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The study presents a comparative analysis of catalytic properties of new Nb,SbVO; ternary oxide against
those of a mechanical mixture of single oxides and a mixture of single with binary oxide, all of the same
chemical composition. Moreover, the material without antimony (NbgVO,5) was tested. Acid-base and
redox properties were studied in the following test reactions: 2-propanol decomposition, acetonylace-
tone (AcOAc) cyclisation and methanol oxidation. The properties of ternary oxide and the mechanical
mixture of single oxides are not significantly different. The main difference is in the generation of more
active Lewis acid-base pairs in ternary oxide, which is demonstrated by the higher production of ether
in the intermolecular dehydration of 2-propanol. Acidic/basic and redox properties of the oxide catalysts
containing Nb, Sb, V, O (atomic ratio: 2:1:1:10) strongly depend on the presence of binary oxide, which
significantly enhances the basicity of the catalysts. The highest basicity was found for pure binary oxide
NbgVO,5 but this catalyst without Sb exhibits much lower activity in the transformation of both alcohols.
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1. Introduction

Vanadium oxide-based catalysts are used industrially in several
important processes. Among them bulk V,0s5 is used in the oxida-
tion of SO, to SO3 for the production of sulphuric acid and in the
oxidation of benzene to maleic acid, mixed V-Mo oxides for the oxi-
dation of naphthalene to phthalic anhydride, V,05/WO3/TiO, for
selective reduction of NOx with ammonia [1]. Most catalysts based
on vanadium oxide consist of vanadium oxide loaded on different
supports (usually metal oxide supports). Different compositions of
multicomponent metal oxides containing vanadium oxide species
have been tested. Rutile SbVOx based catalysts are of a great inter-
est for ammoxidation processes [2-6]. They have also been found
attractive in selective oxidation of methanol. Li et al. [7] have used
VSbOx/SiO, for methanol oxidation to formaldehyde and found
that Sb-V mixed oxides are more selective than vanadia supported
on silica because the relative amount of monomeric VOx species
is higher in mixed oxides. Various metal oxides and mixed metal
oxides have been already used in methanol oxidation. It has been
frequently observed that the addition of the second oxide which is
itselfinactive or unselective for the oxidation reaction substantially
improves the activity of the primary oxide [7]. Such inactive oxide

* Corresponding author. Tel.: +48 61 8291243.
** Corresponding author.
E-mail addresses: ziolek@amu.edu.pl (M. Ziolek), elafil@zut.edu.pl (E. Filipek).

0920-5861/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.cattod.2011.10.038

exhibiting donor properties is Sb,04. Delmon et al. [8] described
spillover of oxygen adsorbed dissociatively on Sb,04 from which
oxygen atoms diffuse to the primary oxide (in their work it was
Sn0;). The same phenomenon can be expected if another metal
oxide like V,05 or Nb,Os is used as acceptor oxide.

It has been evidenced by the literature data [1,9-12] that the
activity of oxide catalysts in oxidation of methanol and also in sev-
eral other oxidation processes is related to vanadium species, but
different mixed metal oxides and additives play a crucial role in
enhancement of activity and directing the catalytic reactions to
desired products. Recently, the Sb-V-Nb systems (SbVO,4/NbSiOx)
were applied in the oxidation of methanol [13]. It has been doc-
umented that the presence of niobium in the support for rutile
SbVO,4 decreases the acidity of SbVOx leading to ether production
and increases the selectivity to formaldehyde.

In this work we would like to answer the question of what
is the role of vanadium, antimony and niobium mixed oxides in
the acid/base and redox catalytic properties. Our interest was to
test a new composite ternary oxide described in [14] containing
V, Nb and Sb in methanol oxidation and also in two other reac-
tions applied for acid-base tests, i.e. 2-propanol decomposition and
acetonylacetone (AcOAc) cyclisation. Of particular interest was a
comparison of the catalytic properties of mechanically mixed: (i)
V, Sb, Nb single oxides; (ii) Sb-V binary and Nb single oxides; and
(iii) ternary Nb,SbVO;9 compound, all of the same chemical com-
position. Moreover, the material without antimony (NbgVO,5) was
prepared by heating a mixture of V5,05 and T-Nb,Os at the molar


dx.doi.org/10.1016/j.cattod.2011.10.038
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:ziolek@amu.edu.pl
mailto:elafil@zut.edu.pl
dx.doi.org/10.1016/j.cattod.2011.10.038

160 M. Ziolek et al. / Catalysis Today 187 (2012) 159-167

Table 1
Phase composition, atomic ratio and weight percentage of vanadium, antimony, and niobium in the catalysts.
Catalysts Phase composition Mol. content [%] V:Sb:Nb atomic ratio V[wt.%] Sb [wt.%] Nb [wt.%]
Nb,Sb,V-010 V,05 25.00 1:1:2 9.98 23.85 18.20
T-Nb,05 50.00
a-Sby04 25.00
Nb,(Sb-V)-010 SbVOs 50.00 1:1:2 9.82 23.48 17.92
T-Nb,05 50.00
(Nb-Sb-V)-010 Nb,SbVO1 100.00 1:1:2 9.82 23.48 17.92
(Nb-V)-025 NbgVO,s5 100.00 1:0:9 3.96 - 64.97

ratio of 1:9 according to [15]. All samples prepared were character-
ized and tested in the reactions mentioned above.

2. Experimental
2.1. Preparation of the materials

The following compounds were used in preparation procedures:
orthorhombic V,05 a.p. (POCh, Poland), orthorhombic T-Nb;Os5
a.p. (Sigma-Aldrich, Germany), orthorhombic a-Sb, 04 obtained by
heating in air the commercial Sb,03 a.p. (Merck, Germany). More-
over, SbVOs5, Nb,SbVO,¢ and NbgVO,5 compounds were prepared
from oxides by the methods described in [14-16]. The compounds
were obtained as a result of heating of the appropriate stoichio-
metric mixtures of oxides V,0s5, T-Nb,05 and a-Sb,04 according
to the equations:

V205(S) =+ Sb204(5) + 1/202(g) = 25bV05(S) (1 )
Nb205(5) + SbV05(S) = szSbVOlo(S) (2)
V20s(s5) + 9IND,Os5(5) = 2NbgVOys(s) (3)

Reactions nos. (1)-(3) were carried out by the conventional
method by calcination of mixtures of oxides in air, at tempera-
tures not exceeding 923, 973 and 1273 K, respectively. The starting
mixtures of substrates (1-3) after mechanical homogenization by
grinding in an agate mortar and shaping them into pellets were
heated at a few stages. After each heating stage the samples were
gradually cooled to room temperature, weighed, homogenized
by triturating and shaped again into pellets before the subse-
quent heating stage. Heating of the reaction mixtures was finished
when the obtained samples contained only monophases of SbVOs,
szSbVO]o or NbgVOzs.

The following mechanical mixtures were used in this study: (i)
25 mol% V,0s5, 50 mol% T-Nb, 05 and 25 mol% alfa-Sb, 04 - labelled
in this work as Nb,Sb,V-010; (ii) 50 mol% SbVOs and 50 mol%
T-Nb,Os - labelled as Nb,(Sb-V)-010. Moreover, Nb,SbVO1y sam-
ple (labelled as (Nb-Sb-V)-010) was prepared according to Eq.
(2). Finally, the material NbgVO,s5 (labelled as (Nb-V)-025) was
obtained by heating of a mixture of V,05 and T-Nb,O5 at the molar
ratio of 1:9 (Eq. (3)).

The description of all the samples used as catalysts is shown in
Table 1.

The catalysts used for further study were homogenized by grind-
ing in an agate mortar (Pulverisette 2, FRITSCH) in three 15-min
cycles.

2.2. Characterization of catalysts

2.2.1. X-ray diffraction (XRD)

X-ray diffraction patterns of catalysts were recorded on a
HZG4/A2 (Carl Zeiss, Germany) diffractometer using CuKo radia-
tion (A =0.15418 nm) and Ni filter. Working conditions were 40 kV,
30 mA, and the scanning rate of 0.02°/s for Bragg’s angles (26) from
10 to 50. The phases in the samples were identified on the basis of

their XRD characteristics from PDF cards [Powder Diffraction File,
International Centre for Diffraction Data (Swartmore, USA, 1989)]
and papers [14,17].

2.2.2. Scanning electron microscopy (SEM)

Scanning electron microscopy study was performed on JSM-
1600, Jeol, Japan with an X-ray energy dispersive analysis - EDX
(ISIS-300, Oxford).

2.2.3. Ultraviolet-visible spectroscopy

UV-Vis spectra were recorded on a Varian-Cary 300 Scan
UV-visible spectrophotometer with an integrated sphere CA-
30I1. Catalysts, dehydrated at 673K for 2h, in the form of
powders were placed into a cell equipped with a quartz win-
dow. The Kubelka-Munk function (F(R)) was used to convert
reflectance measurements into equivalent absorption spectra using
the reflectance of SPECTRALON as a reference.

2.2.4. Infrared spectroscopy study

The phase composition of the samples was also evaluated before
and after methanol oxidation on the basis of FTIR spectra measured
for a mixture of 4 mg of the catalysts and 200 mg of dehydrated KBr
pressed into a pellet. Bruker Vector 22 FT-IR spectrometer (resolu-
tion 4cm~—1) was applied.

2.3. Test reactions

The catalysts were pressed (under pressure of ~20MPa) and
granulated to 0.5 <@ <1 mm size fraction before each test reaction.

2.3.1. Acetonylacetone cyclisation

The catalysts were tested in acetonylacetone (AcOAc) cyclisa-
tion. A tubular, down-flow reactor (@ 8 mm; length 80 mm) was
used for AcOAc cyclisation reaction that was carried out at atmo-
spheric pressure, using nitrogen as the carrier gas. The catalyst bed
(0.1g, 2mm height in the reactor) was first activated for 2h at
673 K (heating rate 15 K/min) under nitrogen flow (40 cm3 min~1).
Subsequently, a 0.5 cm? of acetonylacetone (Fluka, GC grade) was
passed continuously into the catalyst at 623 K. The substrate was
delivered with a pump system (KD Scientific) and vaporized before
being passed through the catalyst with the flow of nitrogen car-
rier gas (40 cm® min~1). The reaction products were collected for
30 min downstream of the reactorin a cold trap (liquid nitrogen + 2-
propanol) and analysed by gas chromatography (SRI310 C, MXT®-1
column 30m, temperature of column 373 K) with TCD detector.
Helium was applied as a carrier gas.

2.3.2. 2-propanol decomposition

The 2-propanol dehydration and dehydrogenation was per-
formed using a microcatalytic pulse reactor (@ 6 mm; length
80 mm) inserted between the sample inlet and the column of
a CHROM-5 chromatograph. A portion of 0.1g (3 mm height in
the reactor) of granulated catalyst was activated at 673 K (heat-
ing rate 10 K/min) for 2 h under helium flow (40 cm? min—1). The
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Fig. 1. SEM images of catalysts used: (a) Nb,Sb,V-010, (b) Nb,(Sb-V)-010, (c) (Nb-Sb-V)-010, (d) (Nb-V)-025.

2-propanol (Chempur, Poland) conversion was studied at vari-
ous temperatures using 3 pl pulses of alcohol under helium flow
(40 cm3 min~!). The substrate was vaporized before being passed
through the catalyst bed with the flow of helium carrier gas.
The products: propene, 2-propanone (acetone) and diisopropyl
ether were identified by CHROM-5 gas chromatograph on-line
with microreactor. The reaction mixture was separated on 2m
column filled with Carbowax 400 loaded on Chromosorb W (80-
100 mesh) at 338 K in helium flow (40 cm3 min—1) and detected by
TCD.

2.3.3. Methanol oxidation

The methanol oxidation reaction was performed in a fixed-
bed flow reactor. A portion of 0.1g (4 mm height in the reactor)
of pure (undiluted) was placed in the reactor (@ 5mm; length
70 mm). The samples were activated in argon flow (40 cm3 min—1)
at 673K for 2h (the rate of heating was 15K/min). Then tem-
perature was decreased to that of the reaction. The reactant
mixture of Ar/O,/MeOH (88/8/4 mol%) was supplied at the rate of
40 cm?3 min~! for standard reactions. Methanol (Chempur, Poland)
was introduced to the flow reactor by bubbling argon gas through a
glass saturator filled with methanol. The reaction was conducted at
GHSV=80000h~" g '¢,. The reactor effluent was analysed using
an on-line two gas chromatographs. One chromatograph GC 8000
Top equipped with a capillary column of DB-1 operated at 313K -
FID detector was applied for analyses of organic compounds and
the second GC containing and Porapak Q and 5A molecular sieves
columns for analyses of O, CO,, CO, H,0 and CH30H - TCD detec-
tor). The columns in the second chromatograph with TCD were
heated according to the following program: 5 min at 358 K, increase
of the temperature to 408 K (heating rate 5 K/min), 4 min at 408 K,
cooling down to 358 K (for the automatic injection on the column
with 5A), 10min at 358K, increase of the temperature to 408 K
(heating rate 10K/min), 11 min at 408 K. Argon was applied as a
carrier gas. The outlet streamline from the reactor to the gas chro-
matograph was heated at about 373K to avoid condensation of
reaction products.

3. Results and discussion
3.1. Characterization

SEM images of the materials used (Fig. 1) demonstrate the sig-
nificant differences in morphology of the samples used.

The SEM image of Nb,Sb,V-010 catalyst (Fig. 1a), i.e. the mechan-
ical mixture of oxides V,0s5, a-Sb,04, T-Nb,0O5 reveals different,
irregular crystals of very small sizes from ~0.2 to ~1 pm. Fig. 1b is
a scanning electron micrograph of Nb,(Sb-V)-010 containing both
SbVOs5 binary oxide and T-Nb,Os5. Two types of crystals can be dis-
tinguished, large irregular “plates” (SbVOs) and very small crystals
(T-Nb,Os5) of sizes below 0.25 pm. The SEM image of (Nb-Sb-V)-
010 (Fig. 1c) shows the presence of crystals of different sizes. The
size of larger crystals is ~5 wm, whereas the sizes of the smaller
crystals do not exceed 2 wm. The latter are similar to those pre-
sented in Ref. [18] for Sb(III)Sb(V)04 nanorods. One cannot exclude
the presence of such species besides the ternary oxides character-
ized by bigger plate crystals. The SEM image of (Nb-V)-025 (Fig. 1d)
exhibits characteristic morphology of NbgVO,5 crystals (elongated
blocks) of several micrometers in size which is distinctly different
from the morphology of (Nb-Sb-V)-010.

XRD patterns (Fig. 2) confirm different phase composition of all
catalysts applied in this work. In the diffraction pattern of Nb,Sb,V-
010 (Fig. 2a) only XRD lines characteristic of the orthorhombic
oxides, V505 (JPDF card No: 77-2418), T-Nb,05 (JPDF card No:
30-0873) and a-Sb;04 (JPDF card No: 80-0231) are present. The
diffractogram of Nb,(Sb-V)-010 (Fig. 2b) contains a set of lines
characteristic of SbVOs [17] besides the XRD lines characteristic
of T-Nb,Os. The other two samples are characterized by XRD pat-
terns typical of pure Nb,SbVO1g [14] and NbgVO,5 (JPDF card No:
49-0289) (Fig. 2c and d, respectively).

The structures of SbVOs and Nb,SbVO;q are unknown so far.
But we know that SbVOs crystallizes in the monoclinic system. The
unit cell parameters refined by the least squares method [17] are
as follows: a=0.98647(5)nm, b=0.49363(2)nm, c=0.71281(4) nm,
B=109.797(8)°. The volume of such a unit cellis V=0.3265893 nm3,
and the number of stoichiometric units per one unit cell Z=4.
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Fig. 2. X-ray diffraction patterns of (a) Nb,Sb,V-010; (b) Nb,(Sb-V)-010; (c) (Nb-Sb-
V)-010; (d) (Nb-V)-025.

The parameters of the orthorhombic unit cell of Nb,SbVO;q are
the following: a=0.328143 nm, b=0.458946 nm, c=1.22476 nm,
V=0.184448 nm?> and Z=1 [14].

In contrast to SbVOs and Nb,SbVOp, the structure of
the NbgVO,5 is well known [19]. The NbgVO,5 crystallizes
in the tetragonal system (a=b=1.5690nm, c=0.38172(9)nm,
V=0.9397(3)nm3, Z=2) and its structure consists of 3 x 3 blocks
of NbOg octahedra linked by corner-sharing VO, tetrahedra. The
crystal structure of NbgVO,5 is formed by two VO, tetrahedra and
eighteen NbOg octahedra per unit cell. The XRD patterns of the
referenced mixed oxides are shown in Fig. 3.

Infrared spectra allowed us to differentiate the vibrations of
metal-oxygen bonds in the catalysts containing the same chem-
ical composition and different morphology/structure properties
(Fig.4). A comparison of Fig. 4a and c clearly indicates differences in
the metal-oxygen vibrations between the mechanical mixture of
oxides (Nb,Sb,V-010) and ternary oxide ((Nb-Sb-V)-010). The band
at 1023 cm~! typical of stretching absorbance of the V=0 bond [20]
in highly distorted VOg octahedra building the layered structure of
V5,05 [21,22] present in the Nb,Sb,V-010 spectrum is observed as a
shoulder in the spectrum of (Nb-Sb-V)-010 ternary oxide. The new
intense bands at 967 and 939cm~! in the spectrum of the latter
sample seem to be a result of a shift to a lower frequencies of the
band assigned to the V=0 bond. Such a shift may be attributed to the
interaction of vanadyl species with the different surroundings (Nb
and Sb species). The other band typical of V,05 crystalline phase
at ca. 830 cm~! originates from V-0O-V vibrations [23-25] and it is
intense in the spectrum of the mechanical mixture of metal oxides
(Fig.4a), whereas in the spectrum of the ternary oxide it is indicated
as a shoulder (Fig. 4c). The strong band at 741 cm~! (Fig. 4¢) is typ-
ical of Sb,03/Sb,05 mixture [26] and its presence in the spectrum
of (Nb-Sb-V)-010 sample could suggest changes in the oxidation
state of antimony in ternary oxide in comparison with its state in
the mechanical mixture of metal oxides with Sb,04 used. It can ori-
gin from Sb(II)Sb(V)04 phase suggested by SEM image. This band
can be also attributed to stretching vibration of each metal (Nb, V,
Sb)-oxygen bonds in tetrahedral neighbourhood. The other bands
at 603 and 518 cm~! in the spectrum (Fig. 4c) can be attributed to
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Fig. 3. X-ray diffraction patterns of (a) monoclinic SbVOs
Nb,VSbO¢; (c) tetragonal NbgVO,s.
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0-Sb-0 and Sb-O-Me (Me =V or Nb) stretching, respectively [27].
The Sb-O stretching bands in octahedral coordinated species (SbOg)
at476 and 410 cm! are also present in the spectrum in Fig. 4c. The
bands at 348 and 300cm~! (not shown here) are assigned to the
deformation vibrations of M-O in NbOy4. The infrared spectrum of
Nb,SbVO1g, a compound of unknown structure, suggests that the
lattice of this phase is formed by distorted tetrahedra of VO4 and
NbO4 and octahedral SbOg.

The spectrum of mechanical mixture Nb,(Sb-V)-010 containing
the SbVOs phase exhibits complex features (Fig. 4b). The spectrum
of SbVOs5 phase has been already published [28] and the spectrum in
Fig. 4b exhibits all bands characteristic of this phase. Some of them
(at ca. 700, 600, and 500 cm~1!) cover the bands attributed to the
niobia phase. A shoulder at ca. 871 cm™! is typical of Nb,Os phase.
It has been proposed that SbVOs5 phase is built up from highly dis-
torted polyhedra (SbOg, VOg and VO4) and has a layered structure
[29].

The vibrational spectrum of compound NbgVO,5 has been pub-
lished in [15]. The crystal structure of the VNbgO,5 phase is built
up of very symmetric VOg4 tetrahedra, as well as moderately and
highly distorted NbOg octahedra [19].

UV-vis region examined is associated with the transfer of elec-
tron from oxygen to the transition metal. For all catalysts, low
energy charge transfer, LCT, characteristic of the charge transfer
between vanadium and oxygen, is evidenced in the 200-500 nm
region. It is characteristic of V>* cationic species [30]. The contri-
bution of d-d transition of V4* (d!) that gives a broad band in the
550-800 nm region [30-33] is observed for the ternary (Nb-Sb-V)-
010 and binary (Nb-V)-025 catalysts (a shoulder at ca 590 nm -
Fig. 5). The presence of V4* species was confirmed by ESR results
[34] not shown here. The UV-vis band at ca 360 nm is very intense
for (Nb-V)-025 as typical of binary oxides (Fig. 5d), similarly as
for rutile structure Sbg g5V 9504. It shifts to a lower wavelength
for ternary system of (Nb-Sb-V)-O10 (Fig. 5c). This band can be
assigned to the electron transfer between V(V) and terminal (V=0)
oxygen. The octahedral coordinated niobium species give a char-
acteristic absorption band at ca. 330nm [35,36]. Literature [37]
describes different antimony oxides giving rise to the bands in

the same region: assigned to Sb3* (195-230 nm), Sb** and Sb*33*
(230-280 nm and 480 nm) and Sb>* (300-340 nm). Unfortunately,
UV-vis spectra do not allow us to distinguish these antimony
species from niobium and vanadium phases. One can assign the
band at 321 nm (Nb,Sb,V-010) and 313 nm (Nb,(Sb-V)-010) to both
Sb>* and Nb>* octahedral coordinated species. Moreover, a broad
band between 400 and 500 nm is assigned to the Sb,04 phase. The
ternary oxide (Nb-Sb-V)-010 (Fig. 5¢) presents a broad band cen-
tred at 330 nm with a tail up to ca 500 nm, which covers the electron
transfers from oxygen to metals (Nb>*, V>*, Sb** and Sb°*). The UV
band at ca 225 nm present for all samples is characteristic of elec-
tron transfer in tetrahedral coordinated metal-oxide species (Nb>*
[38], V4* [39] and Sb3* [37]).

One can summarize the characteristic of oxides as follows.
All the samples exhibit different morphology and different phase
composition. The catalysts can be divided into two groups: (i)
Nb,Sb,V-010 and Nb,(Sb-V)-010 characterized by multi phases and
(ii) (Nb-Sb-V)-010 and (Nb-V)-025 having monophase. Vanadyl
species (V=0), V-O-V and Sb,04 were detected on the surface of
the samples belonging to the first group, whereas in case of the
(Nb-Sb-V)-010 material O-Sb-O, Sb-O-Me and Sb,03/Sb,05 were
found.

3.2. Catalytic activity

The cyclisation of acetonylacetone (AcOAc) was used as a test
for acid/base properties. This reaction was proposed by Dessau
[40]. The formation of 2,5-dimethylfuran (DMF) occurs at the
acidic centres (Bronsted acid sites), whereas the production of
3-methyl-2-cyclopentenone (MCP) takes place at the basic cen-
tres (Scheme 1). On the basis of the MCP/DMF selectivity ratio,
the sequence of basicity of the catalysts studied can be proposed.
According to the literature [41] the basicity of the catalyst is
demonstrated if MCP/DMF>1. When MCP/DMF<1 the catalyst
exhibits mainly acidic properties, while MCP/DMF ~ 1 corresponds
to the balanced acid-base properties. Table 2 presents the results
obtained from this test reaction. The activity is low and almost the
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Table 2

The results of acetonylacetone (AcOAc) cyclisation at 623 K.
Catalyst AcOAc Selectivity [%] MCP/DMF

conv. [%]
DMF MCP’

Blank experiment 0 - - -
Nb,Sb,V-010 7 45 55 1.22
Nb,(Sb-V)-010 9 40 60 1.50
(Nb-Sb-V)-010 8 49 51 1.04
(Nb-V)-025 7 24 76 3.17

" MCP - 3-methyl-2-cyclopentenone; DMF - 2.5-dimethylfuran.

same for all samples. All, mechanical mixtures, ternary and binary
oxides exhibit both acidity (DMF production) and basicity (MCP
formation) on the surface. However, the selectivity differs signifi-
cantly depending on the chemical composition of catalysts. Among
the mechanical mixtures and ternary oxides (Nb-Sb-V)-010 only
Nb,(Sb-V)-010 containing binary Sb-V system presents slightly
higher basic than acidic properties (MCP/DMF = 1.5), whereas the
binary oxide (NbgVO,5) exhibits significant domination of basicity
demonstrated by the MPC/DMF ratio of 3.17.

The strongly basic character of (Nb-V)-025 was confirmed by
the results of 2-propanol decomposition carried out at 523 and
573K (Fig. 6). The 2-propanol decomposition is a test reaction
for identification of acidic (Brensted or Lewis) and/or basic prop-
erties of solids [42]. Dehydration of alcohol to propene and/or
di-isopropyl ether requires acidic centres (Lewis or Br@nsted),
whereas the dehydrogenation to acetone occurs on the basic sites.
Ether production requires the presence of pairs of Lewis acid-base
centres. Some authors [43] have reported that acetone formation
takes place on redox centres.

This test reaction allows estimation of surface properties of all
materials used. Diagrams in Fig. 6 contain values of 2-propanol con-
version at 523 and 573 K. It is clear that both mechanical mixture
of three metal oxides (Nb,Sb,V-010) and ternary ((Nb-Sb-V)-010)
oxide present almost the same very high activity in this reaction
demonstrated by 2-propanol conversion of ca 90% at 573 K. At the
lower temperature (523 K) the mechanical mixture of oxides is
less active than the ternary oxide. Especially interesting is a sig-
nificant difference in selectivity, which indicates differences in the
surface properties. On both materials the main product is propene,
which indicates highly acidic character of both samples. However,
on ternary oxide a considerable amount of ether is also produced,
which is not formed on mechanical mixture at 573 K. The formation
of ether, which requires the presence of pairs Lewis acid-base cen-
tres, proves the existence of such pairs on ternary oxide and their
higher activity than that in mixture of single oxides. Interestingly,
the activity of two other samples is much lower, especially of those

catalysts which do not contain antimony species. The latter sam-
ple ((Nb-V)-025) catalyses the reaction mainly towards acetone
formation. Significant amounts of acetone are also produced on
Nb,(Sb-V)-010. It is also very important to stress that both catalysts,
Nb,(Sb-V)-010 mechanical mixture and (Nb-V)-025 contain binary
oxides, antimony-vanadium and niobium-vanadium, respectively.
It seems that the presence of binary oxides of different composition
affects the activity in dehydrogenation of 2-propanol to acetone.
Moreover, the presence of antimony species considerably increases
the activity of the catalysts. This behaviour points out the role of
antimony species as a promoter in catalytic reactions in which elec-
tron transfer is involved. Such a reaction is dehydrogenation of
2-propanol to acetone.

One more conclusion can be drawn from the results presented
in Fig. 6. Antimony species are necessary for the creation of Lewis
acid-base pairs responsible for the production of ether from 2-
propanol. Generation of such active pairs is enhanced by the
presence of the ternary oxide ((Nb-Sb-V)-010) in comparison with
mechanical mixture of oxides.

The difference in catalytic surface properties is even much
more pronounced in the oxidation of methanol. This reaction is
more complex and reflects the presence of acid centres involved
in the chemisorption of methanol and active oxygen species. As
follows from kinetic studies, the rate determining step of the selec-
tive oxidation of methanol is the abstraction of hydrogen from
methyl group of methanol adsorbed. It is determined by the sur-
face properties. Methoxy species formed in the first step can be
adsorbed on oxygen vacancies in metal oxides (Lewis acid centres).
The methoxy species adsorbed on a terminal M=0 vacancy react
towards formaldehyde by a transfer of a methyl H atom to the
neighbouring M=0 bond [44-46]. The methoxy species adsorbed
on the bridged oxygen (M-0O-M) vacancy sites are likely to form
dimethyl ether, dimethoxymethane (methylal), and methyl for-
mate, which requires the presence of additional Lewis acid sites
[44]. Thus, most authors working on the selective oxidation of
methanol considered a significant role of acidity and basic oxygen
species in the metal oxide catalysts. Finally, basicity is responsi-
ble for total oxidation of methanol to CO, as proposed by Tatibouet
[47]. The total oxidation of methanol to carbon dioxide can proceed
also in the direct oxidation of methanol involving electrophilic oxy-
gen species (radical species) [48] or by the readsorption of HCHO
and its secondary reaction as proposed by Wachs and Kim [49]. In
this study a good correlation of the acetone formation in 2-propanol
dehydrogenation and CO, generation in methanol oxidation sug-
gests the significant role of basic oxygen in the total oxidation of
methanol.

Fig. 7 reveals a very high selectivity to formaldehyde of all
catalysts containing three metals, but the highest selectivity to
this product is reached on ternary oxide ((Nb-Sb-V)-010) and a
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Fig. 6. The results of 2-propanol decomposition at 523 and 573 K (C means conversion of 2-propanol).
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Fig. 7. The results of methanol oxidation (Ar/O,/MeOH (88/8/4 mol%)) at 523 K: (a)
Nb,Sb,V-010; (b) Nb,(Sb-V)-010; (c¢) (Nb-Sb-V)-010; (d) (Nb-V)-025.

mixture of three metal oxides (Nb,Sb,V-010). For the same
methanol conversion the selectivity to formaldehyde is slightly
higher on ((Nb-Sb-V)-010) catalyst (Table 3). In spite of significant
differences in morphology and different vibrational metal-oxide
properties of ternary oxide and mixture of single oxides of the same
chemical composition, the selectivity in methanol oxidation is not
considerably different. Interestingly, the samples containing binary
oxides, Nb,(Sb-V)-010 and (Nb-V)-025 are highly active in the total
oxidation of methanol to CO,, which is especially characteristic
of the latter material. It is commonly agreed that CO, formation
requires the presence of basic sites on the catalyst surface. Thus,
methanol oxidation confirms the results of both test reactions,
acetonylacetone cyclisation and 2-propanol decomposition, which
indicate strongly basic character of samples containing binary
oxides.
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Table 3
The results of methanol oxidation (Ar/O,/MeOH (88/8/4 mol%)) for the same methanol conversion.
Catalyst Temp [K] MeOH conv [%] Selectivity [%]
HCHO CH30CH;3 HCOOCH3 (CH30),CH; CO,
Blank experiment 523 0 - - - - -
Nb,Sb,V-010 523 10 90 2 2 5 1
Nb,(Sb-V)-010 523 11 70 1 0 5 24
(Nb-Sb-V)-010 523 11 95 2 1 2 Traces
(Nb-V)-025 573 10 37 0 0 3 60
Nb,Sb,V-010 Nb(Sb-V)-010
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Fig. 8. Methanol oxidation at different temperatures (Ar/O,/MeOH (88/8/4 mol%)).

The difference between Nb,Sb,V-010 and Nb,(Sb-V)-010 is well
illustrated in Fig. 8 presenting the conversion of methanol and
selectivity of its oxidation at different temperatures. For the first
catalyst the increase in the reaction temperature from 473 to
523 K results in an increase in the selectivity to formaldehyde and
a decrease in the selectivity to dimethoxymethane. The latter is
formed if chemisorbed formaldehyde is held strongly enough at
the acidic centre and can interact with the following methanol
molecules. An increase in the reaction temperature causes a
faster desorption of formaldehyde and therefore the formation of
dimethoxymethane decreases. In contrast, when Nb,(Sb-V)-010
catalyst is used, the increase in the reaction temperature from 473
to 523K causes a decrease in the selectivity to formaldehyde and
to dimethoxymethane but significantly enhances the selectivity to
CO,. Carbon dioxide is formed at higher temperature by the total
oxidation of formaldehyde with the participation of basic oxygen
from the catalyst surface.

4. Conclusions

Acid/base and redox properties of the oxide catalysts contain-
ing Nb, Sb, V, O (atomic ratio: 2:1:1:10) strongly depend on the
presence of binary oxide, which significantly enhances the basic-
ity of the catalysts. The highest basicity was found for pure binary
oxide NbgVO,s5. Basic character of the catalysts containing binary
oxides was revealed on the basis of acetone formation in 2-propanol
dehydrogenation, methylcyclopentenone production in acetony-
lacetone cyclisation and total oxidation to CO, in the reaction
between methanol and oxygen.

Acid-base and redox character of ternary oxide ((Nb-Sb-V)-
010) and the mechanical mixture of single oxides (Nb,Sb,V-010)
is not significantly different. The main difference is in the genera-
tion of more active Lewis acid-base pairs in ternary oxide, which
is demonstrated by the production of ether in the intermolecu-
lar dehydration of 2-propanol. The activity of such pairs was not

found in mechanical mixture of single metal oxides in the reaction
performed at 573 K.

Finally the role of antimony should be stressed. The catalyst
without Sb exhibits much lower activity in the transformation of
both alcohols. It points out the promoting character of antimony
species in the reactions involving electron transfers.
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