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Abstract

MoV-containing oxidic bronze catalysts were synthesized, characterized, and tested in the selective oxidation of n-butane. For comparison, an
activated V-P-O catalyst was also studied. The catalytic behavior of MoV-containing catalysts was found to be dependent on both the catalyst
composition and the nature of crystalline phases. In this way, the M1 phase (i.e., Te;M»(Os7 and (SbO);M»)Os¢ in Te- and Sb-containing
catalysts, respectively) is proposed as an active and selective crystalline phase for n-butane oxidation on these catalysts. The selectivity to maleic
anhydride/acid obtained on MoV-catalysts follows the order: MoVTeNbO > MoVTeO = MoVSbNbO > MoVSbO > MoVNDbO. Although less
selective than a vanadium phosphorous catalyst, a higher productivity to MA is obtained over a MoVTeNbO mixed oxide catalyst as a consequence
of its remarkably superior catalytic activity. Moreover, the amount of maleic anhydride obtained on oxidic bronze catalysts strongly depends on
the composition of the feed. In addition, the nature of active sites, the reaction network for n-butane oxidation, and a comparison of their catalytic

performance in the oxidation of C,—C,4 alkanes are discussed.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The gas-phase oxidation of n-butane to maleic anhydride
with molecular oxygen is a commercial process that uses cat-
alysts based on vanadyl pyrophosphate, (VO),P,07 (V-P-O)
[1-4]. During the last 30 years, hundreds of papers have been
devoted to this reaction and this catalytic system; studying
the reaction conditions, influence of promoters, new crystalline
phases, and structures, and so on [1-4]. Although much is
known about VPO catalysts, there is still a large margin for im-
provement, because the highest yields to maleic anhydride at
industrial scale are around 70%. However, at present, there is
no alternative catalyst that achieves comparable performance.

V-P-O oxides have shown good catalytic performance in
other reactions involving short-chain alkanes, although not as
efficient as in the transformation of n-butane to maleic an-
hydride. For example, high yields to maleic anhydride and
phthalic anhydride can be obtained during the oxidation of
n-pentane [5,6] on very active VPO catalysts. Moreover, acrylic
acid and ethylene also can be obtained with reasonable produc-
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tivity during the partial oxidation of propane [7-10] and ethane
[11-13], respectively.

In recent studies, Davies et al. [14—17] observed that
niobium- and pyridine-exchanged molybdovanadophosphoric
acid catalysts give good selectivity to partial oxidation products
during the selective oxidation of C,—C4 alkanes. Thus, maleic
anhydride from n-butane [14,15], acrylic acid, and maleic an-
hydride from propane [14—16] or ethylene acetic acid from
ethane [15,17] can be obtained with relatively high selectiv-
ity and high activity on these reduced heteropolyanions. These
results suggest that the activation of light alkanes occurs by a
similar mechanism, as also has been proposed for the oxidative
dehydrogenation of C,—Cy4 alkanes [18-20]. However, the na-
ture (and selectivity) of the partial oxidation products depends
on both the alkane fed and the physicochemical properties of
catalysts.

In the early 1990s, Ushikubo et al. proposed MoVTe(Sb)-
NbO mixed-metal oxides as a new catalytic system active and
selective for the selective (amm)oxidation of propane to acry-
lonitrile and acrylic acid [21,22]. More recently, these multi-
component catalysts have been reported to be very selective
in the oxidative dehydrogenation of ethane to ethylene [23,24].
Typically, the most efficient MoVTe(Sb)NbO catalysts present
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at least two crystalline phases [22-34]: (i) an orthorhombic
(AO)2_2,(A20),M»00s6 (A = Te or Sb and M = Mo, V, Nb,
with 0 < x < 1), the so-called M1, and (ii) an orthorhombically
distorted Tep33MO333 or (SboO)MeO19 phase (M = Mo, V,
Nb), the so-called M2. In addition, TeMo50O1¢ (or Sb4sMo1oO,),
(V, Nb)-containing Mos5014, and/or tetragonal bronzes may be
present, depending on the catalyst preparation procedure [27,
28,33]. However, the M1 phase itself is active and selective on
the partial oxidation of propane and ethane [23-33].

V-P-O, partially reduced heteropolyanions, and MoVTe-
(Sb)NDO catalytic systems are active in the selective oxidative
activation of ethane and propane. Therefore, studying the cat-
alytic behavior of MoV-containing oxidic bronze catalysts in
the selective oxidation of n-butane, in which both VPO and par-
tially reduced heteropolyanions show high selectivity to maleic
anhydride, also is of interest.

In the present work, we investigated the catalytic behavior of
ternary and quaternary MoV Te(Sb)NbO mixed-metal oxides in
the selective oxidation of n-butane and 1-butene and compare
the results with those obtained on a V-P-O catalyst. In addi-
tion, we investigated the reaction network operating during the
n-butane oxidation on these MoV-based catalysts on the basis
of FTIR results on the adsorption of 1-butene over the most ef-
ficient catalyst.

2. Experimental
2.1. Catalyst preparation

MoV-containing oxidic bronze catalysts were prepared from
slurries containing aqueous solutions of ammonium metavana-
date, ammonium heptamolybdate tetrahydrate, telluric acid (or
antimony sulfate), and/or niobium oxalate as described previ-
ously [34]. The solids obtained were then heat-treated in flow-
ing Ny at 600 °C for 2 h. The characteristics of these catalysts
are summarized in Table 1.

For comparison, a vanadyl pyrophosphate-based catalyst has
been prepared as described previously [36]. In short, V205
(15 g) and H3PO4 85 wt% (12.3 ml) were added to isobutanol
(320 ml). This mixture was refluxed at 105°C for 16 h in a
N, atmosphere. The suspension thus obtained was filtered and
washed with isobutanol and ethanol. The solid thus obtained

Table 1
Characteristics of MoV-based catalysts synthesised

was refluxed in hot water, filtered, and dried in air at 110°C
for 16 h. As suggested in the literature [1-4,36-38], the pre-
cursor was activated in n-butane oxidation reaction conditions
(i.e., n-C4H;9/O>/He molar ratio of 1.5/18.5/80 and a GHSV
of 1200 h™!) at 400 °C for 168 h. This precursor is designated
VPO-A.

2.2. Catalyst characterization

X-ray diffraction (XRD) patterns were collected using a
Phillips X’Pert diffractometer equipped with a graphite mono-
chromator, operating at 40 kV and 45 mA, and using nickel-
filtered CuK « radiation (A = 0.1542 nm). Chemical analyses
of the catalysts were carried out by atomic absorption (Mo, V,
and Te) and ICP (Sb and Nb).

IR spectra of 1-butene adsorption/desorption were recorded
with a Bio Rad, FTS-40A FTIR spectrophotometer using a
conventional quart IR cell connected to a vacuum dosing sys-
tem. Before 1-butene adsorption, the samples were evacuated
at 250 °C for 2 h and cooled down to room temperature (room
temperature) in vacuum (10~* mbar). Adsorption of 1-butene
was performed at room temperature, followed by evacuation
at the same temperature. IR spectra were collected at room
temperature and at increasing temperatures up to 350 °C. Co-
adsorption of O also was studied at these temperatures.

2.3. Catalytic tests

The catalytic experiments were performed in a fixed-bed
quartz tubular reactor (12 mm i.d., 400 mm long) under at-
mospheric pressure. The catalyst samples (0.25-2.5 g with a
0.3- to 0.5-mm particle size) and silicon carbide (1-6 g) were
introduced into the reactor to maintain a constant volume in the
catalytic bed. The flow rate was 25—-100 ml/min for n-butane
oxidation. The reaction temperature was 360—400 °C, focused
mainly at 380 °C. The feed comprised a mixture of n-butane,
oxygen, and helium with a molar ratio of 1.5/18.5/80.

The oxidation of 1-butene or propane also was studied at
300-420°C. 1-Butene oxidation was carried out at a space
velocity of 21,750 h=! (or 7250 h™! in the case of VPO-A
catalyst) and a feed comprising 1-C4Hg/O,/He at a molar ra-
tio of 1.5/18.5/80. Propane oxidation was carried out using

b

Catalyst Chemical SBET Crystalline phases (XRD) Propane oxidation
it a
composition (m?/g) Conversion (%)° San (%)4

MN-1 Mo Vg 23Nbg 140x 6.4 Moy 67V0.3302, (Mog 93V0,07)5014, Nbg,09Mo0g 91 02,8 10 0
MS-2 Mo V(.18Sbg.150x 14.5 (SbO)2M»( 056, (SbO),MgO19 8.5 10
MT-3 Mo Vo.30Tep.230x 15.0 TeaM00s57 > Tep 33MO3 33, (Mog.93 V0,07)5014 24 23
MSN-4 Mo V.26Sbo.13Nbg,06O0x 18.0 (S8b0)2M20056 > (Sb0)2MgO19, (Mo 93V0,07)5014 13 29
MTN-5 Mo V.23Teg.23Nbg,150x 5.4 TeaM2 057, Teg 33MO3 33 24 69
VPO-A VP; 1O, 12.2 (VO3)P,07 5.0 1

4 Chemical composition was obtained by atomic absorption spectroscopy.

b Oxidation of propane was carried out with a feed consisting of propane/O,/He/H,O = 4/8/58/30 (molar ratio).

¢ Propane conversion at 380 °C and a W/F =200 g, h/mol C4.

d

Selectivity to acrylic acid obtained at 380 °C and a propane conversion = 20%.
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C3Hg/O,/He/H,O at a molar ratio of 4/8/58/30 and a reaction
temperature of 380 °C.

Reactants and reaction products were analysed using two
chromatographs, an online chromatograph with a thermal con-
ductivity detector containing two chromatographic columns
(Molecular Sieve and Porapak Q) to analyse the carbon ox-
ides, oxygen, alkanes, olefins, and oxygenates, and an offline
chromatograph with a flame ionization detector equipped with
a capillary column (Plot Alumina, 50 m) to provide a better
analysis of Cy4 olefins. Mass spectrometry also was used to de-
tect minor products.

The blank runs were carried out at a reaction temperature
of 400 °C, using a low gas flow (25 mlmin~!). No n-butane
transformation was observed, whereas for 1-butene, an olefin
conversion of 1% was observed at 400 °C.

3. Results
3.1. Catalyst characterization

The main characteristics of the catalysts are summarized in
Table 1. All of them have low surface areas, although they
depend on the chemical composition. Fig. 1 shows the XRD
patterns of MoV-containing catalysts, and Table 1 summa-
rizes the main crystalline phases. Except for sample MN-1
(Fig. 1a), the main crystalline phases were TeoM»¢Os57 and
Teg33MO3 33 for Te-containing samples and (SbO)>M;9Os5¢
and (SbpO)MgO19 for Sb-containing samples (M = Mo, V,
Nb). In addition to these, (Mo0g.93V0.07)5014 (JCPDS: 31-1437)
and/or Nbg g9Mog 91028 (JCPDS: 27-310) appeared as minor
products in Nb-containing catalysts. In the case of MN-1 cata-
lyst, the XRD pattern suggests the presence of Mog 67V 3302,
(Mo09.93V0.07)5014, Nbg 09M00.91 02 8.

The XRD pattern of VPO-A catalyst shown in Fig. 1 (pat-
tern f), is typical of (VO),P>,07; (JCPDS: 41-698), similar to
those reported for active and selective V-P-O catalysts [1-6,
35,36].

3.2. Catalytic tests for n-butane oxidation

Table 2 compares the results obtained from the oxidation
of n-butane over MoV-containing oxidic bronze catalysts and

Fig. 1. XRD patterns of calcined in Ny at 600 °C MoV-containing catalysts:
(a) MoVND, (b) MS-2, (c) MT-3, (d) MSN-4, (e) MTN-5. For comparison, the
XRD pattern of VPO-A sample after activation in n-butane/oxygen fed is also
included (f). Symbols: (l) M1-type phases TepM»3O57 or (Sby0)r2M»5(Osg,
() M2-type phases Tep 33MO3 3 or (Sb,0)MgO19, (@) (Vo.07M00.93)5014
or Nbg g9Mog 9102 3. (O) V.33M0p 6702; () (VO)2P207.

over a VPO-A catalyst. Fig. 2 shows the variation in the se-
lectivity to maleic anhydride with the n-butane conversion ob-
tained over MoV-containing catalysts. Maleic anhydride, CO,
and CO; are the main reaction products in the oxidation of
n-butane over MoV-based catalysts. Acrylic acid, acetic acid,
2-butenes (trans- and cis-2-butene), and butadiene also were
detected, whereas methoxy acetic acid, phthalic anhydride, and
acetone were only minor products. Except for the MoVNbO
mixed oxide (sample MN-1), the catalysts studied here are ac-
tive and relatively selective in the formation of maleic anhy-
dride from n-butane. Also note that the selectivity to maleic
anhydride is almost constant in the range of alkane conversions
studied here (up to 60%), suggesting that the maleic anhydride
thus formed has high stability to overoxidation. These results,
shown in Fig. 2 and Table 2, indicate that both the catalytic ac-
tivity and selectivity to maleic anhydride depend strongly on
the catalyst composition and that the selectivity to maleic anhy-

Table 2

Oxidation of n-butane over MoV-containing catalysts®

Catalyst GHSV Conversion Selectivity (%)b STYMmAC
(™1 (%) MA AA AcOH cT cO, co

MN-1 4350 45.5 0 0 0 1.0 58.8 40.2 0

MS-2 4350 37.8 7.4 0 0.4 1.6 48.4 41.6 5.0

MT-3 4350 54.4 25.6 0.2 0.2 0.8 325 40.6 24.9

MSN-4 4350 56.5 24.7 0.3 0.2 1.0 334 40.1 25.0

MTN-5 4350 56.2 35.9 1.2 0 0.7 29.2 32.6 36.4

VPO-A 1200 58.7 66.2 0 0 0 15.3 18.6 19.5

4 Reaction conditions: 1.5% n-C4Hq/air, T =400°C.

b Selectivity to the main reaction products: maleic anhydride (MA); acrylic acid (AA); acetic acid (AcOH); C4-olefins and diolefins (C‘T). Other reaction products

observed: phthalic anhydride, methoxy acetic acid, acetone.

¢ Rate of formation of maleic anhydride per unit mass of catalyst per unit time, STYpA, in gva h~! kg;a{.
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Fig. 2. Variation of the selectivity to maleic anhydride with the n-butane con-
version obtained during the n-butane oxidation at 380 °C for MoV-containing
catalysts: (A) MN-1, (O) MS-2, () MT-3, (®) MSN-4, (l) MTN-5. Reaction
conditions in text.

dride decreases in the following order: MTN-5 (36%) > MT-3
(26%) = MSN-4 (25%) > MS-2 (7%) > MN-1 (0%).

The catalytic results obtained on an activated V-P-O cata-
lyst (sample VPO-A), also given in Table 2, are similar to those
previously reported by other authors with selectivity to maleic
anhydride ranging from 60 to 80% [1-6]. Although with a sig-
nificantly lower catalytic activity, the VPO-A sample shows
higher selectivity to maleic anhydride than any of the MoV-
based catalyst, as well as less byproduct formation. In fact,
only carbon oxides were detected by gas chromatography as
byproducts (although very small amounts of acetic acid and
phthalic anhydride were detected by mass spectrometry). Nev-
ertheless, because of the large difference in reactivities, the rate
of maleic anhydride formation per unit mass of catalyst per unit
time, STYMA, obtained on a MoVTeNbO mixed-oxide catalyst
(sample MTN-5) was ca. twice that obtained over the VPO-A
catalyst (Table 2).

Table 3 gives the catalytic results obtained during n-butane
oxidation over MTN-5 catalyst using different n-butane/oxygen
ratios. Note that to avoid the total consumption of the molecular
oxygen, we used a space velocity of 4350 h~! for O,-rich feed
(n-C4/0O/He molar ratios of 1.5/18.5/80 or 4/8/88), whereas we
used a higher space velocity (17,400 h™!) in the O,-poor feed

(n-C4/0O/He = 8/4/88, molar ratio). The results collected in
Table 3 demonstrate that the reaction conditions influence the
selectivity to the main reaction products. Thus, the higher the
fuel/O; ratio, the higher the selectivity to maleic anhydride and
the rate of formation of maleic anhydride per unit of mass per
unit time (STYpa ). Furthermore, high selectivity to C4-olefins
can be observed when working in O,-poor conditions.

3.3. Oxidation of 1-butene

The oxidation of 1-butene was studied over some repre-
sentative catalysts: MTN-5, the most efficient MoV-catalyst
in n-butane oxidation; MS-2, a catalyst poorly selective in
n-butane oxidation but active in the oxidative scission of Cj3-
olefin [38]; and VPO-A. Figs. 3 and 4 show the catalytic results
obtained from 1-butene oxidation. Note that to obtain similar
butane conversions, we used a space velocity of 21,750 h~!in
the oxidation of 1-butene on MTN-5 and MS-2 catalysts and
used a space velocity of 7250 h~! in the oxidation of 1-butene
on VPO-A catalyst, suggesting that VPO-A is less active (about
3 times less active) than MTN-5 or MS-2 catalysts.

For all of the catalysts, the main reaction products were 2-
butenes, butadiene, maleic anhydride, and carbon oxides, with
acrylic acid, acetic acid, or furane were observed in some cases.
Nevertheless, many reaction products were detected up to 20%
conversion of 1-butene on all catalysts, in contrast with the
few products observed during the oxidation of n-butane. This
finding has been described by other authors [1-4] and can be
explained by the high adsorption of butenes on the catalyst sur-
face with respect to n-butane [3].

Fig. 3 shows the variation of 1-butene conversion and the
yield of maleic anhydride with the reaction temperature ob-
tained during the oxidation of 1-butene over the three types of
catalysts. A maximum yield of maleic anhydride of ca. 40%
was achieved over MTN-5 catalyst (Fig. 3b), compared with ca.
20% over MS-2 and ca. 50% over VPO-A at similar 1-butene
conversions (Figs. 3a and 3c, respectively).

Fig. 4 illustrates the variation in selectivity to the main par-
tial oxidation products with the reaction temperature obtained
during the oxidation of 1-butene on these catalysts. For all cat-
alysts, the selectivity to maleic anhydride increased with the
reaction temperature, achieving maximum values of ca. 25%

Table 3

Oxidation of n-butane over MVT-5 catalyst. Influence of the feed composition®

Feed (molar) GHSV T Conversion (%) Selectivity (%)b STYMmAS

n-C4/02/Ny (=1 O C4Ho 0, MA AA AcOH c; CO, co

1.5/18.5/80 4350 380 32.7 13.5 35.3 0.6 0.4 1.5 29.5 325 20.9
4350 400 56.2 22.4 359 1.2 0 0.7 29.2 32.6 36.4

4/8/88 4350 380 22.8 48.0 42.6 7.5 0.5 4.9 21.8 22.0 46.8
4350 400 43.1 89.7 42.9 10.3 0.3 2.3 21.0 22.5 89.0

8/4/88 17400 380 3.1 21.7 38.0 0.5 0.1 28.8 17.2 15.3 444

17400 400 10.7 81.2 46.6 1.8 0.1 18.3 15.9 16.6 188

4 Total flow in all experiments was 50 ml/min.

b Selectivity to the main reaction products: maleic anhydride (MA); acrylic acid (AA); acetic acid (AcOH); C4-olefins and diolefins (C‘T). Other reaction products

observed: phthalic anhydride, methoxy acetic acid, acetone.

¢ Rate of formation of maleic anhydride per unit mass of catalyst per unit time, STY A, in gva h~! kg&é.
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for MS-2, 40% for MTN-5, and 50% for VPO-A (Fig. 4a).
Because these results were obtained at similar 1-butene con-
versions, we can conclude that at low reaction temperatures,
maleic anhydride was obtained more easily on MTN-5, whereas
at high reaction temperatures, it was obtained more selectively
on VPO-A catalyst.

The selectivity to 2-butenes (formed by isomerization of
1-butene) tended to decrease with the reaction temperature
(Fig. 4b), indicating that this is a primary and unstable reac-
tion product. Meanwhile, the selectivity to butadiene reached
a maximum at 340°C for MTN-5, at 360°C for MS-2, and
at 380°C for VPO-A (Fig. 4c), suggesting that butadiene is
a secondary and unstable reaction product. The different tem-
peratures observed for the maximum selectivity to butadiene
can be explained by the different catalytic activity for 1-butene
oxidation of each catalyst. Accordingly, it is very likely that
1-butene, as well as 2-butenes (cis- and trans-2-butene), react
initially to yield butadiene, which is subsequently transformed
into maleic anhydride [1-4].

Important differences in the formation of minor products
also were observed on these catalysts. For example, acrylic acid

was formed at a yield close to 10% (whereas only traces of
acetic acid were detected) on MTN-5, whereas acetic acid was
formed at a yield close to 15% (whereas no acrylic acid was de-
tected) over MS-2. In VPO-A, furan (not formed on MS-2 or
on MTN-5 catalysts) and acetic acid were observed, although
the selectivity never exceeded 5%. We discuss the formation of
these compounds later, but note that both parallel and consecu-
tive reactions occurred during the oxidation of 1-butene.

3.4. FTIR of 1-butene adsorbed

Butenes have been proposed as the reaction intermediates
during the selective oxidation of n-butane to maleic anhydride
on V-P-O catalysts [14,36,37]. Therefore, it could be interest-
ing to follow a comparative FTIR study on the adsorption of
1-butene over some representative catalyst (i.e., MTN-5, MS-2,
and VPO-5), to evaluate the possible reaction pathways during
n-butane and 1-butene oxidation.

FTIR spectra of adsorbed 1-butene on the MTN-5 catalyst
are shown in Fig. SA. At 100 °C, strong IR bands can be seen at
1521, 1176, and 1168 cm™!, which were previously observed
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in the IR spectra of adsorption propylene [38] and attributed
to the formation of enolic-type compounds. Along with these,
other, less-intense bands appear at 1568 (associated with bu-
tadiene [39]), 1472, and 1459 cm~!. The two latter bands,
together with the shoulder at 1530 cm™!, can be tentatively
associated with furan species [39]. These emerged at 100 °C
and increased at increasing temperature (150-350 °C), whereas
the intensities of the IR bands associated with the enolate and
butadiene-like species decreased at increasing desorption tem-
peratures, suggesting that they must be intermediate species in
the formation of the corresponding reaction products. Acrylate-
type compounds (IR band at 1294 cm™! [38]) can be clearly
seen at 200 °C.

The addition of oxygen at 350°C led to a complete dis-
appearance of these bands associated with furan and enolate
species and the appearance of new, less-intense IR bands at
around 1881, 1780, and 1686 cm~! associated with maleic
anhydride and carbonyl species, respectively [40]. Thus, ac-
cording to our IR results, enolate species together with buta-
diene were the first intermediates obtained during the oxidation
of 1-butene on MTN-5. Moreover, these were transformed to
carboxylic compounds, acrylate-type species, and maleic an-
hydride when the desorption temperature was increased up to
350°C.

1781

absrobance (a.u.)

2000 1900 1800 1700 1600 1500
Wavenumber (cm-")

Fig. 6. FTIR of 1-butene adsorption on VPO-A catalyst at (a) 100, (b) 200,
(c) 300, and (d) 350°C, and further co-adsorption of oxygen at 350 °C for
(e-1) 2, (e-2) 5, and (e-3) 10 min.

The IR spectra of adsorbed 1-butene on the MS-2 sam-
ple are shown in Fig. 5B. At a desorption temperature of
100 °C (Fig. 5B, spectrum a), strong bands at 1523, 1175, and
1168 cm~! associated with enolic-type compounds can be seen,
along with another intense IR band at 1567 cm™! associated
with butadiene. However, no bands at 1472 and 1459 cm™!
due to furan-type species can be seen. These results are similar
to those observed on MTN-5. With increasing temperature, the
bands due to butadiene and enolate-type species tended to dis-
appear, whereas no band at 1297 cm ™! related to acrylate type
species can be observed. After the addition of oxygen at 350 °C,
no bands due to maleic anhydride were observed (1881 and
1780 cm™1); only broad bands at 1440 and 1321 cm™! related
to carboxylic-type compounds were visible. Thus, according to
our IR results, the same intermediate species (butadiene and
enolic-type species) were observed in both the MTN-5 and MS-
2 samples, whereas acrylate-type compounds were seen only in
the MTN-5 sample.

For comparison, we also studied the adsorption of 1-butene
on the VPO-A catalyst. Due to a strong IR adsorption in the re-
gion below 1300 cm™!, the IR spectra were recorded only in the
4000-1430 cm™! region. Fig. 6 shows the IR results obtained
in the 2100-1100 cm™! region. Adsorption of 1-butene at room
temperature on the VPO catalyst led to the appearance of IR
bands at 1550, 1490, and 1460 cm™—!, which can be assigned to
surface-bound furan species [39,40], increased in intensity with
increasing desorption temperature (100-350 °C). The addition
of oxygen at 350 °C led to a diminution of the bands related to
furan species (at 1550, 1490, and 1460 cm™') and the appear-
ance of new IR bands at 1855 and 1781 cm~! (due to maleic
anhydride [39,40]) and at 1640, 1614, and 1574 cm~!. The
band at 1640 cm™! can be related to carbonyl species, whereas
the bands at 1614 and 1570 cm™! should be related to adsorbed
species with C=C bonds and carboxylate groups.

We also note that before 1-butene adsorption, a sharp band
in the IR spectra of VPO-A catalyst was observed at 3688 cm ™!
(spectrum not shown), assigned to the OH stretching of OH
groups of P-OH [41]. This band shifted to 3444 cm~! (broad
band) after 1-butene adsorption and subsequent desorption at
100-200 °C, whereas a new band at 3516 cm™! was formed
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at increasing temperatures (300-350°C). The broad band at
3444 cm~! should be related to OH groups interacted with 1-
butene, whereas the band at 3516 cm™! can be assigned to the
formation of new reduced V4¥*-OH species [42], because it dis-
appeared after the addition of oxygen.

According to these results, furan was the main first inter-
mediate species observed after 1-butene adsorption on VPO-A,
and was further transformed into maleic anhydride in the pres-
ence of oxygen at 350 °C. In this way, as has been reported
in the literature [39], V>t=0 species (which transform in a
reversible path to V4T—OH in the presence of butene and oxy-
gen) are involved in the oxidation of 1-butene to maleic anhy-
dride.

4. Discussion
4.1. On the nature of crystalline phase

Despite a lower selectivity to maleic anhydride compared
with that of V-P-O catalysts, Te- or Sb-containing MoV-based
catalysts have been shown to be as active and relatively se-
lective to maleic anhydride during the partial oxidation of
n-butane, and seem to be more active catalytic systems. Ta-
ble 4 shows the catalytic activity for n-butane oxidation and
the rate of maleic anhydride formation per unit mass per unit
time (STYma) obtained during the oxidation of n-butane and
1-butene on the most representative catalysts. Both the catalytic
activity for n-butane oxidation and the rate of formation of
maleic anhydride per unit mass per unit time on a MoVTeNbO
mixed-oxide catalyst such as MTN-5 can be 2-3 times higher
than on a vanadyl pyrophosphate-based catalyst such as VPO-
A (Table 4). For this reason, and although at the moment the
MoV-containing catalysts studied here are less selective than
V-P-O mixed oxides, these seem to be interesting catalytic
systems for the partial oxidation of n-butane to maleic anhy-
dride.

The presence of crystalline M1 phases (i.e., TexM»¢Os7 or
(Sb0O)>2M>00s5¢) in the active Te- or Sb-containing catalysts
(Fig. 1), lead us to conclude that this is the active and selective
crystalline phase in MoV-oxidic bronze catalyst for n-butane

Table 4

Catalytic activity and rate of formation of maleic anhydride per unit of mass
per unit time obtained during the oxidation of n-butane and 1-butene on some
representative catalysts?

Catalyst  n-Butane oxidation® 1-Butene oxidation®

Catalytic activity®  STYpmad  Catalytic activity®  STYpa9
MVS 39.8 4.7 511 206
MTN-5  59.8 36.4 709 331
VPO-A 17.5 19.5 177 155

4 Reaction conditions in n-butane oxidation as in Table 2, reaction tempera-
ture of 400 °C.

b Reaction conditions in 1-butene oxidation in text, reaction temperature of
400°C.

¢ Catalytic activity in the oxidation of n-butane or 1-butene, in gc4 h! kg;l% .

d Rate of formation of maleic anhydride per unit of mass per unit time
(STYma). in gva h™! kegy.

oxidation, in agreement with those proposed for the partial ox-
idation of propane [22,25-33] and ethane [23,24]. V5*t-0-Mo
pairs in phase M1, which have been suggested to be directly in-
volved in the oxidative activation of propane [27,28,33], also
must be involved in the oxidative activation of n-butane.

Indeed, there is a parallelism between the catalyst perfor-
mance in the oxidation of propylene to acrolein and in the ox-
idation of 1-butene to butadiene [43,44]. Therefore, the active
sites present in M 1-containing catalyst must play a similar role
in the selective oxidation of propane/propylene and in n-butane/
1-butene oxidation. Accordingly, as for the selective oxidation
of propane to acrylic acid [27,28,33,45], the partial oxidation of
n-butane on MoVTeNbO catalysts can be explained by the pres-
ence of three moieties: (i) activation of n-butane in V-sites, Mo—
O-V-O—(Mo or Nb) like; (ii) oxidation of 1-butene to butadiene
in Mo/Te sites, Te-O-Mo—-O—(Te or V) like; and (iii) oxidation
of butadiene to maleic anhydride in Mo/Nb sites, Nb-O-Mo-
O—(Nb or V) like.

Nevertheless, the presence of Nb in both MoVTeO or
MoVSbO seems to have a promoter effect, enhancing the se-
lectivity to maleic anhydride (Table 2). This also was observed
during the oxidation of propane to acrylic acid on similar cata-
lysts [46].

4.2. On the reaction network in n-butane oxidation

The catalytic results on the oxidation of 1-butene and the
IR results of 1-butene adsorption on V-P—O- and MoV TeNbO-
type catalysts allows us to compare the reaction network and
the nature of intermediates formed during n-butane oxidation
over these catalysts. Scheme 1 shows the reaction network for
n-butane oxidation on Nb-free and Nb-containing MoV Te(Sb)-
based oxidic bronzes proposed from the results obtained during
the oxidation of n-butane and 1-butene.

The formation of maleic anhydride on MoV-based catalysts
is similar to that proposed for V-P-O catalysts [1-4]. In agree-
ment with previously reported results [47], the ca. 70% selec-
tivity to maleic anhydride during n-butane oxidation on the
VPO catalyst (Fig. 2c) was higher than that achieved during
1-butene oxidation (ca. 50%; Fig. 4a). However, the opposite
occurred on MTN-5, where the selectivity to maleic anhydride
was higher for the oxidation of 1-butene (ca. 40%; Fig. 4a) than
for n-butane (ca. 35%; Fig. 2b).

Another important difference between the catalytic perfor-
mance of VPO catalysts such as VPO-A and MoVTeNbO cat-
alysts such as MTN-5 is related to the selectivity to the main
reaction products obtained during the oxidation of 1-butene.
At low reaction temperature, VPO-A selectively transforms
1-butene to 2-butene, whereas MTN-5 or MS-2 are most ef-
fective in the transformation of 1-butene to butadiene (Figs. 4b
and 4c). These results are related to the highest surface acid-
ity of V-P-O catalysts [1-4] compared with the low or the
moderate acidity observed for MoVTeNbO or MoVSbO mixed
oxides [38,48]. Thus, the isomerization of 1-butene into cis- and
trans-2-butene was favored over VPO-A, whereas the oxidative
dehydrogenation of butenes to butadiene was favored over MS-
2 or MTN-5.
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Scheme 1. Reaction network for n-butane oxidation on MoV-containing oxidic bronzes.
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Fig. 7. Variation of the selectivity to partial oxidation products, POP
(butadiene + maleic anhydride) with the reaction temperature obtained during
the oxidation of 1-butene over (A) MS-2, (ll) MTN-5, and (O) VPO-A cata-
lysts. Reaction conditions as Fig. 3.

Fig. 7 shows the variation of the selectivity to the partial
oxidation products (butadiene and maleic anhydride) with the
reaction temperature obtained during the oxidation of 1-butene
on MS-2, MTN-5, and VPO-A. At low reaction temperature,
MTN-5 was more selective to partial oxidation products than
VPO-A, probably due to to its greater catalytic activity in the
oxidation of 1-butene.

The in situ IR spectra of adsorbed 1-butene clearly showed
more abundant formation of maleic anhydride adsorbed over
VPO-A (Fig. 6) than on MTN-5 (Fig. 5), as evidenced by the
much higher intensity of the corresponding bands at 350 °C and
in the presence of molecular oxygen. Therefore, it is possible
that the differences in the selectivity to maleic anhydride ob-
served between both catalytic systems are partially related to
the different performance in the oxidation of the olefin interme-
diates.

On the other hand, and according to the results of 1-butene
oxidation, the formation of acrylic acid and acetic acid on
MoVTeNbO (sample MTN-5) and on MoVSbO (sample MS-2)
can be explained by the formation of other intermediates in

addition to those related to the formation of maleic anhydride
observed mainly on VPO-A catalysts. In this way, enolate-type
species (which can be considered as the precursors of acrylic
acid) are observed as the first intermediate species formed from
1-butene over MTN-5. For this reason, the formation of both
acetic acid and acrylic acid as minor reaction products can
be explained by the oxidative scission of Cs-olefins (1-butene,
2-butene, and butadiene), in agreement with previous results re-
ported for the oxidation of Mo—V-O mixed oxides [49].

On the other hand, acetic acid is observed during the oxida-
tion of 1-butene on sample MS-2. The relatively higher acid-
ity of this with respect to that observed on MTN-5 [38,48]
should favor partial isomerization of 1-butene to 2-butene,
which is transformed into acetic acid by the oxidative scission
of 2-butene.

It has been reported that activation of n-butane and 1-butene
on V-P-O catalysts requires different active vanadium species
[47]. VT species seem to be more appropriate for the olefin
activation; V4T cations, for alkane activation. Thus, the opti-
mal phase for 1-butene oxidation to maleic anhydride has been
reported to be B-VOPOy (V), whereas (VO),P,07 (VA1) is
the main crystalline phase in commercial catalysts for partial
oxidation of n-butane.

At least two different activation sites for butane transforma-
tion can exist in Nb-free and Nb-containing MoVTe(Sb)-based
oxidic bronze catalysts: Te—-O-Mo or Sb—O—Mo pairs involved
in the formation of butadiene and V>* species involved in the
formation of maleic anhydride from butenes. This fact can ex-
plain the different catalytic performance of MTN-5 and VPO-A
catalysts in the oxidation of the alkane and the olefin. MTN-5,
in which vanadium is present as V4*/V>* [50,51] but mainly
as V>t on the surface [27,28], should show a higher selectiv-
ity to maleic anhydride in the oxidation of 1-butene than in
the oxidation of n-butane. Conversely, VPO-A, in which vana-
dium is present as (VO),P,07 (as V4t and on the surface as
V3*/V4*, mainly V4T), is more selective during the oxidation
of n-butane, in agreement with previous results [1-4].



136 B. Solsona et al. / Journal of Catalysis 250 (2007) 128-138

Olefin OCP
100 100
a b
8ot [ 80
= = [ MA
Z 60 Z 60 | CaMs
= >
3 A 3T
2 a0t MA S 407
5] | wn L
20 20 AR
C,H, Cy r CyHg
0 T - e 0 - - :
CH,  CgHy nCHy C,H¢ CyHy n-CH,
Alkane fed Alkane fed

Fig. 8. Selectivity to olefins and O-containing partial oxidation products (OCP) obtained during the oxidation of ethane, propane and n-butane over (a) MTN-5 and
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of 380 °C. Reaction products: (i) ethylene from ethane, (i) propylene and acrylic acid (AA) from propane, (iii) C4-butenes (C3’) and maleic anhydride (MA) from

butane.

4.3. On the catalytic behavior of MoVTeNbO and VPO
catalysts in alkane oxidation

V-P-0O and MoVTeNbO mixed-metal oxide catalysts have
been proposed to be active and selective for the partial oxidation
of short-chain alkanes, although their catalytic performance
changes depending on the alkane feed. Fig. 8 shows the compar-
ative selectivity to partial oxidation products obtained during
the oxidation of C,—C4 alkanes on MoVTeNbO (MTN-5) and
V-P-O (VPO-A) catalysts. We note that whereas ethylene was
the only partial oxidation product from ethane, propylene and
acrylic acid were the main partial oxidation products obtained
from propane and C4 olefins and maleic anhydride were the
main partial oxidation products obtained from n-butane.

For the MTN-5 catalyst, the selectivity to partial oxidation
products decreased from ethane to butane (Fig. 8a). Consider-
ing the type of partial oxidation product, the selectivity to olefin
decreased and the formation of O-containing partial oxidation
products increased from ethane to butane. We note that these
results were obtained in a steam-free feed, and the selectivity to
acrylic acid is strongly enhanced in the presence of steam in the
feed (ca. 70%) [52].

For the VPO-A catalyst, the selectivity to partial oxidation
products was higher from ethane (with selectivity to ethylene
of ca. 65%) and n-butane (with selectivity to maleic anhydride
is ca. 75%) and lower from propane (with mainly propylene
and only traces of acrylic acid) (Fig. 8b). This finding is in
agreement with some previous results demonstrating that the
catalysts most selective to maleic anhydride V-P-O (used af-
ter activation in n-butane/air) yielded only traces of acrylic acid
[53,54].

Fig. 9 shows good correlation in the selectivity to acrylic
acid and to maleic anhydride obtained during the oxidation of
propane and rn-butane, respectively, on MoV-based catalysts (at
an alkane conversion of 20%). However, no correlation can be
seen on an active and selective V-P—O catalyst such as VPO-A,
suggesting that the quite different physicochemical characteris-
tics are required for the oxidation of n-butane and propane in
this catalyst.
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Fig. 9. Relationship between the selectivity to maleic anhydride obtained during
the oxidation of n-butane and the selectivity to acrylic acid obtained during
the oxidation of propane on MoV-containing mixed metal oxides and VPO-A
catalysts. Reaction temperature = 380 °C; Alkane conversion = 20%. Reaction
conditions of propane and n-butane oxidation and characteristics of catalysts as
in Tables 1 and 2.

Recently, other authors have claimed a relatively high yield
to acrylic acid during the oxidation of propane on V-P-O cata-
lysts [7-9]. However, the catalyst activation procedure seems to
be very different from those used in the activation of selective
V—P-O catalysts for n-butane oxidation. Thus, it has been ob-
served that it is possible to obtain acrylic acid from propane or
maleic anhydride from n-butane using the same VPO catalyst
precursor but submitted to different catalyst activation proce-
dures, producing significantly modified physicochemical char-
acteristics of the catalysts [7-9]. Thus, the activation of V-P-O
catalysts used in the selective oxidation of propane must differ
significantly from those used in the activation of VPO catalysts
for n-butane oxidation.

According to the results presented herein, we can conclude
that an advantage of MoV-containing multicomponent catalysts
(especially MoVTe(Sb)NbO mixed oxides) with respect to V—
P-O catalysts is that MoV-based catalysts can operate at a rel-
atively high selectivity for different substrates without changes
in the catalyst activation procedure. It also may be interesting
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to investigate whether it is possible to modify the characteris-
tics of these catalysts to improve the selectivity in the partial
oxidation of short-chain alkanes.

5. Conclusion

We have shown that MoVTe(Sb)NbO mixed-metal oxide
catalysts are active and relatively selective during the oxida-
tion of n-butane and 1-butene to maleic anhydride. Unfortu-
nately, this catalytic system demonstrates important drawbacks
compared with V-P-O catalysts, including lower selectivity to
maleic anhydride and greater production of byproducts. But the
productivity to maleic anhydride is ca. 2 times higher on Mo V-
oxidic bronze catalysts due to their higher catalytic activity,
which has the additional advantage of easy activation (calcina-
tion in Nj for 2 h) to be catalytically active and selective. Note
that the higher activity of MoVTeNbO catalyst is not a conse-
quence of its high surface area, because the VPO used in this
work has a greater surface area.

Although only the systems presenting the M1 phase were
found to be active and selective in the oxidative alkane acti-
vation, the catalytic behavior of MoV-containing oxidic bronze
catalysts depends strongly on the catalyst composition. Thus,
the M1 phase [i.e., TeM39Os7 and (SbO)2M»(0s5¢] in Te- and
Sb-containing catalysts, respectively, is the active and selective
crystalline phase for the activation of short-chain alkanes on
these mixed-metal oxides. Furthermore, our results also sug-
gest the possibility of tailoring catalytic behavior by changing
the catalyst composition.

The active and selective MoVTeNbO catalyst used here
has been previously optimized for the selective oxidation of
propane to acrylic acid [27]. Although a correlation between
both reactions has been observed for MoV-containing catalysts,
this does not mean that these are the optimal catalysts in the se-
lective oxidation of n-butane. In fact, VPO catalysts disrupt this
trend (Fig. 9). Consequently, further improvement in the selec-
tivity to maleic anhydride by modifying the surface/structural
characteristics of these materials would be expected. A modi-
fication of surface active sites leading to lower reactivity and
thus preventing the direct combustion of n-butane could be
the way to obtain better catalytic performance. Along these
lines, an initial modification of this catalyst could be the elim-
ination of nonselective sites responsible for the formation of
enolate-type intermediates, which seems to favor the formation
of acrylic/acetic acid at low conversion and carbon oxides at
high conversions of n-butane or 1-butene. Against the back-
ground of the present study, this catalytic system merits further
investigation to establish the potential of these catalysts for the
selective oxidation of n-butane to maleic anhydride.
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