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a b s t r a c t

5 and 16 wt% Nb2O5/Al2O3 catalysts were prepared by impregnation method by using niobium oxalate
solution with various pH values. The acid property of Nb2O5/Al2O3 was examined by benzylation of
anisole and pyridine adsorbed Fourier transform infrared (FT-IR) spectra. The structure of domains of
niobium oxide monolayer on 5 and 16 wt% Nb2O5/Al2O3 were characterized by means of X-ray diffrac-
tion (XRD), Raman spectroscopy, and pyridine adsorbed FT-IR spectra. The acid property of 16 wt%
Nb2O5/Al2O3 strongly depended on the pH values of niobium oxalate solution. As increase of pH value of
niobium oxalate solution, the size of domains of niobium oxide monolayer increased. Brønsted acidity on
Nb2O5/Al2O3 increased with increasing in the domain size of niobium oxide monolayer. The structural
analysis strongly suggests that the stress triggered by generation of the boundaries between domains is
higher, as the domain size of niobium oxide monolayer increases. We proposed that the strong distortion
of Nb (OH) Nb bond at the boundaries between domains of niobium oxide monolayer is necessary to
generate Brønsted acid sites on Nb2O5/Al2O3 catalysts.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Recently, we demonstrated that Brønsted acid sites were gener-
ated on Nb2O5/Al2O3 calcined at high temperatures such as 1123 K.
Most ordinal solid acid catalysts lose their acid property when
these were calcined at high temperatures (>1000 K). Acid prop-
erty of niobic acid (Nb2O5·nH2O), which shows a solid acid catalyst
exhibiting activity for water-relating reactions [1–5] and strong
acid property (H0 < −5.6) [1,2,6], also disappears by calcination
at higher temperatures than 773 K due to phase transformation
from amorphous to crystalline phases (TT- and T-phases) [7,8].
In contrast, Nb2O5/Al2O3 calcined at 1123 K maintains Brønsted
acid sites despite of calcination at high temperature [9–11]. 16 wt%
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Nb2O5/Al2O3 calcined at 1123 K exhibited the highest activity and
Brønsted acidity among the Nb2O5/Al2O3 tested. Moreover, the
Brønsted acid sites generated on Nb2O5/Al2O3 catalysts were ther-
mally stable, no decline of the activity for isomerization of �-pinene
was observed even after treatment at high temperatures such as
1173 K.

The acid property of Nb2O5/Al2O3 strongly depended on both
calcination temperature and loading amount of Nb2O5 due to struc-
tural change of niobium oxide supported on alumina [12,13]. Based
on structural characterization of Nb2O5/Al2O3 calciend at 1123 K,
we revealed that niobium oxide was loaded as two-dimensional
monolayer domains on alumina, and the number of domains
increased without change in the domain size as Nb2O5 loading
amount increased [12]. Furthermore, we proposed that Brønsted
acid sites were generated at the boundaries between domains of
niobium oxide monolayer.

Many researchers have widely investigated the size effect of
supported metal particle on catalytic activity [14–18]. Gold is
generally known as inert metal. However, Au nanoparticle sup-
ported on titania (Au/TiO2) exhibited a reaction activity for various
reactions such as selective oxidation and hydrogenation, and the
reaction activity strongly depended on the particle size of gold
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[14–16]. Tsukuda et al. also reported that Au clusters stabilized
by poly(N-vinyl-2-pyrrolidone), which was smaller than 1.5 nm,
exhibited a high activity for selective aerobic oxidation, and that the
activity strongly depends on the size of gold nanoparticle [17,18].

Catalytic performances and properties of supported metal
oxides are affected by structure (crystal structure, anisotropic
aspect, etc.). Two-dimensional domains of molybdenum oxide sup-
ported on alumina promote oxidative dehydration of propane, and
polymeric molybdenum oxide on alumina is active for epoxida-
tion of allyl alcohol. However, these reactions do not take place
on monomeric molybdenum oxide well [19,20]. In the case of
WO3/ZrO2, no superacid site is generated on monomeric tungsten
oxide. In contrast, superacid sites are generated on polymeric tung-
sten oxide [21–23].

Preparation method has been widely investigated to control
local structure of supported metal oxide. Tanaka et al. [24] reported
that propene photo-oxidation on Nb2O5/SiO2 catalysts prepared
by an equilibrium adsorption method yields propene oxide selec-
tively, formed on monomeric NbO4, whereas the photo-oxidation
on the catalyst prepared by a conventional evaporation to dryness
method with low-loading yields propanal selectively. They con-
cluded that propanal is the product in decomposition of propene
oxide on oligomeric NbO4 tetrahedra. Changing in the pH value
of the preparation solution is one of the most utilized methods to
control the aggregation state of supported metal oxide. Yoshida
et al. [25] reported that the dispersion of tetrahedral niobium oxide
species (the size of niobium oxide cluster) supported on the silica
surface can be controlled by changing the pH values of the niobium
oxalate solution.

In the present study, we prepared a series of 5 and 16 wt%
Nb2O5/Al2O3 prepared by impregnation method by using niobium
oxalate aqueous solution with various pH values to control the
size of niobium oxide cluster. The acid property and structure of
prepared Nb2O5/Al2O3 were investigated. To clarify the effect of
pH value on the acid property and the structure of niobium oxide
monolayer domains, the acid property of Nb2O5/Al2O3 was evalu-
ated by benzylation of anisole and pyridine adsorbed FT-IR spectra.
The structure of niobium monolayer domains on Nb2O5/Al2O3 was
characterized by means of XRD, Raman spectroscopy, and pyridine
adsorbed FT-IR spectra.

2. Experimental

2.1. Preparation

A series of 5 and 16 wt% Nb2O5/Al2O3 were prepared by impreg-
nation of �-alumina (JRC-ALO-8) with an aqueous solution of
niobium oxalate (CBMM) of various pH values (pH 0.7–4.1) as
below. The constant volume (33 mL) of aqueous solution including
the desired amount of the niobium ammonium oxalate was used.
The pH value of the preparation solution was controlled at a pH
range of 0.7–4.1 by addition of aqueous ammonium. The �-Al2O3
was impregnated with the solutions and stirred for 2 h at 353 K.
Then, the solution was dried up at 353 K. The precipitate was dried
at 353 K for 12 h, and calcined at 1123 K for 3 h in a dry air.

2.2. Reactions

Benzylation of anisole (Friedel-Crafts alkylation of anisole with
benzylalcohol) was examined in a liquid phase as follows: 0.2 g
of the catalyst was pretreated in N2 flow at 473 K for 1 h and
then added to a mixture of benzyl alcohol (6.25 mmol) and anisole
(92.5 mmol) in a 100 ml flask. The reaction was carried out at 413 K
and products were determined by GLC (Shimadzu GC-14B with a

Fig. 1. Activity of 16 wt% Nb2O5/Al2O3 prepared from niobium oxalate solution with
various pH values. (�) Benzyl anisole and (�) dibenzyl ether. Calcination tempera-
ture: 1123 K.

flame ionization detector) and GC-MS (Shimadzu GC–MS QP-5050),
by using a CBP10 column.

2.3. Characterizations

X-ray diffraction (XRD) patterns were obtained using a Multi-
Flex DR powder X-ray diffractometer (Rigaku, Tokyo, Japan), using
Cu K� radiation (� = 1.5405 Å).

Laser Raman spectra were obtained using a NRS-2000 Raman
Spectrometer (JASCO, Tokyo, Japan), using 514.5-nm line of an
argon laser. The spectral resolution was 4 cm−1.

Characterization was performed for the obtained catalysts by
FTIR. FTIR spectra were recorded with Perkin-Elmer SPETRUM ONE
Fourier transform infrared spectrometer with the resolution of
4 cm−1. Each sample (12.5 mg) was pressed into a self-supporting
wafer (13 mm in a diameter). The catalysts were pretreated under
13.3 kPa of O2 for 1 h at 673 K and then evacuated for 1 h at the same
temperature. For the determination of the amount of Brønsted and
Lewis acid sites over samples, the wafer was exposed to 0.667 kPa
of pyridine at 298 K for 10 min followed by evacuation at 423 K for
10 min.

3. Results

3.1. Acid properties

Fig. 1 shows the activities for benzylation of anisole over 16 wt%
Nb2O5/Al2O3 prepared by using niobium oxalate solution with var-
ious pH values. The main products were o-benzyl and p-benzyl
anisoles, and the minor was dibenzyl ether. No polymerized prod-
uct appeared. Benzyl anisole is produced on Brønsted acid sites
[26–32]. The yield of benzyl anisole remarkably depended on pH
value. Increase of pH value up to 1.7 resulted in raise of the yield of
benzyl anisole and the yield decreased above pH 1.7. On the other
hand, the yield of dibenzyl ether slightly changed. In the previous
papers, we showed that the yield of benzyl anisole well corre-
lates with Brønsted acidity of Nb2O5/Al2O3 [11,33]. These results
strongly suggest that the pH value of niobium oxalate aqueous solu-
tion affects Brønsted acidity of Nb2O5/Al2O3, and that the largest
number of Brønsted acid site was generated on 16 wt% Nb2O5/Al2O3
prepared at pH 1.7 among the Nb2O5/Al2O3 tested.

Fig. 2 shows the Brønsted acidity of 16 wt% Nb2O5/Al2O3 cal-
cined 1123 K prepared from the solution of niobium oxalate with
various pH values. The Brønsted acidity was estimated from the
area of band at 1545 cm−1, which is assignable to protonated
pyridine (pyridine adsorbed on Brønsted acid site). The inte-
grated molar adsorption coefficient value of ε = 1.67 cm �mol−1
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