies. Of these bands only the former is evident in the
corresponding Raman spectrum in Fig. 8. The band at
880 cm™! can be from a Sb—O-Sb stretching mode, since
this configuration requires the least distortion of the octa-
hedral structure unit. On the other hand, the band at 1016
cm™! can be from the stretching mode of the second most
favourable configuration Sb—0O-V, and not from V,;0s
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contamination as was previously proposed (9). The oxy-
gen in the Sb—O-V position may be located in a strongly
distorted environment with one extremely short metal—
oxygen bond, which is formed because of the more se-
vere unsaturation this oxygen would have in a corre-
sponding undistorted position.

Synergistic Effects in Ammoxidation over
Sb—V-0 Catalysts

The activity data in Fig. 1 reveal two synergy effects in
propane ammoxidation over the Sb—-V-0O system. One
effect concerns the V,05/SbVO, region and appears as a
maximum for Sb1V2 (33.3 at.% Sb) in total activity ex-
pressed per unit surface area. The XPS data in Fig. 13 for
this region show that the Sb/V surface ratio decreases
upon use, and is possibly caused by spreading under the
influence of the catalytic cycle of vanadia over the SbVO,
surface. Thus, the origin of the synergy effect can be
explained either by the formation of a very active vanadia
phase supported on SbVO, or by active grain boundaries
between SbVO, and reduced amorphous vanadia. A re-
duction of vanadia is evidenced by the small decrease in
the BE of the V 2ps» peak during propane ammoxidation
(Fig. 12b), and the absence of XRD, Raman, and infrared
bands from any reduced and crystalline vanadia confirms
the formation of an amorphous structure.

The second synergy effect concerns the SbVO./
a-Sb,04 region and is apparent in Fig. 1 as a maximum in
the selectivity and the rate for acrylonitrile formation.
The effect is related to the catalyst function for transfor-
mation of the intermediate propylene to acrylonitrile, as
is evident considering the selectivity variations for pro-
pylene and acrylonitrile in Fig. 1. Other investigators
have observed the same synergy effect in both propane
ammoxidation (13) and propylene oxidation (25), and
there is an agreement with data reported in the patents
(8). However, the previous reports have only given
results for few Sb/V ratios and have not emphasized ex-
ploring the origin of the synergy effect. According to the
present results it is the migration of antimony over
SbVO,, modifying its surface, which most probably
causes the synergy effect. Comparison of the Sb/V ratios
determined by XPS between fresh and used catalysts
having nominal Sb/V ratios greater than unity (cf. Fig.
13) shows that the surface ratio increases under the influ-
ence of the catalytic reaction. The observation that the
BE of the Sb 3d;, peak for the same samples increases
upon use (Fig. 12a) supports the view that migration of
antimony occurs from the excess a-Sb,04 with both Sb?+
and Sb** to the surface of SbVOQ,, having higher prefer-
ence for Sb*" states. Migration of antimony from the bulk
of SbVO, up to the surface does not occur because no
increase in the Sb/V ratio upon use of pure Sbg4,V.9:04
was observed (26).
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For the samples with a nominal ratio Sb/V < 1, on the
other hand, the BE of the Sb 3d;,; peak decreases upon
use due to reduction of the antimony in SbVO,. The re-
duction agrees with the features of the Raman spectra for
Sb1V1 in Fig. 7, showing that the broad band at 800-930
c¢m™! has almost disappeared after use in propane am-
moxidation. This band is from Sbg¢,V(9,04 (see Fig. 8)
and in the previous section was tentatively assigned to a
Sb-0-Sb vibration mode. It has been established that
Sb** is the element involved in oxygen and nitrogen in-
sertion in propylene oxidation and ammoxidation, re-
spectively, over FeSbO.,/a-Sb,0;, and USb;0, (27).
Therefore, the [Sb—-O-Sb] sites of SbVQ, are possibly
active for the transformation of formed propylene to ac-
rylonitrile in line with the observation that the intensity
of the 800-930 cm~! Raman band after use and the selec-
tivity for acrylonitrile formation are both low for the sam-
ples with a nominal ratio Sb/V = 1. The Raman spectrum
of the used Sb1V1 sample in Fig. 7 resembles that of
SbgosV 10504 in Fig. 8, but the XRD data did not show
complete reduction of Sby¢:Vg9:04 in SbIVI to form
Sby g5V .0s04. Incomplete reduction is supported by the
infrared spectrum in Fig. 11 for Sb1V1 after use in am-
moxidation, which shows differences when compared
with the spectra in Fig. 10 for Sbyg V904 and
SbgosV1.0s0s. Especially the bands in the 800-1200 cm™!
region are more diffuse than is the case for Sbg:V9:0;.
Catalysts with nominal Sb/V ratios greater than unity, on
the other hand, are selective for nitrile formation and do
not show upon use a strong decrease in the intensity of
the Raman and infrared bands at 800-930 cm ™! (see Figs.
7 and 11). The reason can be either faster reoxidation of
[Sb-0O-S8b] sites due to the new suprasurface sites cre-
ated as a result of migration of antimony, or the suprasur-
face sites have taken over the function of the in-plane
[Sb—-O-Sb] sites. A more efficient reoxidation of the anti-
mony sites is shown by the Sb 3d:» BE measured after
use. It is worthy of note that the Sb 3d3,; BE of the SbVO,
surface in the catalysts with nominal ratios Sb/V > 1 is
actually higher than the values in Fig. 12a suggest be-
cause these have a contribution from excess a-Sb,0;.
The infrared spectra for Sb2V1 in Fig. 11 show that the
band at 1016 cm™! shifts toward a slightly lower
wavenumber upon use. This can be due to reduction of
some of the vanadium, in agreement with the change of V
2p3» BE depicted in Fig. 12b.

Ammoxidation Kinetics and Mechanism

The pressure dependences were studied at one temper-
ature in series over the same catalyst sample, but the
rates and selectivities show some minor changes with
time on stream. Therefore the data collected are not pri-
marily suited for the calculation of exact values for ki-
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netic constants, but can well be used for a more general
discussion of mechanistic features and influence of par-
tial pressures and mole ratios of reactants.

Propane and SbVOQ, at about 500°C constitute a highly
activated system. This is evident considering that pro-
pane is known to undergo oxidative dehydrogenation to
propylene homogeneously above 500°C (28) and that the
oxygen mobility in SbVO, is high, which is manifested by
its loss of oxygen above 500°C (Fig. 14). Figure 3a shows
for propylene formation a first order rate dependence on
the partial pressure of propane, indicating that the ad-
sorption of propane is the rate limiting step. Contrary to
what has been proposed for propane ammoxidation over
scheelite-type catalysts (29), the propylene is not formed
homogeneously. This is proven by the dependences on
oxygen and ammonia pressures shown in Figs. 3b and 3c,
respectively, which are of the Langmuir—-Hinshelwood
type. A dependence of the partial pressure of ammonia
on the rate for propylene formation has been observed in
propane ammoxidation over a Sb~V-W-AIl-O catalyst
as well (30), and may be due to ammonia modification of
the surface of SbVO, (31).

As opposed to propylene formation, the rates for for-
mations of acrylonitrile, acetonitrile, and carbon oxides
follow a partial order dependence on the propane pres-
sure, cf. Figs. 4a and 5a. Such dependence implies that
these products primarily are not formed directly from
propane but from adsorbed propylene (see Fig. 2) in reac-
tion pathways, each of which comprises a second slow
step in addition to the preceding propane adsorption step.
The true heterogeneous nature of these pathways is
shown up by the dependences on oxygen in Figs. 4b and
Sb, which are of the Langmuir-Hinshelwood type. Fig-
ure 4c shows that with increase in ammonia pressure the
rates for the formations of acrylonitrile and acetonitrile
pass through maxima, a behaviour that can be due to
competitive adsorption between reactants (32), i.e., am-
monia and formed propylene. For carbon oxide forma-
tion, Fig. 5c, the rate decreases with increase in ammonia
pressure. Such a dependence was also observed for tolu-
ene ammoxidation and was explained as being due to
competitive adsorption between ammonia and oxygen,
resulting in a decrease of both the rate of reoxidation and
the concentration of electrophilic oxygen species that are
active for degradation (31, 33).

The discussion on the synergistic effect pointed to [Sb-
O-Sb] sites as being active for the transformation of in-
termediate propylene to acrylonitrile. Concerning the
first step in propane ammoxidation, i.e., the activation of
propane to give propylene, an oxygen bonded to vana-
dium probably is active. This conclusion is supported by
the fact that Sb1V1 and the other vanadium-rich samples
are active and selective for propylene formation (cf. Fig.
1). In agreement with the solid state redox reaction be-



512

tween V»0s and Sb,0; forming SbVO, (10, 11), where the
antimony is oxidised and the vanadium is reduced, it is
most likely that a vanadium site is participating in the
reoxidation of [Sb—O-Sb] and [Sb—NH-Sb] sites. This
mechanistic view, supported by the present results,
agrees with that expressed by Grasselli and co-workers in
a general comment following a paper on propane ammox-
idation (9).

Figure 2b shows a highest yield for acrylonitrile of 11%
over Sb2V1 in agreement with results for the Sb-V-0
system which are reported in the patents for similar reac-
tion conditions and conversion levels (8), and according
to which the key elements Al and W have to be added to
obtain a substantially higher yield. Catani et al. (30) re-
ported a yield of 35% for acrylonitrile formation in pro-
pane ammoxidation over a Sb—V-W-Al-oxide catalyst.
The variations in Fig. 4 show that for obtaining a high
rate and good selectivity for acrylonitrile formation it is
advantageous to have propane, ammonia, and water va-
pour pressures of about 15, 3, and 15 kPa or higher, re-
spectively. A high oxygen pressure increases the rate for
acrylonitrile formation, whereas the selectivity decreases
(Fig. 4b). Therefore, for oxygen a partial pressure of
about 10 kPa seems to give a good balance, resulting in an
optimum ratio for propane : oxygen : ammonia : water va-
pour equal to about 5:3:1:5. In the early patents a feed
with higher concentrations of oxygen and ammonia com-
pared to propane was used, while in more recent patents
there has been a switch to a feed rich in propane, e.g.,
propane : oXygen :ammonia : water vapour = 5:2:1:1
(8). This ratio is for the reactants propane, oxygen, and
ammonia close to that found best in the present work but
the relative amount of water vapour is less. Considering
that the data in Figs. 3-5 were obtained at differential
conversion, evidently for industrial production less water
has to be fed because the conversion is higher and the
water vapour pressure increases along the reactor as wa-
ter is produced in both selective and unselective reaction
pathways. Also, a high water vapour content in the feed
would decrease the productivity of acrylonitrile due the
dilution effect. As a consequence of having a feed rich in
propane, recycling of unconverted propane is required in
industrial application and has been reported to be the
case (3).

CONCLUSIONS

Kinetic measurements for propane ammoxidation over
Sb-V-oxide catalysts reveal that a Sb/V ratio above
unity is needed to have a catalyst formulation that is
selective for acrylonitrile formation. The variations of
selectivities and yields with the conversion of propane
show that propylene is an intermediate in the reaction
pathway from propane to acrylonitrile. Propylene forma-
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tion follows a first order rate dependence on the partial
pressure of propane and the dependences on oxygen and
ammonia pressures are of the Langmuir—-Hinshelwood
type. These dependences show that the propylene is
formed at the catalyst surface and that the adsorption of
propane is rate limiting. For the formations of acryloni-
trile and carbon oxides, the rate dependences on the par-
tial pressure of propane are of partial order, indicating
that these products are not formed directly from propane
but from adsorbed propylene in pathways comprising a
second slow step.

XRD patterns show that a-Sb,0, and SbVO, (or more
correctly Sby:V(9:04) are constituents in catalysts
which are selective for the transformation of formed pro-
pylene into acrylonitrile. Correlation with XPS data
shows this ability to be a consequence of the migration of
antimony from «-Sb;0y4 to the surface of SbVO, under the
influence of the catalytic reaction, creating suprasurface
antimony sites. A comparison of Raman and infrared
spectra of vanadium-rich and antimony-rich catalysts be-
fore and after use in propane ammoxidation reveals the
latter to be more efficiently reoxidised in the catalytic
process. The infrared spectra for the oxidised and the
reduced forms of SbVO4, i.e., Sb().93V()_9204 and
Sby sV 10504, respectively, show bands below 800 cm™!
that are typical of the rutile structure. However, the ox-
idised phase has two unique infrared bands 880 and 1016
cm™!, of which the former is also apparent in Raman.
Most probably these bands are from vibration modes in-
volving the 2-coordinated oxygen, which is present in
this phase due to the fact that 8% of the cation positions
are vacant.
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