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A B S T R A C T

The present work describes the synthesis of niobium oxides by microwave-assisted hydrothermal method and
their evaluation as a solid catalyst in oxidation reactions of terpenic alcohols with hydrogen peroxide. Effects of
main parameters of synthesis were assessed and all the prepared catalysts were characterized by physical ad-
sorption/ desorption analyses of nitrogen, infrared and Raman spectroscopies, scanning electron microscopy and
powder X-rays diffraction analyses. The strength and number of acidic sites of the catalysts were determined by
potentiometric titration. Morphological and structural characterization corroborate with the activity and se-
lectivity achieved by the niobium oxides. The reusability of the catalyst was evaluated. The impacts of main
reaction variables such as temperature, catalyst, and oxidant load were assessed. Niobium oxide demonstrated to
be an effective catalyst, selectively converting the nerol (model molecule) to epoxide and aldehyde. Oxidation of
various terpenic alcohols was investigated. Only geraniol and nerol were selectively epoxidized, suggesting a
hydroxyl group assisted reaction. Although being also allylic alcohol, linalool was unreactive toward epoxidation
due to the presence of a methyl group at the same carbon atom than the hydroxy group. The use of an en-
vironmentally cheap friendly oxidant (H2O2) and efficient solid catalyst (Nb2O5) are positive aspects of this
process.

Introduction

The conversion of abundant and renewable raw materials to high
value-added chemicals assumed great importance due to economic and
environmental reasons [1–3]. Fine chemicals, pharmaceutical, and
fragrance industries are each time more dependent on sustainable
processes that use friendly reactants, recyclable catalysts, and in-
expensive feedstocks [4,5].

Among the natural origin feedstock, monoterpenes deserve to be
highlighted due to wide application as an ingredient of perfumes, fla-
vors, and food, all motivated by their attractive organoleptic properties
[6–8]. Terpenic alcohol derivatives as epoxides are building block in
synthesis of chiral compounds, while carbonyl products as aldehydes
and ketones are valuable ingredients of perfume, whose obtention per
pass through oxidative processes where clean oxidant and solid cata-
lysts are highly desirable [9–12]. However, the presence of two oxi-
dizable sites in terpenic alcohols (i.e., the double bond and a hydroxyl

group) may hamper the control of the reaction selectivity [13].
Green oxidants as hydrogen peroxide are very appealing; similarly

to the molecular oxygen, it generates water as an only by-product.
However, unlikely molecular oxygen, it has the advantage to be liquid,
and not flammable at room conditions. Moreover, it is soluble in water
and polar solvents, safe handling, and it is a cost-effective and atom-
efficient oxidant [14,15]. When used in the presence of solid catalysts,
hydrogen peroxide can interact with the catalyst surface and induce
homo- or heterolytic cleavage of OeO bond in H2O2, which may gen-
erate different oxidative species [16,17].

The direct oxidation of olefin or alcohol by hydrogen peroxide is
always kinetically unfavored and impeded by the high energy barrier of
the oxygen transfer reaction from oxidant to the substrate [18,19].
Thus, several catalysts that facilitate the oxidation providing a low-
energy pathway, have been proposed. In special, various metal oxides
or salt-based catalysts have demonstrated to be active in either oxida-
tion or epoxidation reactions [20–22].
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The use of a heterogeneous catalyst leads to a cleaner process, since
it reduces the waste generation, allows the recovery and the reuse of the
catalyst, and diminish the cost of the processes. Different strategies
have been proposed to obtain efficient heterogeneous catalysts in
epoxidation or oxidation reactions of functionalized olefins with hy-
drogen peroxide. For a long time, Ti/SiO2 catalysts have been preferred
in the epoxidation of terpenic alcohols [23]. Mixed oxides, solid-sup-
ported metals, framework-substituted molecular sieves, and modified
mesoporous silica are also examples of catalysts active on these reac-
tions [24–26].

Nevertheless, in reactions that use heterogenized homogeneous
catalysts, the leaching provoked by the high polarity of the reactants
(i.e., aqueous hydrogen peroxide) is always an obstacle that may
compromise the reuse of the catalyst. Therefore, the development of a
stable, recyclable, and truly heterogeneous catalyst, which achieves
epoxidation rates and selectivity likewise the homogeneous counter-
parts is still a challenge to be overcome. Recently, to circumvent the
leaching of the active phase in solid catalysts, we have synthesized
insoluble Keggin heteropolyacid salts, which were successfully tested as
catalysts in terpenic alcohol oxidation reactions with hydrogen per-
oxide [27].

The use of solid metal oxide as the catalyst excludes the possibility
of leaching. Niobium oxide has desirable properties to be used as a
heterogeneous catalyst. It has a high surface area and good thermal
stability. Moreover, Nb2O5 has Brønsted and Lewis acidic sites in their
structure, being potentially a bifunctional catalyst [28]. Niobium-con-
taining catalysts can be prepared in several routes such as sol-gel,
grafting, hydrothermal, coprecipitation, or polymeric precursor
methods [29–32]. The treatment of niobium catalysts with hydrogen
peroxide is a strategy that improves their activity in oxidation reactions
[33].

Due to these features, niobium oxide has been an efficient catalyst in
different oxidation reactions. Nanoparticles of niobium oxide were
synthesized through microwave-assisted method and used as catalysts
in aniline oxidation reactions with hydrogen peroxide in liquid phase
[34]. The same reaction was also efficiently performed when Al2O3/
AlNbO4 were applied as the catalyst [35]. Cerium-chromium-niobium
oxides were successfully evaluated in processes to deep oxidation of
dichloroethane, demonstrating have potential industrial application
[36]. Conversely, the high acidity of niobium oxides makes them effi-
cient and reusable acid catalysts in xylose dehydration processes to
furfural production [37].

In this work, niobium oxides were prepared by microwave-assisted
hydrothermal method and evaluated in oxidation reactions of terpenic
alcohols with hydrogen peroxide. The impacts of the temperature of
synthesis on the physical and structural properties of niobium oxides
were assessed. The solid catalysts were characterized by FT-IR and
Raman spectroscopy analyses, physical adsorption/ desorption of ni-
trogen, thermogravimetry and powder XRD analyses. Acidity properties
were determined by n-butylamine potentiometric titration. The nerol
oxidation was studied in detail. The effects of main reaction parameters

such as temperature, oxidant, and catalyst loads were also investigated.
Special attention was paid to describe the reaction mechanism. The
reaction scope was also extended to other terpenic alcohols.

Experimental

Catalyst preparation

Nb2O5 was synthesized by microwave-assisted hydrothermal
method as previously described [38,39]. Ammonium niobium oxalate
was dispersed in distilled water under stirring for 30 min. Following,
hydrogen peroxide was dropped in the solution and stirred for 30 min.
The final solution was poured into a Teflon autoclave and placed in a
microwave oven (Electrolux, MEF41, Brazil). The catalysts were syn-
thesized at 433 K for different times (2, 4, and 8 h) under the constant
pressure of 85 psi. After cooling, the precipitate was washed with ab-
solute ethanol (LabSynth, Brazil), and dried in an oven (DeLeo, A5SE,
Brazil) at 323 K for 24 h under air atmosphere. The Scheme 1 below
shows briefly the niobium oxides synthesis used as catalysts.

Catalyst characterization

Textural properties of niobium oxides were obtained at 77 K in a
NOVA 1200 Quantachrome equipment. The Brunauer-Emmett-Teller
equation was applied to the isotherms of adsorption/ desorption of N2,
which provided the surface area of the solids. Diameter and pore vo-
lume distribution was calculated according to the DFT method. The
morphologies of the catalysts were investigated by scanning electron
microscopy (SEM) using a microscope SSX-550, SHIMADZU, Japan.

Infrared spectroscopy analyses were performed in KBr pellets using
an ABB Bomen MB 3000 FTIR spectrometer (Quebec, Canada) equipped
with ZnSe optics and a deuterated triglycine sulfate (DTGS) detector set
at a 4 cm−1 resolution and wavenumber range of 400−4000 cm−1.

XRD pattern of the Nb2O5 powders was analyzed by X-ray diffrac-
tion (Shimadzu, XRD 6000, Japan), using a diffractometer with CuKα
radiation (λ = 1.5418 Å), and a scan range of 20−70°. Crystallite sizes
were calculated using the Scherrer equation:

=L K λ
β cosθ

.
. (1)

Where λ is the X-ray wavelength in nanometer (nm), β is the peak
width of the diffraction at half maximum height resulting from small
crystallite size in radians, and K is a constant related to crystallite
shape, normally taken as 0.89.

Raman spectra were recorded in a Horiba/Jobin-Yvon Labram-HR
spectrometer equipped with He-Ne laser (laser excitation lines of 632.8
nm and 18 mW of power) and an Olympus microscope. The analyses
were carried out with an acquisition time of 5 s with 10 accumulations
in the region of 60 to 1200 cm−1 and a 100x microscope objective.

The amount and strength of the acidic sites of niobium oxides were
determined by n-butylamine potentiometric titration using a BEL

Scheme 1. Nb2O5 synthesis by microwave-assisted hydrothermal method.
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potentiometer (model W3B) with a glass electrode. Typically, 50 mg of
Nb2O5 was suspended in CH3CN (ca. 30 mL) and magnetically stirred
for 3 h. Posteriorly, the suspension was titrated with slow addition of
portions of n-butylamine (ca. 0.025 mol L−1) until that the electrode
potential remained stable after the addition of the titrant again.

Catalytic tests

Oxidation reactions were carried out in liquid phase using a glass
reactor fitted (ca. 50 mL) with a reflux condenser and sampling septum,
in a glycerin batch under magnetic stir and heating. Typically, H2O2(aq)

(ca. 35 wt. %) and nerol (1.375 mmol) were dissolved in CH3CN (ca. 10
mL) and heated to 333 K. The addition of niobium started the reaction,
which proceeded for 8 h.

Aliquots were collected at regular time intervals. Before the ana-
lysis, the aliquots were centrifuged, and the supernatant was analyzed
on a GC-2010 Plus Shimadzu Gas Chromatograph with a flame ioni-
zation detector (FID), equipped with an auto-injector AOC-20i, and
fitted with a capillary column Rtx®-Wax (30 m x 0.25 mmID x0.25 μm).
The chromatographic conditions were initial temperature (353 K/ 3
min), heating rate (10 K / min until 493 K), which was kept constant 3
min. Injector and detector temperatures were 523 K and 523 K, re-
spectively. Nitrogen was the carrier gas (1.2 ml / min).

Results and discussion

Catalysts characterization

Table 1 shows the surface area, volume, and pore diameter values
quantified by the BET and DFT methods of Nb2O5 catalysts.

An increase in the time of synthesis resulted in an improvement of
surface area and a higher volume of pores. Conversely, pores diameters
were lower when longer times were used. This effect was also verified
by us in a previous work [39]. We can consider that each rod that
compose this material is composed of several rods with smaller dia-
meters. The synthesis time influences the rods growth; if a greater time
of synthesis is used, larger will be the size of the stem. As a result, may
occurs an increase in surface area and pore volume [39].

The catalyst Nb2O5 - 2 h presented the lowest values of surface area
and pore volume but showed a larger value in its diameter, above 30 Ǻ,
characteristic of a mesoporous material. In contrast, the two other
oxides showed an increasing on the surface area and pore volume when
the synthesis time was increased. Since pore diameter was reduced to
values lower than 20 Ǻ, we can conclude that micropores were formed
in the materials [38,39].

Fig. 1 shows the physical adsorption/desorption isotherms of N2 and
pore diameter distributions. According to IUPAC recommendations, the
isotherms of the synthesized salts can be classified as type V, char-
acteristic of microporous and mesoporous materials.

The hysteresis observed in the isotherm curves can be classified as
H3 type, which is typical of plate-shaped particle aggregates giving rise
to slit pores [40]. According to the pore diameter distribution curve
profiles, the niobium oxides synthesized presented diameters in the
range of micro and mesoporous.

FT-IR spectra presented bands at approximately 1100 cm−1 that
were assigned to the asymmetric stretching of Nb–O–Nb bonds (Fig. 2)

[41,42]. The broad band at 3600−3200 cm−1 regions refers to the
vibration modes of hydrogen-bonded hydroxyl groups. The presence of
bands at 1700 cm−1 reinforces the Nb-linked OH- groups.

It is noteworthy that the intensities of the bands in this last region
varied according to the synthesis time, suggesting that shorter synthesis
times favored a higher presence of the hydroxyl groups. The ability of
these groups to bind to H2O2 molecules generating different reactive
oxygen species may improve the activity of these niobium oxides in
oxidation reactions [41,43].

Fig. 3 represents the X-rays diffractograms of the three synthesized
catalysts. The literature describes the existence of four different phases
for Nb2O5: Nb2O5.nH2O (amorphous), TT-Nb2O5 (hexagonal), T-Nb2O5

(orthorhombic) and H-Nb2O5 (monoclinic) [44]. The diffractograms
revealed by XRD analyses indicate the peaks are related to the hex-
agonal phase (JCPDS No. 28-0317) [39]. The broad peak noticed at 26°
is assigned to the amorphous phase due to the use of hydrated starting
materials and water. The presence of weak peaks is due to the low
temperature used in the synthesis, which influenced their crystallinity
[45,46]. The Nb2O5 samples of 2 h, 4 h, and 8 h exhibited crystallite
sizes of 12.7 nm, 14.8 nm, and 15.1 nm, respectively.

Fig. 4 presents the Raman spectra of the three Nb2O5 samples. It was
found that they had distinct profiles, indicating the presence of more
than one phase in each material. Bands in the region of 200−300 cm−1

were assigned to the stretching of Nb–O–Nb bonds [46].
The absorption bands in the 570−770 cm−1 region refer to the

symmetrical stretching modes of the Nb–O bonds (NbO6, NbO7, and
NbO8) [46,47]. For the two samples synthesized in shorter time, 2 and 4
h, the single band in this region may indicate the greater presence of the
amorphous phase. For the catalyst synthesized for 8 h, this band has a
small shoulder closer to 700 cm−1, which may indicate the greater
formation of the orthorhombic phase due to longer synthesis time [48].
This indicates that the time of synthesis affected the proportion be-
tween these two phases.

The broad band more pronounced in the spectra of catalysts syn-
thesized at 2 and 4 h, present in the 900-1000 cm−1 region, were as-
signed to the symmetrical and asymmetrical stretching of terminal
bonds Nb = O, which is associated with Lewis acid sites [47]. This
stretching band is related to the crystallinity degree of the sample; the
more intense is the band, the lower is the crystallinity and more acid is
the material [47–49]. This same phenomenon is little noticed for the
sample synthesized for 8 h, confirming the higher crystallinity and may
indicate a lower number of Lewis acid sites for this material.

The lower crystallinity degree of the Nb2O5 - 2 h catalyst can be
verified by the XRD graph. Comparing the results shown by XRD and IR,
it should be noted the shorter is the catalyst synthesis times, the lower is
the crystallinity and more intense is the OH− grouping bands in IR
spectra. According to Ziolek et al, the activity for niobium oxides varies
according to its crystallinity, being a parameter proportional to the
number of hydroxyl groups present on the catalyst surface [17,43].

Fig. 5 shows the potentiometric titration curves of three synthesized
niobium oxides. The initial electrode potential (Ei) indicates the max-
imum acidity strength and the total number of acidic sites being pro-
vided by the inflection value of titration curve (ca. mEq n-butylamine /
g catalyst), which was obtained from the minimum of the first deriva-
tive of each titration curve. The strength of the sites can be classified
according to the scale: Ei>100 mV (very strong), 0<Ei<100 mV
(strong), -100<Ei<0 mV (weak) e Ei< -100 mV (very weak) [50].

All the niobium catalysts presented very strong acidic sites as de-
monstrated by the high Ei values showed in Fig. 5, which was higher
than 100 mV. Moreover, as higher the synthesis time, lower was the
acidity strength. The number of total acidic sites (ca. mEq of n-buty-
lamine/ g of catalyst) followed the order 0.95, 0.45, and 0.40 for Nb2O5

- 2 h, Nb2O5 - 4 h and Nb2O5 - 8 h oxides, respectively. Therefore, the
solid Nb2O5 - 2 h showed both the strongest acid sites and the greatest
number of total acidic sites.

It is important to highlight that the results of potentiometric

Table 1
Characterization of the catalysts through the physical adsorption of nitrogena.

Catalyst SBET (m2/g) VDFT (cm3/g) D (Ǻ)

Nb2O5 - 2 h 17.4 0.035 31.7
Nb2O5 - 4 h 107.4 0.095 16.9
Nb2O5 - 8 h 215.9 0.340 16.9

a SBET = surface area; VDFT = cumulative pore volume; D = pore diameter.
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titration reinforce those provided by IR spectra, which evidenced that
the Nb2O5 - 2 h material has the highest number of Brønsted acidic
sites. According to the IR spectra of niobium oxide catalysts, the
stretching bands at 1700 cm−1 wavenumber indicates the presence of
the Brønsted acid sites. These vibration bands are correlated with the
bonds between Nb and OH- groups [39]. The intensity of this band is
linked to the number of Brønsted acid sites present in the catalyst
surface. As can be seen, the Nb2O5 - 2 h catalyst presented the highest
number of acid sites (ca. 095) and the more intense vibration band at
1700 cm-1 wavenumber (see Fig. 2).

Fig. 1. Isotherms of physical adsorption/desorption of N2 and pore diameter distribution for niobium oxides.

Fig. 2. FT-IR spectra obtained from Nb2O5 catalysts.

Fig. 3. Powder XRD patterns of Nb2O5 synthesized at different times.
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Fig. 6 shows SEM micrographs of synthesized niobium oxides. The
Nb2O5 particles were moderately aggregated and exhibited an ap-
proximately spherical shape, regardless of the synthesis times. Although
this aspect it is not totally clear on the SEM images, previous works
showed that this material presented a spherical shape [39].

The morphologies varied with an increase of hydrothermal treat-
ment. At longer synthesis times, materials roughness increases.
Although the SEM images are unable to provide information about the
pores size, we have found that the formation of particles with larger
surface area and high pore volume was obtained when a longer
synthesis time was used [39,51]. The BET analyses and porosimetry

support this conclusion (Table 1).

Catalytic tests

An initial screening of niobium catalysts
The catalytic performance of synthesized niobium oxides was as-

sessed in the nerol oxidation reaction with H2O2. Fig. 7 displays the
kinetic curves and selectivity achieved after 8 h of reaction, following
conditions selected from the literature [32].

Although an excess of hydrogen peroxide has been used (ca. 2:1 in
relation to nerol), only a poor conversion (ca. 5 %) was obtained in the
absence of a catalyst (omitted by simplification). Conversely, in the
niobium oxide-catalyzed reactions the nerol was selectively converted
to oxidation products (Scheme 2).

The Nb2O5 - 2 h catalyst was much more efficient than other syn-
thesized oxides. The highest conversion (ca. 82 %) and selectivity to-
ward nerol epoxide (ca. 94 %) was achieved after 8 h of reaction.
Notably, these results were superior that achieved by niobium oxides
prepared by the peroxidation method [52]. Even though nerol epoxide
has been the major product in all the reactions, the selectivity toward
carbonyl products (i.e., 1b and 2a) was gradually improved when nio-
bium catalysts were synthesized at longer times. Conversely, the
terminal double bond of the nerol remained untouchable along with the
reaction, probably due to the steric hindrance triggered by two methyl
groups.

A comparison of the characterization data of niobium oxides and
their catalytic activity leads to a conclusion that the surface properties
and acidity of niobium oxides played an essential role in this reaction.
The most acidic catalyst (Nb2O5 - 2 h; Fig. 5) with the lowest surface
area (Table 1) was the most efficient, achieving the highest conversion.

On the other hand, catalysts synthesized at longer periods showed a
different selectivity; while the selectivity of aldehydes increased, the
selectivity of epoxide products was reduced, which may be assigned to a
modification on the catalyst surface.

Balker et al reported that the alcohols are preferentially oxidized by
hydrogen peroxide to carbonyl products when Ti silicate (i.e., TS-1) is
the catalyst [26]. However, Tatsumi et al. described that this reaction is
suppressed if allylic hydroxyl groups are present and, consequently,
epoxide becomes the major product [53]. Investigating the geraniol
epoxidation with H2O2 over TS-1 catalysts, those authors demonstrated
that the epoxidation of allylic alcohols is a hydroxy-assisted reaction.
Therefore, based on the literature and experimental data obtained we
propose that on niobium-catalyzed oxidation of nerol involves an in-
termediate as depicted in Scheme 3.

The literature describes the oxidation of geraniol by hydrogen
peroxide in tungsten, titanium, or vanadium-catalyzed reactions; on
these processes, steps such as the coordination of metal oxide catalyst to
the olefin double bond, as well as the peroxidation of the metal are
always involved [54]. In general, after the peroxidation step, a three-
centered ring intermediate involving the metal oxide and an oxygen
atom of peroxide is formed; however, it was omitted in Scheme 3
aiming to do cleaner the reaction. Only the peroxide group (i.e., OOH)
bonded to the metal center was depicted herein.

Fig. 4. Raman spectra of the three different synthesized niobium.

Fig. 5. Potentiometric titration curves with n-butylamine of the niobium
oxides.

Fig. 6. SEM micrographs at x15000 magnification of Nb2O5 - 2 h (A), Nb2O5 - 4 h (B), and Nb2O5 - 8 h (C) catalysts.
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The change in chemoselectivity can be attributed to the coordina-
tion of the nerol on the surface of Nb2O5. It is very important to
highlight that analogously to the described by Adams et al and Kumar
et al., we are supposing that the transition state of the epoxidation of
nerol involves the coordination of the allylic hydroxyl group to the Nb
active site; it means that the double bond interacts with one peroxidic

oxygen atom, not the niobium oxide-oxygen atom [23,55].
The peroxidation step of the niobium catalyst and the interaction

with the organic substrate is attributed to the different species of active
sites present in the niobium catalyst. Lewis acidic sites and Brønsted
acidic sites allow the simultaneous adsorption of the oxidant and the
organic substrate even in the presence of water [56].

Fig. 7. Effect of Nb2O5 catalyst treatment time on the kinetic curves (a), conversion and products selectivity (b) of nerol oxidation with H2O2
a.

aReaction conditions: nerol (1.375 mmol), H2O2 (2.750 mmol), temperature (333 K), catalyst (4 mol %), CH3CN (10 mL)

Scheme 2. Oxidation products of nerol obtained in Nb2O5-catalyzed reactions.

Scheme 3. Nb2O5-catalyzed hydroxy-assisted epoxidation of nerol with H2O2 adapted from [26].
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We can conclude that once the Nb2O5 - 2 h presented a higher
Brønsted acidity (see IR spectra and acidity measurements, Figs. 2 and
5), the interaction of nerol hydroxyl group with the peroxidized catalyst
is more favorable, therefore, epoxide was the major product (Fig. 7).
Conversely, when the catalysts have lower Brønsted acid sites number
(i.e., because they were synthesized in 4 or 8 h), the epoxide selectivity
is lowered, favoring the formation of the neraldehyde (Nb2O5 - 4 and 8
h, Fig. 7).

XRD also demonstrated that the Nb2O5 - 2 h catalyst presented the
lowest crystallinity among the three materials. These characteristics
positively contributed to improving the interaction of the H2O2 and
nerol with the catalyst surface [17,57]. The Nb2O5 - 2 h catalyst was
selected to study the effect of main reaction parameters due to its better
performance.

Effects of catalyst load
The impacts of catalyst load were evaluated keeping constant the

other variables in the reaction. Fig. 8 shows the kinetic curves, con-
version, and selectivity achieved in reactions with a load of catalyst
ranging from 2 to 8 mol %.

Although no shown in Fig. 8, a control experiment was carried out
without the presence of the catalyst. When nerol and hydrogen per-
oxide were heated and stirred during 8 h of reaction, no oxidation
product or epoxide was detected. It is a guarantee that the formation of
these compounds depends on the presence of the Nb2O5-2 h catalyst.

Conversely, while the reactions were performed in the presence of
the niobium oxide catalyst, nerol epoxide and the carbonylic products
were obtained, with the highest selectivity toward epoxide.

With 4 mol % of catalyst load, the reaction achieved 82 % of con-
version. When we performed reactions with higher loads of catalyst, no
significant difference was observed in the conversions, which varied
from 82 to 87 %. This enhancement of conversion is a consequence of a
higher acidic sites number, feasible when a higher concentration is
used. Therefore, lower catalysts loading were used (ca. 2.0 – 0.5 mol
%). At this range of catalyst load, the reaction conversions were gra-
dually diminished. Notwithstanding, the reaction selectivity remained
basically unaltered; nerol epoxide was always the main product (ca. 94
%), and aldehydes of nerol and geraniol were the secondary products. It
is evidence that selectivity depends on the nature of the catalyst.

Effects of oxidant: substrate ratio
The results for Nb2O5 - 2 h catalyst in reaction with different

amounts of oxidant are presented in Fig. 9. An improvement in the

conversion was obtained using a higher oxidant load. However, this
effect was only noticed when the reactions were performed with 4 mol
% of catalyst.

The presence of a higher load of oxidant also resulted in an increase
in the amount of water in the solution. This aspect changed the che-
moselectivity of the reaction, although nerol epoxide has continued to
be the main product. The water benefited the isomerization of nerol to
geraniol, which was also formed when the proportion of H2O2: nerol
was 1:2 and 1:3. There was an increase in the selectivity for ger-
anialdehyde. However, the nerol epoxide selectivity was close to 90 %.
No significant amount of geraniol epoxide was detected along with the
reactions.

Effects of reaction temperature
The impacts of temperature on the kinetic curves, conversion, and

selectivity of nerol oxidation were assessed using the optimized con-
ditions (ca. 2:1 oxidant: substrate ratio, 4 mol % of catalyst) (Fig. 10).

When the reactions were carried out at different temperatures, an
induction period at the process beginning was noticed, mainly at the
lowest temperatures. We suppose that at low temperatures, the catalyst
peroxidation step is less favored. Consequently, a minimum amount of
substrate is consumed within the initial period of reaction. This effect
was being suppressed when higher temperatures were used. On the
other hand, the reaction selectivity remained almost the same; at the
end of the reactions, nerol epoxide was obtained always with a se-
lectivity close to 94 %.

Effects of terpenic alcohol structure
The catalytic activity of Nb2O5 - 2 h was also tested on the oxidation

of different terpene alcohols. Fig. 11 displays all the terpenic alcohols
investigated; allylic acyclic primary alcohols (nerol and geraniol),
allylic acyclic tertiary alcohol (linalool) or cyclic (α-terpineol) were
selected. It is important to note that although the hydroxyl group of
tertiary alcohols is not oxidizable (i.e., linalool and α-terpineol), these
substrates have double bonds which may be epoxidized.

Among the evaluated alcohols, only nerol and their geometric
isomer geraniol were selectively oxidized, providing their epoxides as
main products. Therefore, only the selectivity of these three alcohols is
displayed in Fig. 12. The double bond of α-terpineol remained un-
touchable and no epoxide was detected. This result is reinforcing that
the epoxidation is a hydroxy assisted-reaction.

Although linalool has an allylic hydroxyl group likewise geraniol
and nerol, it was not epoxidized. It can be attributed to the hysteric

Fig. 8. Effect of catalyst load on the kinetic curves (a), conversion and products selectivity (b) of the nerol oxidation with H2O2 over Nb2O5 - 2 ha.
aReaction conditions: nerol (1.375 mmol), H2O2 (2.750 mmol), temperature (333 K), CH3CN (10 mL)
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hindrance provoked by the methyl group, which is bonded to the same
carbon atom that the hydroxyl group. On the other hand, these three
allylic alcohols have another double bond disubstituted that due to the
absence of an allylic hydroxy group and a high steric hindrance re-
mained intact.

The reaction selectivity showed that the oxidation of the hydroxy
group of geraniol to aldehyde was easier than nerol. This higher se-
lectivity for aldehyde was a consequence of a lower formation of ep-
oxide; possibly, the formation of the transition state that led to the
epoxide more favourably for nerol than geraniol. It is well established
that geraniol has a trans-ol and nerol a cis-ol configuration around the
trisubstituted carbon-carbon double bond. Consequently, the interac-
tion of niobium with the hydroxyl group of nerol is more effective.

Although the selectivity obtained herein have been comparable to

those achieved in oxidation reactions carried out over WO3-SiO2 me-
soporous catalysts, the conversions were higher even at a lower tem-
perature [25].

Recovery and reuse of Nb2O5 - 2 h catalyst
The catalyst was easily recovered from the reaction medium by

centrifugation. High recovery rates were achieved (ca. 95 %). Although
the conversion did not reach 40 %, the reaction maintained the high
selectivity for nerol epoxide (Fig. 13).

To try understanding the reason for the drop in the activity of
Nb2O5-2 h catalyst after it has been reused, we carried out analyses of
FT-IR spectroscopy and XRD patterns and compared them with the data
obtained from the fresh catalyst.

The IR spectra (Fig. 14) showed a decrease in the intensity of the

Fig. 9. Effect of substrate: oxidant ratio on the kinetic curves (a), conversion and products selectivity (b) of the nerol oxidation by H2O2 in the presence of Nb2O5 - 2 h
catalysta.
aReaction conditions: Nerol (1.375 mmol), temperature (333 K), catalyst (2 mol %), CH3CN (10 mL)

Fig. 10. Effects of temperature on the kinetic curves (a), conversion and products selectivity (b) of the nerol oxidation with H2O2 over Nb2O5 - 2 h catalyst.a.
aReaction conditions: nerol (1.375 mmol), H2O2 (2.750 mmol), catalyst (4 mol %), CH3CN (10 mL)
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Fig. 11. Structure of terpenic alcohols.

Fig. 12. Kinetic curves (a), conversion and products selectivity (b) of Nb2O5 - 2 h-catalyzed terpenic alcohols oxidation by H2O2
a.

aReaction conditions: terpenic alcohol (1.375 mmol), H2O2 (2.750 mmol), temperature (333 K), catalyst (4 mol %), CH3CN (10 mL)

Fig. 13. Conversion (a) and selectivity (b) of nerol oxidation reactions with H2O2 in the presence of Nb2O5 - 2 h (fresh and reused). The black bar on b graphic
represents the conversion at 8 h of reactiona.
aReaction conditions: Nerol (1.375 mmol), H2O2 (2.750 mmol), temperature (333 K), catalyst (4 mol %), CH3CN (10 mL)
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band regarding the binding of Nb to the OH− groups, at wavenumbers
1700 cm-1, after the catalyst has been reused. On the basis of the lit-
erature, it is correct to state that it is suggestive that there are less OH−

groups on the catalyst surface [41]
On the other hand, the analysis of the XRD patterns revealed an

increase in crystallinity for the reused catalyst (Fig. 15). According to
Ziolek et al, an increase of this parameter is directly related to the loss
of availability of OH− groups on the catalyst surface [17]. The catalytic
activity of the niobium oxides varies according to the number of

hydroxyl groups present on the catalyst surface; with less hydroxyl
groups, the catalyst has lower activity [17,41].

Therefore, we can conclude that the main change that occurred on
the Nb2O5-2 h catalyst after it has been recovered and reused was the
lower availability of hydroxyl groups on their surface. The loss of sur-
face hydroxyl groups suggests that the catalyst also had their strength
acidity reduced. Moreover, the interaction with the hydrogen peroxide
oxidant may be also compromised, triggering a significant decrease in
the activity of the reused catalyst in subsequent nerol oxidation reac-
tions. Literature has described that the hydroxyl groups may have the
ability to bind to H2O2 molecules generating different reactive oxygen
species, which may favor the activity of these niobium oxides in oxi-
dation reactions [40,42].

Finally, an additional test was carried to verify the possible leaching
of catalyst could be also has contributed to their deactivation. The
niobium oxide was stirred and heated in the presence of the oxidant in
solution without the presence of the nerol. After the removal of solid
catalyst through hot filtration, nerol and oxidant were added to the
supernatant and the reaction monitored during 8 h. No conversion was
noticed as well as no oxidation product was detected. It is a guarantee
that the Nb2O5-catalyzed reaction was truly heterogeneous. Besides the
high recovery rate of catalyst achieved in the reuse, this evidence as-
sures that the catalyst is almost insoluble in the reaction.

Conclusions

The microwave-assisted hydrothermal method was efficient to
produce niobium oxides with controlled morphological properties,
which demonstrated to be effective catalysts for the selective epoxida-
tion of allylic terpenic alcohols with hydrogen peroxide. Reactions were
conveniently carried out in the presence of a solid catalyst (i.e., Nb2O5 -
2 h), and hydrogen peroxide, an inexpensive and green oxidant.

Notwithstanding its lowest surface area, the most active catalyst
was Nb2O5 - 2 h, a consequence of the highest amount of strongest
acidic sites, which favored the interaction of the catalyst surface with
terpenic alcohol. XRD patterns, IR and Raman spectra obtained from
niobium oxides assisted in the interpretation of catalytic test results
through the acidity presented by the materials.

Likewise described for tungsten or titanium catalyzed reactions, the
epoxidation of allylic terpenic alcohols with H2O2 is a hydroxy-assisted
reaction. Therefore, the Nb2O5 - 2 h catalyst that had a higher number
of Brønsted acidic site was the most active. The reactivity of other
terpenic alcohols was also evaluated. Linalool, another allylic alcohol
was unreactive, the consequence of high steric hindrance of the tertiary
hydroxy group. The double bond of α-terpineol was not epoxidized,
possibly due to the absence of an allylic hydroxy group. The stereo-
chemistry of nerol makes it more reactive than geraniol, consequently,
higher conversion and selectivity toward epoxide was achieved. The
reusability of catalysts was investigated. High recovery rates (ca. 95 %)

Fig. 14. FT-IR spectra obtained from Nb2O5 - 2 h fresh and reused catalysts.

Fig. 15. XRD patterns obtained from the Nb2O5 - 2 h fresh and reused catalysts.
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were obtained. After recovery, the solid catalyst was reused without
loss of selectivity, however, there was a significant decrease of con-
version. Infrared spectroscopy analysis and XRD patterns of the reused
catalyst showed that there was a loss of hydroxyl groups on the catalyst
surface, which compromised their activity.
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