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Preparation and characterization of bifunctional oxidative and acidic
catalysts Nb2O5/TS-1 for synthesis of diols
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Abstract

Bifunctional oxidative and acidic catalyst was prepared by incorporation of titanium ion (Ti4+) and niobic acid in zeolite molecular-sieve.
The catalysts being active both in oxidation reactions due to the presence of tetrahedral Ti4+, and acid-catalyzed reactions due to the presence
of niobic acid. Nb/TS-1 was prepared by hydrothermal synthesis of TS-1, calcination in air and subsequent impregnation of niobium into
TS-1. The sample was characterized by XRD, FTIR, UV–vis DR, TPR and pyridine adsorption techniques. The XRD analysis of Nb/TS-1
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evealed that the MFI structure of the TS-1 support was found to be intact upon incorporation of niobium. The infrared spectra show
etrahedral titanium in the TS-1 is still remained after impregnation with niobium while based on the UV–vis DR result, the niobium
re in the octahedral structure. On the basis TPR and infrared of hydroxyl groups results, it is concluded that niobium species
ith the silanols on the surface of TS-1. Pyridine adsorption study shows both Brønsted and Lewis acid sites are present in Nb
atalytic results in the transformation of 1-octene to 1,2-octanediol through the formation of 1,2-epoxyoctane by using Nb/TS-1 in
he production of epoxide and diol was correlated with the presence of oxidative and Brønsted acidic sites in the catalyst.
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. Introduction

Development of efficient catalysts is a challenge in catal-
sis research. One of the interesting fields is the creation of
wo active sites in a single material catalyst, so-called bi-
unctional catalysts. The catalysts are potentially active for
onsecutive processes. Bifunctional oxidative and acid cata-
ysts have been prepared by incorporation of trivalent metal
ons (Al3+, B3+, Fe3+, Ga3+) and titanium ion (Ti4+) together
n the framework of zeolites[1]. The catalysts being active
oth in the oxidation and acid-catalyzed reactions[2]. In a
revious study, van Bekkum and co-workers[3] have demon-
trated that bifunctional Ti–Al-beta zeolites can lead to acid-
atalyzed consecutive reactions. The catalysts were active in
poxidation of alkenes to produce epoxide and diol. However,

t is difficult to control the number of oxidative site together
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with acidic sites due to some competition between titan
and aluminium to become isomorphously substitute in
framework of zeolites. In order to overcome such proble
new catalyst system has been designed.

This work focuses on the enhancement of the cata
performance of bifunctional oxidative and acidic catalyst
incorporation of titanium and niobium into zeolite molecu
sieve. Titanium silicalite (TS-1) molecular-sieves have
tracted much attention during the last decade because o
interesting catalytic properties in oxidation reactions[2–6].
Niobium has been loaded on the surface of TS-1 to intro
acidity. The surface acid strength of hydrated niobium ox
namely niobic acid (Nb2O5·nH2O) corresponds to the ac
strength (H0 ≤ −5.6) of 70% sulfuric acid and exhibits hi
catalytic activity, selectivity and stability for acid-catalyz
reactions[7,8].

In this paper, we reported the preparation and chara
zation of bifunctional oxidative and acidic catalyst, Nb/TS
Silicalite and TS-1 were prepared by direct hydrothermal

254-0584/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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thesis method, whereas Ti/silicalite and Nb/TS-1 were pre-
pared by impregnation of titanium in silicalite and niobium
in the TS-1, respectively. By impregnation method, the tita-
nium or niobium position was made to be in octahedral struc-
ture located as the extra-framework of silicalite or TS-1. The
structure and properties of the catalysts were characterized
with various techniques, such as X-ray diffraction (XRD), in-
frared (FTIR) and UV–vis DR spectroscopies, Temperature
programmed reduction (TPR) and pyridine adsorption tech-
niques. The catalytic activity of Nb/TS-1 in the epoxidation
of 1-octene was significantly improved in comparison with
TS-1.

2. Experimental

2.1. Preparation of samples

TS-1 was prepared according to a procedure described in
the literature[4] with slight modification[9], using tetraethyl
orthosilicates (Merck, 98%), tetraethyl orthotitanate, TEOT
(Merck, 95%) in isopropyl alcohol, tetrapropylammonium
hydroxide (Merck, 20% TPAOH in water), and distilled wa-
ter. The gel was charged into a 150 ml autoclave and heated
at 175◦C under static condition. The material was recovered
after 4 days by centrifugation and washed with excess dis-
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Table 1
Chemical compositions of the samples and preparation method

Sample Code Nb/(Nb + TS-1)
(wt.%)

Methods

Titanium silicalite TS-1 0.81 (gel)a Direct synthesis
Silicalite SIL – Direct synthesis
Ti/silicalite Ti/SIL 1.0b Impregnation
Nb2O5·nH2O/TS-1 Nb/TS-1 3.4 Impregnation and

hydrolysis
Nb2O5 NBO 100 Calcination
Nb2O5·nH2O NBA 100 Hydrolysis
TiO2 TIO – Hydrolysis and

calcination
a %Ti = Ti/(Ti + Si) in the initial gel.
b %Ti = Ti/TS-1, wt.%.

ethoxide using neutral hydrolysis method, followed by cal-
cination at 200◦C. The hydrolyzed niobium ethoxide is de-
noted NBA. Niobium oxide was also prepared by calcination
of ammonium niobium oxalate at 550◦C for 3 h. The pre-
pared particles were labeled NBO.

Titanium oxide was prepared by hydrolysis of tita-
nium(IV) tetraethoxide (TEOT) at room temperature. The
white solid was recovered by filtration, washing with water
and drying at 100◦C overnight. Finally, the solid was cal-
cined at 550◦C for 5 h. The thus-prepared particles were la-
beled TIO.Table 1summarizes the chemical composition of
all the above samples and preparation methods.

2.2. Characterizations

All molecular-sieves were characterized by powder X-ray
diffraction (XRD) for identification of the crystalline phases
in the catalysts using a Bruker Avance D8 diffractometer
with the Cu K� (λ = 1.5405Å) radiation as the diffracted
monochromatic beam at 40 kV and 40 mA. Typically, pow-
der samples were ground and spread into a sample holder
and then analyzed. The pattern was scanned in the 2θ range
of 5–50◦ at a step 0.020◦ and step time 1 s. Infrared (IR) spec-
tra of the samples were collected on a Perkin Elmer Fourier
Transform Infrared (FTIR) spectrophotometer, with a spec-
t −1 ◦
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illed water. A white powder was obtained after drying in
t 100◦C overnight. Silicalite was synthesized by using
ame procedure without the addition of TEOT. The calc
ion of sample to remove of the template was carried out i
t 550◦C for 5 h with temperature rate 1◦ min−1. Ti/silicalite
1 wt.%) were prepared by impregnation technique u
EOT as a precursor. About 0.99 g of silicalite was added

he solution of TEOT (0.0502 g) in isopropanol (50 ml) w
tirring. The mixture was stirred for 4 h at 80◦C. The solid
as recovered by slowly evaporating the alcohol at 80◦C.
he solid material was then calcined in air at 550◦C for 5 h.
ere, the prepared silicalite and silicalite loaded with
ium oxide are denoted SIL and Ti/SIL, respectively.

Sample Nb/TS-1, TS-1 loaded with niobium oxide, w
repared by impregnation technique using niobium etho
b(OC2H5)5 (Aldrich, 99.95%) precursor. TS-1 was dried
ven at 200◦C for 24 h. After that, the necessary amoun
iobium ethoxide was dissolved inn-hexane (Aldrich, >99%

o obtain the desired metal loading, and the required q
ity of pre-dried of TS-1 was immediately added to the c
olution with stirring. The mixture was stirred at room te
erature for 3 h. The solid was recovered by evaporatin
-hexane at 80◦C. The acid hydrolysis was performed by
ition of 20 ml solution of 0.5 M HNO3 in distilled water and
ged overnight, followed by heating at 120◦C until dryness
he solid was then washed with distilled water for three ti
nd finally dried at 200◦C for 24 h.

For comparison on the presence of Nb species, ex
ents were carried out to obtain niobium oxide and ni
cid. Niobic acid was prepared by hydrolysis of niob
ral resolution of 2 cm , at temperature 20C by KBr pellet
ethod. The framework spectra were recorded in the re
f 1400–400 cm−1. UV–visible diffuse reflectance (UV–v
R) spectra were recorded at ambient condition on a P
lmer Lambda 900 UV/VIS/NIR spectrometer. Tempera
rogrammed reduction (TPR) experiments were perfor
sing TPDRO 1100 Thermo Quest CE Instrument as

ows. The sample (typically about 0.05 g) was pre-tre
n nitrogen at a flow rate of 30 cm3 min−1 at 200◦C for 1 h
nd cooled down to 100◦C. The reduction analysis was p

ormed by heating the sample from 100 up to 1000◦C at a
ate of 10◦C min−1 and held for 5 min at 1000◦C with flow-
ng mixture of 5% hydrogen in nitrogen (H2/N2) at the rate o
0 cm3 min−1. For hydroxyl groups and acidity study, ab
0 mg of the sample was pressed at 2–5 tonnes for a m

o obtain a 13 mm disk. The sample was introduced in
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infrared cell with calcium fluorite, CaF2 windows. The sam-
ple was heated at 200◦C in vacuum condition for 16 h. The
infrared spectra were collected at room temperature using
Shimadzu 2000 FTIR spectrometer at 2 cm−1 resolutions.
The types of acid sites were examined using pyridine as a
probe molecule. Pyridine was adsorbed at room temperature
for a minute, continued by desorption at 150◦C for an hour.
The infrared spectra were monitored at room temperature.

2.3. Catalytic test

The catalyst performance was tested in the epoxidation of
the 1-octene using hydrogen peroxide as oxidant. The reac-
tion mixture, i.e. 8 mmol of 1-octene (Sigma, 99%), 15 mmol
of H2O2 in H2O (Scharlau, 35% extra pure) in 10 g acetone
(J.T. Baker) as solvent and 0.8 mmol of cyclooctane (Fluka,
>99%) as an internal standard were placed in a 25 cm3 round
bottom flask equipped with a magnetic stirrer and condenser.
An amount 0.05 g catalyst was then added in the solution. The
reaction was carried out in oil bath with stirring at 70◦C. The
aliquots were sampled at regular time intervals. The products
of the reaction were analyzed with an HP 6890N GC using
Ultra-1 column and HP GC-MSD using HP5 column.

3. Results and discussion
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Fig. 1. XRD pattern of the samples.

the size pore-entrance of TS-1 (ca. 0.6 nm), they should be
attached to the external surface of TS-1.

The infrared spectra of the samples in the lattice vibra-
tion region between 1400 and 400 cm−1 are depicted in
Fig. 2. Sample NBA shows a major strong band centered
at 586 cm−1 and a shoulder band at 933 cm−1. This spec-
trum is consistent with the skeletal vibration previously re-
ported for amorphous niobic acid[12]. The spectrum of crys-
talline phase of niobium oxide (sample NBO) exhibits two
strong bands at 615 and 850 cm−1. The broad band at higher
frequency ca. >850 cm−1 is associated with the stretching
mode of terminal NbO bonds (niobyl species), while the
band around 600 cm−1 can be assigned to the stretching of
longer bridging Nb O Nb bonds. Samples TS-1, SIL, Ti/SIL
and Nb/TS-1 showed similar bands. According to Flanigen
[13], the absorption bands at around 1100, 800 and 450 cm−1

were three lattice modes associated with internal linkages in
tetrahedral SiO4 (or AlO4) and are insensitive to structure
changes. The absorption bands at about 1225 and 547 cm−1

are characteristic of MFI-type zeolite associated with the par-
ticular structural assembly of the tetrahedral and are sensitive
to structure changes.

It is already known that the infrared spectrum of tita-
nium silicalite, TS-1 is characterized by an absorption band at
.1. Solid characterizations

Fig. 1 shows the XRD patterns of the samples tabul
n Table 1. The XRD pattern of TIO sample indicated t
he structure of TiO2 was rutile. There is no diffraction lin
as observed on the XRD pattern from sample NBA
ared by hydrolysis of niobium pentoxide, suggesting
iobic acid is fully amorphous. On the other hand, sam
BO, niobium oxide prepared by calcination of ammon
iobium oxalate at 550◦C shows splitting of the diffractio

ine around 2θ = 29◦, indicating that the sample is crystalli
iobium oxide phase (T-Nb2O3) with orthorhombic structur

10].
The XRD patterns of TS-1, SIL, Ti/SIL and Nb/TS-1 sa

les revealed that the sample contained framework struc
f the MFI type zeolite[11]. For sample Nb/TS-1, the stru

ure of TS-1 is not strongly affected by the presence of
regnated niobium. The XRD patterns show that no diff

ion line assigned for crystalline phase of the niobium o
resent. This indicated that niobium was well disperse

he TS-1. This also suggested that the niobium is prese
he form of amorphous niobium oxide hydrate, since it
repared by hydrolysis of niobium ethoxide and not calc
t temperature higher than 400◦C. In addition, the peak inte
ity of TS-1 is drastically decreased up to 60% after imp
ation of 3.4 wt.% of niobium on the TS-1. It is suggested
iobium is either located on the surface of TS-1 or cove

he surface of TS-1. Since the estimated molecular siz
b(OEt)5 (ca. 1.1 nm), the source of Nb sites, is larger t
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Fig. 2. FTIR spectra of the samples.

around 960 cm−1 [6,14–16]. However, the vibrational modes
at around this frequency may be the result of several con-
tributions i.e. the asymmetric stretching modes of SiO Ti
linkages[14–16], terminal Si O stretching of SiOH(HO)Ti
“defective sites” and titanyl [TiO] vibrations. Our TS-1
sample shows a weak band at 977 cm−1. This band can be
attributed to the titanium in the framework, since silicalite
(SIL sample; contains only silica without addition of any
titanium) does not show any band at around this frequency.
Furthermore, sample Ti/SIL (titanium oxide loaded silicalite,
1 wt.% of Ti) also does not show the band around 960 cm−1.
It is concluded that the TS-1 sample contains SiO Ti con-
nections. No additional bands appeared after impregnation of
titanium in the SIL sample.

A small band at around 970 cm−1 assigned to the titanium
ions in the tetrahedral structure is still present after impregna-
tion of niobium (sample Nb/TS-1). No additional band after
impregnation of niobium into the TS-1 can be observed. This
finding shows that impregnation of niobium has not effected
the MFI structure of TS-1 significantly. Infrared spectroscopy
technique also cannot detect the presence of niobic acid in
the sample Nb/TS-1, due to low vibration intensity of pure
niobic acid itself as compared to TS-1.

The nature and coordination of metal oxide or metal in
substituted molecular-sieves can be characterized by UV–vis
D ra
o ex-

hibits a maximum band around 295 nm and a shoulder band
around 243 nm. This main band (295 nm) attributed to the
charge transfer transitions O2− to Nb5+, which can be as-
sociated to the energy gap between the O 2p-valence band
and the Nb 4d-conductance band[12]. For TIO sample, the
main band at around 340 nm and a strong band at 240 nm are
observed, both assigned to the octahedral Ti (Oh). Silicalite
(MFI sample) shows two bands at around 213 and 240 nm
with very low intensity (0.05) (spectrum was magnified four
times). These bands are not assigned to the coordination of
titanium or niobium with oxygen due to their low intensity
and the sample contains silicon only without any addition
of titanium or niobium. For the TS-1 sample, only a single
strong band at 215 nm was observed. This band is attributed
to ligand-to-metal charge transfer associated with isolated
Ti4+ framework sites (between O2− and the central Ti(IV)
atoms) in tetrahedral coordination, Td. The band characteris-
tic of octahedral extra-framework titanium was not observed,
while Ti/SIL sample shows a broad band at 240 nm attributed
to extra-framework titanium oxide suggesting that impreg-
nation of titanium only produce some extra-framework tita-
nium species. Impregnation of niobium on the TS-1 (sample
Nb/TS-1) shows a strong band at about 240 nm assigned to oc-
tahedral niobium species. Meanwhile, the band characteristic
for tetrahedral titanium at about 215 nm cannot be observed
due to the overlapping of this band with the band of niobium
o

BA
p ined
a ion,
i at
a
T
d not
R spectroscopy technique.Fig. 3shows the UV–vis spect
f the samples. The UV–vis spectrum of NBA sample
xide that has remarkably higher intensity.
Fig. 4shows the TPR profiles of the samples. Sample N

repared by hydrolysis of niobium ethoxide then calc
t 200◦C exhibited three regions of hydrogen consumpt

.e. a negative peak at around 550◦C and positive peaks
round 875◦C and at a higher temperature above 1000◦C.
he negative peak can be attributed to CO or CO2 formation
ue to carbon residue from the niobium ethoxide that is

Fig. 3. UV-diffuse reflectance spectra of the samples.
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Fig. 4. TPR profiles of the samples.

fully hydrolyzed. The first positive peak was attributed to the
reduction of Nb5+ to Nb4+ in the form of Nb2O5 to NbO2
[8,17], while for reduction of NbO2 to lower oxidation state
of niobium, NbO needed higher reduction temperature.

Sample Nb/TS-1 does not show any significant peak in
this reduction temperature range, although the sample con-
tains niobium. This finding is explained to be due to several
factors. Low amount of niobium loading results in high dis-
persion of niobium on the surface of TS-1 that cause high
interaction between niobium and TS-1. Pereira et al.[17]
found that high dispersions promote intimate contact be-
tween the niobium and the silica surface, NbO Si bond-
ing in relation to Nb O Nb bonding prevailing. It also can
be explained based on the electronegativity concept that the
presence of silicon in the coordination sphere of niobium
should increase the electronic density niobium. Thus the re-
duction of niobium from Nb5+ to Nb4+ was more difficult
to occur. Recently, Mendes et al.[18] found that 20 wt.%
of niobium supported on Al2O3 did not show any hydro-
gen uptake as indication of the interaction of niobium with
Al2O3.

The hydroxyl groups and acidity of the samples were mon-
itored by infrared technique. The wafer sample was put in
the glass cell and evacuated at 200◦C for 16 h under vac-
uum. The infrared spectra were recorded at room tempera-
ture.Fig. 5 shows the infrared spectra of the samples TS-1,
N
s f
h ws
a n-
t xyl
s h
h s-
t gion
o ide
d ing

was reported recently by Braga et al.[19] for niobium oxide
calcined at 800◦C.

The peak at 3743 cm−1 disappeared as niobium was
loaded on the TS-1. A small peak at 3733 cm−1 and broad
peak centered at around 3530 cm−1 were observed in Nb/TS-
1 sample. Meanwhile, a mechanical mixture of 20% NBA in
TS-1 only shows a peak similar to that of TS-1 at around
3744 cm−1 assigned for silanol hydroxyl groups. Although
this mixture contains 20 wt.% of NBA, however, no peak at
around 3700 cm−1 assigned for NbO H can be observed.
It suggests that the amount of hydroxyl groups of NbOH in
the sample NBA is much lower than the amount of silanol
groups of TS-1. For samples Nb/TS-1, a drastic decrease of
silanol species present on the surface of TS-1 indicates that
there is strong interaction between niobium and TS-1 (nio-
bium bonded with O Si, replaced hydrogen atom of silanol
species in the TS-1). Since niobic acid does not show any peak
in this region, the result clearly suggests that niobium species
covered of the surface of TS-1. Therefore, deposition of nio-
bium oxide species on TS-1 consumes surface SiOH groups
of TS-1, as consequently the silanol groups decreased.

The types of acid sites in the samples were monitored by
pyridine adsorption. Pyridine was adsorbed at room temper-
ature after evacuation of the sample at 200◦C for 16 h in
vacuum. The infrared spectra were collected after evacuation
at 150◦C for an hour.Fig. 6 shows the infrared spectra of
t not
s ox-
i 636,
1 d
1 tes,

F ation
u

BA, NBO and Nb/TS-1 after evacuation at 200◦C. TS-1
hows a sharp peak at around 3743 cm−1 characteristic o
ydroxyl silanol groups. Niobic acid (sample NBA) sho
small peak at around 3700 cm−1 and a broad peak ce

ered at around 3400 cm−1 that can be assigned to hydro
tretching mode of free NbO H groups and hydroxyl wit
ydrogen bonding, respectively[12]. On the other hand, cry

alline niobium oxide does not show any peak in the re
f hydroxyl groups indicating that crystalline niobium ox
oes not contain any hydroxyl groups. A different find
he samples in the pyridine region. Sample NBO does
hows any peak which indicates that crystalline niobium
de has no acidity. Sample NBA shows the peaks at 1
609, 1575, 1540, 1489 and 1448 cm−1. The peaks at aroun
540 and 1448 cm−1 are due to Brønsted and Lewis acid si

ig. 5. FTIR spectra of the samples in the hydroxyls region, after evacu
nder vacuum at 200◦C for 16 h.
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Fig. 6. FTIR spectra of the samples after evacuation under vacuum at 200◦C
for 16 h followed by pyridine adsorption at room temperature and evacuation
at 150◦C for an hour, in the pyridine regions.

respectively. Similar finding has been reported by Morais
et al. [20] for niobic acid. Niobium oxide containing TS-1
(sample Nb/TS-1) show the peaks similar to that of sample
NBA. However, the intensity of the characteristic peaks for
Brønsted and Lewis acid sites at around 1540 and 1448 cm−1

is lower than that of sample NBA. Jehng and Wachs[21] have
reported the evidence of both Brønsted and Lewis acid sites
in niobium oxide supported on silica, while Mendes et al.
[18] only found Lewis acid sites in the silica supported nio-
bic acid. On the contrary, in this study, a mechanical mixture
of niobic acid and TS-1 only shows the peaks at around 1608,
1489 and 1447 cm−1, which are similar to those of sample
TS-1.

3.2. Catalytic activity

The bifunctional catalyst Nb/TS-1 was tested in the epox-
idation of 1-octene with aqueous H2O2 in acetone at 70◦C.
Samples NBO and NBA showed no noticeable activity toward
the formation of 1,2-epoxyoctane, consequently, there is no
1,2-octanediol observed from these reactions. TS-1 shows
their activity toward the formation of 1,2-octanediol. How-
ever, Nb/TS-1 showed remarkable higher activity (four times

higher in yield and selectivity for 1,2-octanediol) compared
to TS-1. It suggested that TS-1 and Nb/TS-1 catalysts in this
study contain Brønsted acid sites, since it is well known that
the formation of 1,2-octanediol is catalyzed by Brønsted acid
sites. However, from the pyridine adsorption studies, only
Brønsted acid sites were observed on Nb/TS-1. It is suggested
that the Brønsted acid sites might not have originated from
the TS-1 catalyst itself, but rather formed during the reaction
in the presence of water from the reaction mixtures. Mean-
while, the higher yield observed on Nb/TS-1 is due to the
higher amount of Brønsted acid sites, which is responsible
in this reaction. In addition, the induction time of the for-
mation of 1,2-octanediol in TS-1 and Nb/TS-1 is observed
after reaction for 24 and 3 h, respectively, indicating the
higher reactivity of Nb/TS-1 catalyst. The titanium and nio-
bium concentrations of the used Nb/TS-1 catalyst was deter-
mined by infrared and UV–vis DR spectroscopies. It is found
that no leaching of titanium and niobium has been observed
as analyzed by infrared and UV–vis DR spectroscopies,
respectively.

4. Conclusion

Bifunctional oxidative and acidic catalysts was success-
fully synthesized by impregnation of niobic acid on the sur-
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ace of TS-1(Nb/TS-1). It is demonstrated that the tetrahe
itanium species and niobic acid act as oxidative and a
ctive sites, respectively. The catalytic results in the tran
ation of 1-octene to 1,2-octanediol through the forma
f 1,2-epoxyoctane by using Nb/TS-1 indicate that the
uction of epoxide and diol was correlated with the pres
f oxidative and Brønsted acidic sites in the catalyst.
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