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Abstract

Novel crystalline Mo–V–M–O (M= Al, Ga, Fe) mixed oxides were prepared by hydrothermal synthesis with Anderson-type
heteropolymolybdate and vanadyl sulfate at 175◦C in the presence of (C2H5)3NHCl. The obtained Mo6V2Al1Ox mixed oxide
was rod-shaped crystal and the X-ray diffraction (Cu K�) peaks at 2θ = 4.7 and 8.2◦ were observed, which suggest a forma-
tion of a super structure in the cross-section of the rod-shaped crystal. The synthesized Mo–V–M–O (M= Al, Ga, Fe) mixed
oxides were assumed the same structure of hexagonal unit cell of the space groupP6. The mixed oxides after calcination in
N2 flow at 500◦C were used for ethane selective oxidation. The catalysts prepared in the presence of (C2H5)3NHCl showed
higher ethane conversion and selectivity to acetic acid than those prepared in the absence of (C2H5)3NHCl. © 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

The natural gas is one of the huge resources, which
consists mainly of light alkanes. Alkanes are gener-
ally less reactive because the molecules have only sat-
urated C–H bonds. In order to utilize the less reactive
molecules, the selective oxidation of alkanes has been
widely investigated [1] and many types of catalysts
have been developed for this process [2]. One of the
most successful catalysts is crystalline V–P–O mixed
oxides for the selective oxidation ofn-butane to maleic
anhydride [3,4]. The catalyst is a hexagonal-layered
crystal and the (1 0 0) plane is known to be active and
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selective to maleic anhydride [5,6]. Mo–V–Te–Nb–O
mixed oxide is also a successful catalyst for the am-
moxidation of propane to acrylonitrile [7] and for the
oxidation to acrylic acid [8]. The catalyst showed over
80% propane conversion and over 60% selectivity to
acrylonitrile or acrylic acid. It was emphasized that a
specific crystal structure is effective for the propane
ammoxidation.

In the both cases, structural arrangement of active
sites is considered to be quite important to achieve
selective oxidation. Selective oxidation pathway from
alkanes to desired oxygenates may consist of many
reaction steps, for example, dehydrogenation, oxy-
gen insertion, hydration and so on. These reactions
should occur quickly and sequentially to avoid unde-
sired oxidation to COx because intermediate products
are generally more reactive than alkanes. In order to
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achieve the quick sequential reaction, catalytically ac-
tive elements for the reactions should be placed geo-
metrically near to each other. If we construct surface
matrix having ordered active sites on catalysts, high
activity and selectivity can be expected. In this sense,
well-crystallized mixed oxides are the candidates for
active and selective catalysts for alkane oxidation.
In this paper, we focused on hydrothermally synthe-
sized Mo–V–M–O (M= Al, Ga, Fe) mixed oxides,
which are found active for the ethane oxidation [9].
For the purpose of constructing surface matrix having
arranged active sites, we tried the hydrothermal syn-
thesis of the Mo–V–M–O (M= Al, Ga, Fe) mixed
oxides in the presence of (C2H5)3NHCl. On the basis
of the observed effects of (C2H5)3NHCl on crystal
growth, the role of (C2H5)3NHCl is discussed. The
mixed oxides were used for ethane oxidation after cal-
cination in N2 and the catalytic activities were com-
pared with those of the mixed oxides synthesized in
the absence of (C2H5)3NHCl. We also discuss about
the implication between the well-crystallized active
face and the activity and product distribution of ethane
oxidation.

2. Experimental

2.1. Catalyst preparation

All the catalysts were prepared by the hydrother-
mal reaction between Anderson-type heteropoly-
molybdates ((NH4)3H6MIII Mo6O24·7H2O) and
vanadyl sulfate. The Anderson-type heteropoly-
molybdates were prepared by the reaction be-
tween (NH4)6Mo7O24·4H2O and metal sulfates (or
alum), such as, Al2(SO4)3·nH2O, Ga2(SO4)·4H2O
or FeNH4(SO4)2·12H2O [10]. Five millimoles of the
corresponding Anderson-type heteropolymolybdate
was dissolved or suspended into 20 ml of distilled
water and heated to 80◦C (in the case of the prepa-
ration of M = Al, Ga) or 50◦C (M = Fe). The
liquid was changed into slurry with color of green
(M = Al) or dark purple (M = Ga, Fe) after the
VOSO4 aqueous solution was added. The loading
amount of VOSO4 was controlled to achieve the
atomic ratio of Mo:V:Al = 6:1:1, Mo:V:Ga= 6:2:1
or Mo:V:Fe = 6:3:1, respectively. The aqueous so-
lution of (C2H5)3NHCl was finally added into the

synthetic liquid at the concentrations from 0.00 to
0.24 mol l−1. The slurry was moved to an autoclave
with PTFE inner tube and was kept under hydrother-
mal condition at 175◦C for 24 h. After hydrothermal
synthesis, the autoclave was cooled to room temper-
ature by flowing water. Inside the tube, dark purple
solids were produced on the wall and the bottom. The
solid was filtered, washed three times with 20 ml of
distilled water and finally dried in air at 80◦C for 6 h.

2.2. Characterization of the mixed oxides

The mixed oxides were characterized by XRD
(Rigaku RINT Ultima+ equipped with Cu K�) af-
ter the hydrothermal synthesis and calcination. They
are also analyzed by FTIR spectra on Perkin-Elmer
Paragon 1000 after the hydrothermal synthesis. The
SEM images of the mixed oxides were also taken
by JEOL JSM-T100 after drying. The BET surface
area were measured by nitrogen adsorption at 77 K
with 30% N2 balanced He flow on Micromeritics
Flowsorb 230 after ethane oxidation. A residue of
chlorine in the mixed oxides was checked by XPS
(Shimadzu/Kratos AXIS-HS).

2.3. Ethane oxidation

Ethane oxidation was performed on a fixed-bed flow
system at the reaction temperature of 340◦C. One
gram of the mixed oxide was used after the calcination
in 50 ml min−1 N2 flow at 500◦C. The mixed oxide
was purged with 50 ml min−1 N2 flow and heated to
300◦C. Then, a feed gas was introduced, which con-
tained C2H6, O2, N2 and water vapor at the flow rate
of 15, 5, 20 and 10 ml min−1, respectively. Both the
feed gas and the effluent gas were analyzed by gas
chromatography.

3. Results and discussion

3.1. Characterization of Mo–V–M–O mixed
oxides (M = Al, Ga, Fe)

XRD patterns of the Mo–V–M–O mixed oxides
(M = Al, Ga, Fe) after drying are displayed in Fig. 1.
When the hydrothermal syntheses were carried out in
the presence of (C2H5)3NHCl, the well-crystallized



K. Oshihara et al. / Catalysis Today 71 (2001) 153–159 155

Fig. 1. XRD patterns of the hydrothermally synthesized
Mo–V–M–O (M = Al, Ga, Fe) mixed oxides in the absence or
presence of (C2H5)3NHCl: (a) Mo6V1Al1Ox ; (b) Mo6V1Al1Ox in
the presence of 0.16 mol l−1 (C2H5)3NHCl; (c) Mo6V2Ga1Ox ; (d)
Mo6V2Ga1Ox in the presence of 0.16 mol l−1 (C2H5)3NHCl; (e)
Mo6V3Fe1Ox and (f) Mo6V3Fe1Ox in the presence of 0.52 mol l−1

(C2H5)3NHCl.

Mo–V–M–O mixed oxides (M= Al, Ga, Fe) were
obtained for the first time (Fig. 1b, d and f). All
the mixed oxides synthesized in the presence of
(C2H5)3NHCl gave the same diffraction patterns as-
signed to the hexagonal unit cell of the space group
P6 with the lattice parameters,a0 = 21.38 Å and
c0 = 4.006 Å for Mo6V1Al1Ox , a1 = 21.43 Å and
c1 = 4.010 Å for Mo6V2Ga1Ox and a2 = 21.44 Å
and c2 = 4.012 Å for Mo6V3Fe1Ox , respectively.
This clearly indicates that the obtained Mo–V–M–O
(M = Al, Ga, Fe) mixed oxides are the same struc-
tural materials having the super structure.

On the other hand, when the Mo6V2Ga1Ox and
Mo6V3Fe1Ox mixed oxides were synthesized in the
absence of (C2H5)3NHCl, the two peaks at 2θ = 22.1

and 45.2◦ ascribed to the Mo–V–O-based mixed ox-
ides [11] were mainly observed, but no peaks at the
low angle region were observed, indicating the ab-
sence of the super structure. Additionally, the peaks
ascribed to the NH3MoO3 were observed at 2θ = 9.6,
19.4 and 25.8◦ (Fig. 1c and e). In the case when the
Mo6V1Al1Ox mixed oxide was synthesized in the ab-
sence of (C2H5)3NHCl, though the peaks were ob-
served at the low angle region, the peak intensities at
2θ = 4.7 and 8.2◦ were very weak. It is clear that
(C2H5)3NHCl promotes the crystallization to the par-
ticular directions of the mixed oxide crystal.

The effect of the concentration of (C2H5)3NHCl
on the crystallization of the Mo6V1Al1Ox mixed
oxides in the hydrothermal synthesis was examined
and the results are displayed in Fig. 2. It was clearly
shown that the intensities of the peaks at 2θ = 4.7

Fig. 2. Effect of the (C2H5)3NHCl concentration on the XRD
patterns of the Mo6V1Al1Ox mixed oxide: (a) in the absence
of (C2H5)3NHCl; (b) in the presence of (C2H5)3NHCl at the
concentration of 0.04 mol l−1; (c) 0.08 mol l−1; (d) 0.12 mol l−1;
(e) 0.16 mol l−1; (f) 0.20 mol l−1 and (g) 0.24 mol l−1.
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Fig. 3. The SEM images of the hydrothermally synthesized Mo6V1Al1Ox mixed oxides: (a) Mo6V1Al1Ox synthesized in the presence of
0.16 mol l−1 (C2H5)3NHCl and (b) Mo6V1Al1Ox synthesized in the absence of (C2H5)3NHCl.

and 8.2◦ were increased with the increase of the
(C2H5)3NHCl concentration. But when the concen-
tration was increased beyond 0.16 mol l−1, the in-
tensities of the peaks were decreased. Fig. 3 shows
the SEM images of the Mo6V1Al1Ox mixed oxides
hydrothermally synthesized in the presence or the
absence of (C2H5)3NHCl. Rod-shaped crystals were
observed for the mixed oxides prepared both in the
presence and in the absence of (C2H5)3NHCl, but the
thickness of the crystal was apparently higher when
the mixed oxide was synthesized in the presence of
(C2H5)3NHCl. Since, the XRD peaks at 2θ = 4.7
and 8.2◦ may correspond to the diffraction from the
(1 0 0) and (1 1 0) planes, which is parallel to the
cross-section of the rod-shaped crystal, the increase
of their peak intensities means the increase of crys-
tallinity of the cross-section. All these results clearly
shows that (C2H5)3NHCl promotes the crystallization
of the cross-section of the rod-shaped crystal.

The mixed oxides were analyzed by FTIR after
the hydrothermal synthesis. The spectra are shown in
Fig. 4. Since, we could not observe the peaks ascribed
to (C2H5)3NHCl, the remaining of (C2H5)3NHCl in
the Mo–V–M–O mixed oxide can be excluded. The
peak at 711 cm−1 was increased when the mixed ox-
ide was synthesized in the presence of (C2H5)3NHCl.
This may be due to the increase of Mo (or V)–O–Mo
bond, indicating that the crystallinity of the mixed
oxide was increased. The peak at 1400 cm−1 assigned
to N–H stretching of ammonium cation was observed
for all the mixed oxides. The presence of ammonium

Fig. 4. The FTIR spectra of the hydrothermally synthesized
Mo–V–M–O (M = Al, Ga, Fe) mixed oxides in the absence or
presence of (C2H5)3NHCl: (a) Mo6V1Al1Ox ; (b) Mo6V1Al1Ox in
the presence of 0.16 mol l−1 (C2H5)3NHCl; (c) Mo6V2Ga1Ox ; (d)
Mo6V2Ga1Ox in the presence of 0.16 mol l−1 (C2H5)3NHCl; (e)
Mo6V3Fe1Ox and (f) Mo6V3Fe1Ox in the presence of 0.52 mol l−1

(C2H5)3NHCl.
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cation indicates that the mixed oxides can have an
acidic property. In the case of Mo6V2Ga1Ox and
Mo6V3Fe1Ox mixed oxide synthesized in the absence
of (C2H5)3NHCl, the peaks at 970 and 1004 cm−1

were observed. These peaks can be assigned to Mo=O
bond of the NH3MoO3 because of which, it was
detected by XRD analysis.

3.2. Hydrothermal synthesis in the presence
of (C2H5)3NHCl

In order to explain why the crystalline Mo–V–M–O
(M = Al, Ga, Fe) was obtained when it was
synthesized in the presence of (C2H5)3NHCl, we
consider the reactions during the hydrothermal syn-
thesis. Anderson-type heteropolymolybdate anion is a
flat-shaped polyoxometalate, which consists of octa-
hedra of the heteroatom surrounded by six octahedras
of molybdenum with edge-sharing [12]. Since, the
rod-shaped crystal has a layer structure withd-spacing
of 4 Å corresponding the sized of MoO6 octahedra,
the flat-shaped Anderson-type heteropolymolybdate
may be placed aslope in the rod-shaped crystal. Dur-
ing the hydrothermal synthesis, the vanadyl cation
may coordinate on the flat face of the heteropoly-
molybdate anion at MoO6 octahedra and another
vanadyl cation may also coordinate on the oppo-
site side at other MoO6 octahedra placed across the
heteroatom. Another heteropolymolybdate coordi-
nates on the vanadyl cation that already coordinated
to one polymolybdate. By repeating this process,
Anderson-vanadyl zigzag chain can be formed. In
this reaction, the vanadyl cation can be regarded as a
‘linker’ of Anderson-type heteropolymolybdate as a
‘building unit’ [13,14]. Finally these zigzag chains are
gathered to form the rod-shaped crystal through the
condensation reaction between Mo (or V) octahedra.
If the vanadyl cation coordinates on heteropolymolyb-
date at more than three point, the ‘Anderson-vanadyl’
chain becomes branched. Since, the branched chain
snags the gathering of the chains, the crystallinity of
the cross-section of the rod-shaped crystal becomes
low. Therefore, we can estimate that the crystallinity
of the cross-section becomes lower when the concen-
tration of VOSO4 is increased. In fact, the peaks at
2θ = 4.7 and 8.2◦ corresponding to the crystallization
of the cross-section was decreased with the increase
of VOSO4 concentration (Fig. 5).

Fig. 5. XRD patterns of the hydrothermally synthesized
Mo6VxAl1Oy mixed oxides (y = 1–3): (a) Mo6V1Al1Oy ; (b)
Mo6V1.5Al1Oy ; (c) Mo6V2Al1Oy and (d) Mo6V3Al1Oy .

If the mixed oxide is synthesized in the presence
of (C2H5)3NHCl, the (C2H5)3NH+ cation coordi-
nates to the hydrophobic Mo=O bond of the het-
eropolymolybdate at the ethyl group. Since, bulky
ligand like (C2H5)3NH+ prevents multi-coordination
of the vanadyl cation to heteropolymolybdate, the
less branched chains are formed. The less branched
chains are gathered by the coordination of another
ethyl group of the (C2H5)3NH+ to the Mo=O bond
of another heteropolymolybdate chain and finally,
the octahedra are condensed through the hydroly-
sis to form the rod-shaped crystal having the highly
crystallized cross-section. However, (C2H5)3NH+
does not remain in the mixed oxide crystals because
the XRD peak positions were not changed and the
peaks ascribed to (C2H5)3NHCl were not observed
in the FTIR spectra (Fig. 4). We speculate that the
coordinated (C2H5)3NH+ was hydrolyzed during the
chain-gathering process to form C2H5OH because
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Table 1
The results of ethane oxidation over the Mo–V–M–O (M= Al, Fe, Ga) mixed oxide catalystsa

Catalysts (C2H5)3NHCl
(mol l−1)

Conversion (%) Selectivity (%)

C2H6 O2 CH3COOH C2H4 CO CO2

Mo6V1Al1Ox 0.00 2.4 6.1 5.3 78.4 11.1 5.2
0.16 3.9 10.0 10.2 73.1 11.4 5.3

Mo6V3Fe1Ox 0.00 1.8 5.7 6.0 68.2 18.0 7.8
0.52 2.4 8.2 9.5 62.8 14.6 13.1

Mo6V2Ga1Ox 0.00 5.6 19.6 2.8 72.1 16.1 9.1
0.16 12.6 29.5 4.2 84.5 8.1 3.3

a Reaction temperature 340◦C; catalyst weight 1.0 g; C2H6:O2:N2:H2O(vapor) = 15:5:20:10 (ml min−1).

which C2H5OH was detected after the hydrothermal
synthesis.

When the concentration of (C2H5)3NH+ is too
high, (C2H5)3NH+ occupies all the opened Mo=O
sites, therefore, the coordinated (C2H5)3NHCl+
itself snags the gathering and the high concen-
tration of (C2H5)3NHCl results in the formation
of the rod-shaped crystal with the ill-crystallized
cross-section. Nevertheless, in the case of the
Mo6V3Fe1Ox mixed oxide, the suitable concentra-
tion was extremely high, 0.52 mol l−1 compared with
0.16 mol l−1 for the Mo6V1Al1Ox or Mo6V2Ga1Ox

mixed oxide. Although, the reason is not clear at
present, this may be explained by the reaction be-
tween (C2H5)3NHCl and dissolved oxygen. Since,
the iron atom of (NH4)3H6FeMo6O24 has two oxi-
dation states, (NH4)3H6FeMo6O24 may catalyze the
oxidation of (C2H5)3NHCl. A considerable part of
(C2H5)3NHCl is consumed by the oxidation, only
the remaining (C2H5)3NH+ can work as the ligand
to gather the heteropolymolybdate chain to promote
the crystallization of the rod-shaped crystal. There-
fore, the suitable concentration became as high as
0.52 mol l−1 in the case of the Mo6V3Fe1Ox mixed
oxide.

3.3. Catalytic activity for ethane oxidation

The Mo–V–M–O (M = Al, Ga, Fe) mixed oxide
was used as a precursor of the catalysts for the ethane
oxidation. The mixed oxides were calcinated in N2
flow at 500◦C for 2 h. In the case of Mo6V1Al1Ox

mixed oxide, since the MoO2 peaks appeared at 2θ =
26.0, 37.0 and 53.5◦ with considerable decreasing of
XRD peaks at 2θ = 4.7 and 8.2◦ after the calcina-

tion. Obviously, the mixed oxides were partly decom-
posed. Nevertheless, the catalysts synthesized from the
well-crystallized mixed oxide precursor were found
more effective for the ethane oxidation as shown in
Table 1. All the Mo–V–M–O (M= Al, Ga, Fe) mixed
oxides synthesized in the presence of (C2H5)3NHCl
gave higher ethane conversion with higher selectivity
to acetic acid. The contribution of chlorine produced
from (C2H5)3NHCl should be considered because it is
known that chlorine sometimes facilitates some selec-
tive oxidation [15]. But it was denied because the Cl
2p peak was not observed in XPS of the Mo6V1Al1Ox

catalyst synthesized with 0.16 mol l−1 (C2H5)3NHCl
that gave the highest acetic acid selectivity.

When the concentration of (C2H5)3NHCl was in-
creased, the ethane conversion and the selectivity to
acetic acid was increased as shown in Table 2. The
yield of acetic acid was increased with the increas-
ing of (C2H5)3NHCl concentration, but it was de-
creased when the concentration was increased beyond
0.16 mol l−1. Although, the surface area was increased
monotonously with the (C2H5)3NHCl concentration,
the increase of acetic acid yield seemed not due to
the increase of the surface area because the mixed
oxide synthesized in the presence of 0.24 mol l−1

(C2H5)3NHCl showed low acetic acid yield in spite
of the high surface area.

Since, the yield of acetic acid was increased
with the intensities of XRD peaks at 2θ = 4.7 and
8.2◦ before calcination, it can be suggested that the
well-crystallized cross-section is active and selective
for ethane oxidation to acetic acid. There was no ev-
idence at present because the diffraction peaks were
disappeared after the calcination at 500◦C. However,
if the fragment of the well-crystallized cross-section
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Table 2
Ethane oxidation over the Mo6V1Al1Ox catalysts synthesizeda

(C2H5)3NHCl
(mol 1−1)

BET surface area
(m2 g−1)

Conversion (%) Selectivity (%)

C2H6 O2 CH3COOH C2H4 CO CO2

0.00 6.0 0.6 1.3 10.4 71.3 13.1 5.1
0.08 7.1 1.5 4.4 10.0 72.2 10.6 7.2
0.16 8.6 2.1 4.1 15.7 65.5 12.7 6.0
0.24 12.0 1.3 5.3 7.0 67.3 18.1 7.6

a Reaction temperature 340◦C; cata1yst weight 1.0 g; C2H6:O2:N2:H2O(vapor) = 15:5:20:10 (ml min−1). The BET surface area was
measured after the ethane oxidation.

having the same arrangement of active sites remain,
the selective oxidation reaction could be achieved
even after the partial decomposition of the catalyst
structure because the particle size is large enough
compared with the structure having the arranged ac-
tive elements. Therefore, it can be concluded that the
arrangement of the active sites is important also in
the selective oxidation of ethane to acetic acid.

4. Conclusion

The well-crystallized Mo–V–M–O mixed ox-
ides (M = Al, Ga, Fe) were synthesized for the
first time by hydrothermal method in the presence
of (C2H5)3NHCl. The presence of (C2H5)3NHCl
was found to be effective for the synthesis of the
well-crystallized cross-section of the rod-shaped
crystal. It was speculated that (C2H5)3NH+, the
bulky ligand, prevents the multi-coordination of
the vanadyl ‘linker’ to the Anderson-type het-
eropolymolybdate leading to the formation of the
branched Anderson-vanadyl chain. The less branched
Anderson-vanadyl chains are gathered by the coor-
dination of ethyl group of (C2H5)3NH+ to another
Anderson-vanadyl chain to form the rod-shaped
crystal. The well-crystallized mixed oxide after

calcination at 500◦C gave higher ethane conversion
and higher selectivity to acetic acid, suggesting the
well-crystallized mixed oxide is active and selective
for ethane oxidation.
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