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a  b  s  t  r  a  c  t

In  this  work  mesoporous  niobium  phosphate  was  synthesized  hydrothermally  by using  SDS  as  the  struc-
ture directing  agent.  The  catalysts  were  characterized  by N2 adsorption,  DRX, 31P  MAS NMR  and  FTIR.
The  activity  of  commercial  and  synthesized  niobium  phosphate  catalysts  were  evaluated  through  the
oxidation  of  benzyl  alcohol  and  1-phenylethanol  in  the  presence  of hydrogen  peroxide.  Good  conversion
and  selectivity  to oxidation  products  were  obtained  in  mild  conditions.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The selective oxidation of alcohols to carbonyl compounds is
an important transformation in organic synthesis. The oxidation
products are intermediates in perfumery, pharmaceutical and agro-
chemical industries [1–4]. Non-catalytic oxidation involves the use
of stoichiometric quantities of high oxidation state Cr, Mn  or Os
reagents that are often toxic, corrosive and expensive [5,6]. Fur-
thermore, benzaldehyde can be obtained by hydrolysis of benzyl
dichloride, although traces of chlorine are present in the product
[7]. The liquid phase oxidation of toluene also produces benzalde-
hyde but the reaction is usually carried out in organic solvents
which are environmentally unfriendly and whose selectivity is very
poor [7].  Many efforts have been made in order to develop alter-
native environmentally friendly catalytic oxidations and also to
reduce the volume of by-products formed in the overall synthetic
route [1,8–10].

The use of hydrogen peroxide and heterogeneous catalytic
systems in oxidation reactions has received some attention in the
last years. Various heterogeneous catalysts have been employed in
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oxidation reactions, such as TS-1, MOX–SiO2 and metal phosphates
[6,11].

The selective oxidation of benzyl alcohol to benzaldehyde with
hydrogen peroxide was  evaluated using heterogeneous catalysts
such as Au/U3O8 [12], hydrotalcite [13], Sn-MCM-48 [14] and ZSM-
5 [15]. Recently vanadium phosphate has been evaluated in the
oxidation of benzyl alcohol with molecular oxygen in water and
the selectivity to benzaldehyde was 93.1% [4].  The synthesis of
micro and mesoporous metal phosphates has attracted widespread
attention from both academia and industry because of their high
potential to various applications [16]. Efforts have also been made
in developing new applications of niobium catalysts for chemical
processes [17,18]. Mal  et al. [19,20] evaluated niobium phosphate
as catalyst in the oxidation reaction of naphtol and phenol with
hydrogen peroxide. The authors found high selectivity in oxidation
products in both reactions [19,20].

Our group has been evaluating niobium based catalysts in
organic reactions such as oxidation of benzyl alcohol and ben-
zylation of aromatic compounds. The results evidenced the high
catalytic activity for these reactions [21–24].  However, to the best
of our knowledge, the use of niobium phosphate as catalysts for
alcohols oxidation has not been reported until now.

In this work the mesoporous niobium phosphate was syn-
thesized hydrothermally by using SDS as the structure directing
agent. Commercial and as-prepared niobium phosphate were
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characterized by N2 adsorption, DRX, 31P MAS  NMR, FTIR and the
activities toward the oxidation of benzyl alcohols in presence of
hydrogen peroxide were evaluated.

2. Experimental

2.1. Materials

Benzyl alcohol, 1-phenylethanol, hydrogen peroxide 30%, nio-
bium pentachloride, SDS and acetonitrile, commercial grade
products, were used as received. Four niobium catalysts were stud-
ied: niobium phosphate (ADF/2043, named NbP-C), niobic acid
(HY-340 named NbO) – supplied by CBMM (Araxá, Brazil), and
mesoporous materials (NbP-S1 and NbP-S2) prepared by a surfac-
tant method.

2.2. Synthesis of niobium phosphate

Initially 10 g NbCl5 were solubilized in 200 mL  of deionised
water. After addition of 0.28 mol  L−1 phosphoric acid (H3PO4 85%
aq.) the system was stirred for 30 min. After this time approxi-
mately 15 mL  of NH4OH 28–30% aq. were added. The mixture was
filtered and washed with deionised water to remove chloride ions.
The white solid was transferred to a becher and 40 mL  of an aque-
ous solution of sodium dodecyl sulfate (SDS) at 0.57 mol  L−1 were
added. A white suspension was obtained under stirring for 30 min.
2 mL  of H3PO4 85% aq. were added, the pH was adjusted by adding
2.8 mL  of NH4OH to set pH = 4 and the mixture was  stirred again for
30 min. The gel obtained was transferred to an autoclave for static
hydrothermal treatment in an oven at 65 ◦C for 48 h. After this time,
the material was filtered by using a Buchner system. The result-
ing gel was submitted to a sohxlet extraction by using HCl/EtOH
0.1 mol  L−1 in order to extract the surfactant (SDS). Finally the prod-
uct (named NbP-S1) was oven-dried and calcined at 550 ◦C. Another
material (named NbP-S2) was prepared as described above but in
an open system.

2.3. Characterization

Specific surface area and adsorption isotherms of nitrogen at
−196 ◦C were measured on an ASAP 2010 apparatus (Micromerit-
ics). All samples were outgassed first at room temperature then
at 300 ◦C to a pressure < 0.2 Pa. The surface areas were determined
by the BET method, the pore size distributions by the BJH method
and the total pore volume from the amount of N2 adsorbed up to
P/P0 = 0.97.

X-ray diffraction (XRD) analyses were performed in a diffrac-
tometer model XRD Ultima IV Rigaku. Cu K� radiation was  used
with 40 kV of voltage and current of 30 mA.  The diffractograms were
recorded in increasing Bragg angles (2�), starting from 10 to 80◦,
with a 0.05◦ step for each 2 s.

31P MAS  NMR  spectra were obtained on a Bruker Avance III-400
spectrometer, operating at 162.05 MHz. H3PO4 85% was used for
chemical shifts reference (ı = 0.0 ppm).

FTIR analysis of the structure of the samples were carried out in
a Perkin Elmer Spectrum One spectrophotometer, between 4000
and 400 cm−1.

Analysis of the acidic properties of samples was performed by
adsorption of pyridine follow by infrared spectroscopy. Samples
were pressed at ∼1 ton cm−2 into thin wafers of ca. 8 mg  cm−2 and
placed inside the IR cell. Before pyridine adsorption/desorption
experiments, the wafers were thermally treated at 300 ◦C in static
conditions: 1 h in O2 (16 kPa) and 1 h under secondary vacuum.
These wafers were contacted at room temperature with gaseous
pyridine (200 Pa) via a separate cell containing liquid pyridine. The

Table 1
Textural properties of niobium phosphate samples and niobic acid.

Catalyst Sa (m2 g−1) V (cm3 g−1) Dpb (nm)

NbO 132 0.15 4.5
NbP-C 165 0.29 6.2
NbP-S1 263 0.98 7.5
NbP-S2 110 0.56 9.5

a Surface area determined by BET method.
b Average pore diameter.

spectra were then recorded following desorption from 150 ◦C with
a Bruker Vector 22 spectrometer (resolution 2 cm−1, 128 scans).
The reported spectra were obtained after subtraction of the spec-
trum recorded before pyridine adsorption. The amount of Brønsted
and Lewis acid sites titrated by pyridine was obtained using a
molar extinction coefficient value of ε = 1.67 cm �mol−1 for the �19b
vibrations of protonated pyridine (Py-H+) at ∼1540 cm−1 and of
ε = 2.22 cm �mol−1 for the �19b vibrations of coordinated pyridine
(Py-L) at ∼1455 cm−1 [25].

2.4. Oxidation reactions

The oxidation reactions were carried out in a round-bottomed
50 mL two-necked flask provided with a reflux condenser and
a septum for sample removal. The reaction mixture was  mag-
netically stirred at atmospheric pressure and the temperature
was kept at the mixture’s reflux temperature by means of a
constant-temperature bath. Samples of the reaction mixture were
periodically withdrawn and analyzed by high-resolution gas chro-
matography. In a typical run 21 mmol  of benzyl alcohol, 42 mmol
of hydrogen peroxide 30% and 10% (w/w) of catalysts and 23.6 mL
of acetonitrile were used as solvent. The variations of the sub-
strate (benzyl alcohol or 1-phenylethanol) and product contents
(benzaldehyde or acetophenone) were followed by using a VARIAN
model 3800 gas-chromatograph equipped with a hydrogen flame
ionization detector system and a capillary column (VA-5, 30 m,
0.32 mm ID, 1 �m df). The temperature was programmed from
50 ◦C to 180 ◦C with H2 as the carrier gas at a rate of 2 mL  min−1.
Alcohol conversion was calculated taking into account the response
factor which was  determined experimentally.

The identification of the products obtained in the oxidation reac-
tion was  carried out by gas chromatography–mass spectrometry
analysis (GC–MS) on an HP 6890, utilizing a DB-5 (30 m) fused silica
column at the same temperature conditions with He as the carrier
gas.

2.5. Acetalisation reactions

This reaction was  studied to evaluate the relative acidity of the
catalysts. The reaction was  carried out in a 25 mL round-bottom two
necked flask outfitted with a condenser and a septum for sample
removal. In a typical run, hexanal (8 mmol, 0.8 g), ethylene gly-
col (16 mmol, 0.99 g) were added to the activated catalyst (0.05 g).
The reaction mixture was  magnetically stirred at atmospheric pres-
sure and heated by means of a constant temperature bath (60 ◦C).
The degree of hexanal conversion was  analyzed periodically by gas
chromatography (VARIAN, 3800). The product was also identified
by GC/MS (HP5890 series II/HP5972 series, respectively).

3. Results and discussion

The textural properties of niobium catalysts are presented in
Table 1.
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