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A crystalline SbRe>Og catalyst active for selective ammoxidation
of isobutylene and propene
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This paper reports the first performance of a crystalline SbRe,Og catalyst, which is a new family of Re mixed oxide, for the selec-
tive ammoxidation reactions of isobutylene to methacrylonitrile and propene to acrylonitrile. The SbReyOg with dternate (Re205)3*
and (SbO)™ layers showed much better performance than two other known Re-Sb—-O compounds SbOReO4-2H,0 and SbyRe;O13 with
tetrahedral (ReO4)~ anions and cationic (SbO)* layers. The SbRe,Og catalyst was also much more active than a coprecipitated SbRe, Oy
catalyst, a supported Re,O7/Sh,O3 catalyst, and Re oxides such as Re,O7, ReO3 and ReO» for the selective ammoxidation. Rhenium is
prerequisite to the ammoxidation catalysis of the Re-Sb mixed oxides. Sb oxides such as SboO3 and SbpO4 were inactive, but Sbin the
SbRe, Og catalyst contributes positively to the methacrylonitrile and acrylonitrile syntheses. Neither change nor modification of the surface
composition, crystallinity and morphology of SbRey,Og occurred under the ammoxidation reaction conditions, where the presence of NH3

stabilized the crystalline SbRe,Og structure.
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1. Introduction

Rhenium-based catalysts have received much attention
in many industrial processes such as metathesis of alkenes
and reforming of petroleum feedstocks. They also exhib-
ited unique activities in selective hydrogenation of organic
compounds, hydrodesulfurization of heavy crude oil, and
dehydroaromatization of methane to hydrogen and benzene
[1-7]. Asfor selective oxidation, however, Re finds merely
afew applications to the oxidation of methanol and ethanol
[8-11]. Despite such limited uses, Re can be a key element
in selective catalytic oxidation processes because Re oxides
possess redox properties comparable to those of V, Mo and
W oxides[12] that have extensively been employed as main
componentsin various mixed-oxide oxidation catalysts [ 13—
17]. Recently we have studied the catalytic property of three
crystalline Re-Sb mixed oxides, SbOReO4-2H20, SbReyOg
and ShsRexO43, for the selective oxidation of isobutylene
and isobutane to methacrolein at 673773 K [18-20]. They
were active, but a serious problem encountered under the
catalytic oxidation conditions was the partial decomposition
of the catalysts involving sublimation of Re oxides. The
surfaces of the Re-Sb mixed oxides were transformed to
ShsRe»013 modified with Re;O7, which was responsible
for the selective oxidation activity [18-20]. During study
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to overcome this serious problem, we have found that the
decomposition does not take place in the presence of ammo-
nia. As for the Sb component of the Re-Sb mixed oxides,
Sh iswell known to constitute a promoter element in several
mixed oxides, such as V-Sh-O, Sn—Sh-O, Mo-Sh-O, Fe—
Sb—O and U-Sb-O, for selective oxidation/ammoxidation
of hydrocarbons[14-17,21]. Little has been reported about
the catalytic property of Re in the selective ammoxidation
of hydrocarbons to produce the corresponding unsaturated
nitriles. These considerations tempted us to endeavor to
develop Re-Sb mixed oxides as a new family of ammox-
idation catalysts. Here we report the first performance of
a crystalline SbRe;Og catalyst for the selective ammoxi-
dation reactions of isobutylene to methacrylonitrile (MAN)
and propeneto acrylonitrile (AN).

2. Experimental
2.1. Catalyst preparation

SbReyOg, ShOReO,-2H,0 and ShsRexO13 were syn-
thesized in the similar manner to that reported previously
[9,10,18-20,22,23]. The specific surface areas of the three
samples were approximately 1 m?g~1. For comparison, a
Sh,03-supported Re,O7 catalyst (denoted as Re,O7/Sh203)
(Re loading 10 wt%) was prepared by an impregnation
method using an aqueous solution of NH4ReO4 [19]. A co-
precipitated SbRe;O, catalyst (denoted as copr.SbRe;O,)
was also prepared by a coprecipitation method using an
ethanol solution of ReCl3 and SbClgz, followed by washing
with water to eliminate the residual Cl from the catalyst.
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Table 1
I sobutylene ammoxidation on different catalysts at 673 K.2
Conversion Rate Selectivity (%)

(%) (mmol h—1gzd) MANP CH3CN co,
SbReyOg 5.2 (12.4)¢ 3.71 (4.42)° 83.6 (82.6)° 6.1 (6.9)° 9.8 (10.0)¢
ShOReOy4-2H,0 0.9 0.64 66.8 3.9 29.1
ShsRey013 1.9 1.36 70.7 46 24.2
copr.ShRe, O 14 1.00 69.8 111 19.1
Re;07/Sho03 1.2 0.86 76.8 6.8 16.4
Re>O7 16 1.14 47.9 13.2 389
ReO3 14 1.00 51.9 17.1 31.0
ReO» 31 221 50.6 17.8 316
SbyO3 0 0 - - -
ShyOy4 0 0 - - -

3;-C4Hg/NH3/Op/He = 10/15/20/55 (mol%), GHSV = 20000 h—1.

PMAN = methacrylonitrile.

CThe data listed in parentheses were obtained at a GHSV of 10000 h—1.

2.2. Catalytic performance

Catalytic ammoxidation reactions were carried out in a
fixed-bed flow reactor at atmospheric pressure. Thereaction
feed consisted of 10% i-C4Hg or C3Hg, 15% NH3 and 20%
O2 balanced with He (mol%). The catalytic performance
was taken generally with 0.15 g of catalyst diluted with 1 g
of quartz sand to prevent temperature gradients and hot spots
in the reactor. Prior to each run, the catalyst was pretreated
in a He flow (40 mlmin~1) at 673 K for 1 h. Then the re-
action feed was introduced into the reactor at a gas hourly
space velocity (GHSV) of 20000 h—1 using digital mass-
flow controllers. The reactants and products were analyzed
using two on-line gas chromatographs equipped with three
columns of Unibeads C for O,, CO and CO,, Gaskuropack
54 for methacrylonitrile (MAN), acrylonitrile (AN) and ace-
tonitrile, and VZ-10 for i-C4Hg, C3Hg, and other hydrocar-
bons. It is to be noted that BET surface areas of the three
Re-Sb—O compounds remained almost unchanged after the
ammoxidation reactions.

2.3. Catalyst characterization

X-ray diffraction (XRD) patternswere measured in air on
a Rigaku Miniflex goniometer using Cu Ko radiation (A =
1.5418 A) at 30 kV and 15 mA. The 29 angleswere scanned
from 5° to 60° at arate of 2° min—1.

Scanning electron microscope (SEM) photographs were
taken on a Hitachi S-4500 microscope operated at 5 kV and
10 uA.

X-ray photoelectron spectra (XPS) were recorded on a
Rigaku XPS 7000 spectrometer using Mg Ko radiation
(1253.6 eV) powered at 200 W. The binding energies were
referred to the adventitious C 1s peak at 284.6 €V. To mini-
mize exposure of the samplesto air, after the ammoxidation
reactions, the samples were rapidly cooled to room temper-
ature under the gas flow, followed by sealing the reactor.
Then, the samples were put into a No-filled glove box, and
pressed into disks, and mounted to X PS sample holderswith

thin double-sided tapes. Then the sample holdersweretrans-
ferred to the X PS chamber within 1 min.

3. Resultsand discussion

Table 1 presentsthe conversions, reaction rates and selec-
tivities of the i-C4Hg ammoxidation (2/-C4Hs + 2NH3 +
302 — 2MAN + 6H20) at 673 K on the three crystalline
compounds, SbRexOg, ShORe04-2H,0 and SbsRexOs3.
For comparison, the performancesof copr.SbRe;O,., Re;O7/
Sby03, Shy03, ShyO4, RexO7, ReO3 and ReOy, are also
listed in table 1. The Re-Sh—O catalysts as well as bulk Re
oxides (Re;O7, ReO3 and ReOy) were more or less active,
and the selectivitiesto MAN were 47.9-83.6%, whereas the
bulk Sb oxides (Sh203 and Sh204) showed no activity under
the identical conditions. These resultsindicate that rhenium
is prerequisite to the ammoxidation catalysis of the Re-Sb—
O samples. It is to be noted that supporting Re;O7 on the
inert ShpO3 surface increased the selectivity to MAN from
47.9 to 76.8% (table 1). Further, the three crystalline Re—
Sb—O compounds and copr.SbRe,O, were also more selec-
tive than the bulk Re oxides. These results demonstrate that
the presence of Sb in the Re-Sb—O samples made positive
contribution to the MAN synthesis. Among the samples ex-
amined in table 1, ShRe;Op exhibited the best performance.
The sdlectivity to MAN was 83.6% at the steady-state i-
C4Hs conversion of 5.2%. The steady-state catalytic per-
formance remained almost unchanged without deactivation
over 10 h on stream. Decrease in the GHSV to 10000 h—1
increased the i-C4Hg conversion to 12.4%, while keeping a
good selectivity of 82.6% as shown in parenthesesin table 1.

Figure 1 showsthe variation of the conversion and selec-
tivity of the i-C4Hg ammoxidation on the SbRe,Og catalyst
with reaction temperature in the range 623-773 K. The con-
version increased with increasing temperature, while main-
taining the good selectivity to MAN (83-84%) up to 698 K.
Above 698 K, methacrolein (MAL) which is a selective oxi-
dation product (i-C4Hg + O — MAL + H,O) appeared in
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Figure 1. i-C4Hg conversion (a) and selectivities (b) in the catalytic am-
moxidation of i-C4Hg on SbRe,Og as function of reaction temperature;
i-C4Hg/NH3/Ox/He = 10/15/20/55 (mol%); GHSV = 20000 h~1.

additionto MAN. The selectivity to MAL reached ashigh as
28% at 773 K. Asaresult, the selectivity to MAN decreased
above 723 K, while the selectivity to the sum of MAL +
MAN increased slightly with temperature. It is noteworthy
that a degradation product CH3zCN and a combustion prod-
uct CO, tended to decrease above 723 K.

On the most active SbRexOg catalyst, ammoxidation of
CsHg was carried out aswell. Asshownintable 2, the CsHg
ammoxidation led to the production of acrylonitrile (AN),
CH3CN and CO». At 673 K the steady-state CzHg conver-
sion was 1.9% and the selectivity to AN was 44.8% under a
GHSV of 20000 h~1. Theactivity of SbRe,Os for the CaHg
ammoxidation was lower than for the i-C4Hg ammoxidation
under the equivalent conditions, which may be due to the
lower adsorption probability of C3Hg as compared to that of
i-C4Hg on the catalyst surface [24].

However, it isinteresting to note that the formation of AN
significantly depends on the reaction temperature. With in-
creasing temperaturefrom 673to 773 K, asshownin table 2,
the overall C3Hg conversionincreased from 1.9 to 3.2%, and
the selectivity to AN also increased to 85.0%, whereas the
selectivitiesto by-products CH3CN and CO» decreased from
39.5 and 15.7% to 10.4 and 4.6%, respectively. In both the

Table 2
Catalytic performance of SbRe,Og in propene ammoxidation.2

Conversion Rate Selectivity (%)
%)  (mmolh~lggf)  ANP CH3CN  CO,
673K 19 1.36 448 39.5 15.7
723K 29 2.07 62.9 29.3 7.8
773K 32(83)° 229(2.96)° 85.0(82.1)C 10.4(11.1)° 4.6 (6.8)

8C3Hg/NH3/Oo/He = 10/15/20/55 (mol%), GHSV = 20000 h~1.
b AN = acrylonitrile.
€ The data listed in parentheses were obtained at a GHSV of 10000 h=1.
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Figure 2. XRD patterns for fresh SbRe;Og (8) and SbRe,Og after the
i-C4Hg ammoxidation at 673 (b) and 773 K (c) for 3 h, as well as after
the C3Hg ammoxidation at 773 K for 3 h (d).

i-C4Hg and C3Hg selective ammoxidation reactions, the to-
tal oxidation to CO, remarkably decreased at elevated re-
action temperatures, which reveals the potential and charac-
teristic of the crystalline SbRe;Og as a promising catalyst
for the ammoxidation reactions. At 773 K, upon decreasing
the GHSV to 10000 h—1, the C3Hg conversion increased to
8.3%, while keeping a good selectivity of 82.1% for the AN
formation (table 2). The effect of temperature on the selec-
tivitiesto AN and CH3CN is in agreement with the finding
by Centi et a. in the ammoxidation of C3Hg and C3zHg on
V-Sb oxides [25]. On the basis of the FT-IR data for the
coadsorption of C3Hg and NH3 on the catalysts, they pro-
posed that the conversion of adsorbed C3Hg to CH3CN and
AN proceeded by two different pathways via acetone and al-
lyl alcoholate intermediates, respectively. The first pathway
isfavored at lower temperatures, leading preferentially to the
breaking of the carbon chain and the subsequent formation
of CH3CN, whilethe second pathway viaallyl alcoholatein-
termediate prevails at higher temperatures, which resultsin
the formation of AN [25].

To examine the key issue of the activity for the ammox-
idation, SbRe,Og samples were characterized by means of
XRD, XPS and SEM. Figure 2 shows the XRD patterns of
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Figure 3. Re 4f XPS spectra for fresh SbReyOg (8) and SbRe,Og after the
i-C4Hg ammoxidation at 673 (b) and 773 K (c) for 3 h, aswell as after the
C3Hg ammoxidation at 773 K for 3 h (d).

SbRe>Og before and after the i-C4Hg ammoxidation reac-
tions at 673 and 773 K, as well as after the C3Hg ammox-
idation at 773 K for 3 h. It was found that the XRD pat-
terns after the i-C4Hg and C3Hg ammoxidation were identi-
cal to that for the fresh SbRe;Og. Figure 3 shows the XPS
spectrafor SbRexOg in the Re 4f region before and after the
i-C4Hg ammoxidation at 673 and 773 K, as well as after
the C3Hg ammoxidation at 773 K. The fresh SbRe>Og cat-
alyst possessed three peaks at the XPS binding energies of
42.3, 44.8 and 47.7 eV. The peak at 42.3 eV is assigned to
Re 4f7, for Re**, while the Re 4fs), level should be ob-
served around 44.7 eV [11]. Thuswe have deconvoluted the
XPS spectraas shown in figure 3. The deconvoluted peak at
44.7 eV is assigned to Re* 4fs,. In addition to the Re**
XPS peaks, the peaks at 45.3 and 47.7 €V were observed,
which are assigned to Re 4f7,> and Re 4fs,, possibly for
Re%* species because the Re 4f; /2 binding energy (45.3 eV)
is lower by 1.2—1.6 eV than that reported for Re;O7 (Re’™)
and higher by 0.8-1.0 eV than that for ReO3 (Re+) [26,27].
The SbRe;Og samples after the ammoxidation of i-C4Hsg
and CzHg exhibited no significant difference in the Re 4f
XPS spectra as compared to the fresh sample. Sb 4d and
Sb 3ds/> bands appeared at 34.5 and 539.8 €V, respectively,
which are the typical binding energies of Sb3t, indepen-
dent of the ammoxidation reactions. In agreement with the
XRD and XPS observations, the SEM micrographs in fig-
ure 4 for SbRe,Og before and after the i-C4Hg ammoxida-
tion at 673 K show that the morphology of the regular basal

Figure 4. Scanning electron micrographs for SbRe,Og before (a) and after
(b) the i-C4Hg ammoxidation at 673 K for 3 h.

faces of the SbRexOg crystals remained unchanged after the
ammoxidation. These characterization datademonstrate that
neither change nor madification of the surface composition,
crystalinity, and morphology of SbRe,Og occurs under the
ammoxidation reaction conditions.

Thethree Re-Sb—O compounds have different crystalline
structures. The SbRexOg compound consists of alternate
octahedral (RexOg)3~ and (SbO)* layers which are con-
nected with each other [23]. The other two crystalline
compounds ShOReO4-2H,0 and ShsRexO;3 are built up
from tetrahedra (ReO4)~ anions and cationic (SbO)™ lay-
ers[9,22]. In accordance with the formula of the latter two
compounds, their X PS spectrashowed the oxidation states of
Re and Sb to be 7+ and 3+, respectively. After the i-C4Hg
ammoxidation at 673 K, low valent Re species (Re® and
Re*t) were produced [28]. This shows the reduction of the
two Re-Sh—O compounds under the ammoxidation condi-
tions. Although the SbOReO4-2H,0 and Sh4Re;O13 cata-
lysts under the ammoxidation of i-C4Hg at 673 K showed
the similar oxidation states of active Re species to those for
the SbRe,Og catalyst, the former two catalysts were much
inferior to the SbRexOg catalyst, as shown in table 1. Thus
the differencein the catalytic performancesof the three crys-
talline Re-Sh—-O catalysts may be due not to the difference
in their surface Re oxidation states, but to the differencein
their surface structures. Further investigation on the detail
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active species is needed to explore the ammoxidation re-

action mechanism. Nevertheless, SbRe;Og which is a new
family of Re-based mixed oxide may provide a promising
catalytic system for ammoxidation of hydrocarbons.

4,

1)

2

3

(4)

(5)

(6)

Conclusions

The three crystalline Re-Sh—-O compounds ShRexOg,
SbOReO4-2H-,0 and Sh4Re>O13 were active for the se-
lective ammoxidation of i-C4Hg to methacrylonitrile.
SbRe,Og was much superior to the other compounds.

The performances of the copr.SbRe;O, and RexO7/
Shy03 catalysts were much worse than that of the
SbReyOp catalyst.

The SbRe,Og catalyst was also active for the selective
ammoxidation of C3Hg to acrylonitrile. The selectivity
to acrylonitrilewasimproved dramatically by increasing
the reaction temperature.

From comparison of the catalytic performances of dif-
ferent samples examined in this work, it is concluded
that Re is prerequisite to the ammoxidation catalysis of
the Re-Sh—O compounds and the presence of Sb made
a positive contribution to the performance for methacry-
lonitrile synthesis.

No structural changein the bulk and surface of SbRe;Og
was observed after the ammoxidation of i-C4Hg and
CzHe.

The good performance of SbRe,Og for the ammoxida-
tion may be relevant to the octahedral (RexOg)3~ layer
structure connecting with (SbO)* chains through Re—
O-Sb bonds.
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