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1 Introduction

Renewable resources and bio-based feedstock may present 
a valid sustainable alternative to petrochemical sources to 
satisfy the increasing demand for energy and chemicals. 
Vegetable oils represent an ideal substitute for the chemical 
feedstock, due to the possibility to synthesize a wide vari-
ety of complex molecular structures, oleochemicals, suit-
able for the industry [1]. The advantages of oleochemicals 
can be found in several of the “12 principles of the green 
chemistry”, including the call for the use of renewable 
feedstock, the minimization of hazard, and the production 
of substances with as little toxicity as possible. Because of 
their bio-based nature, the oleochemicals are biodegrada-
ble, no toxic and  CO2 neutral, since the  CO2 produced from 
their degradation may be incorporated into next-year crops. 
Vegetable oils are one of the cheapest and most abundant 
biological feedstock available in the world, and they are 
used as starting materials for the production of plasticizers, 
adhesive coatings, lubricants, useful polymers and polymer 
composites [2, 3].

Epoxidized vegetable oils (in particular soybean) and 
the derivate methyl fatty esters are the example of one of 
the largest industrial applications in this respect, with an 
annual production of about 200,000 tons [4]. They are used 
directly as plasticizers and stabilizers for PVC resins, and 
can be good substitutes for some phthalates that are banned 
in EU because of their impact on both health and safety [5]. 
Moreover, considering the high reactivity of the epoxide 
groups, the epoxidized vegetable oils also act as raw mate-
rials for the production of a variety of chemicals such as 
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polyoils, alkanolamines, and polymers like polyesters and 
polyurethane [3].

The most common method used in industry to synthesize 
epoxidized methyl oleate and soybean oil was the epoxida-
tion with performic acid generated in  situ by the reaction 
of the hydrogen peroxide with formic acid, in presence of a 
soluble mineral acid as catalyst (e.g. sulphuric acid). How-
ever, several drawbacks of this method have been recog-
nized over the years, such as the occurring of side reactions 
(ring opening and polymerization) caused by the presence 
of homogeneous acids in the reaction system, and the envi-
ronmental pollution of the waste acids.

New efficient and environmentally friendly systems, 
such as the use of alternative oxidants and heterogeneous 
catalysts, may overcome these limitations. In particular, 
the use of hydrogen peroxide as oxidant is very attractive, 
because the water is the only one by-product of the reac-
tion. Until now, several types of heterogeneous catalytic 
systems were reported as active catalysts for the epoxida-
tion, such as TS-1 [6, 7],  TiO2-SiO2, Ti-MCM41 [8–10], 
peroxo phospha-tungstate [11], tungsten-based tetrakis 
[12], alumina [13, 14], transition metal oxides [15].

Although the titanosilicalite sieves, especially titanium 
silicalite-1 (TS-1), were widely reported as selective cata-
lysts for epoxidation reaction of a variety of organic sub-
strates with hydrogen peroxide, the use of larger molecules 
like vegetable oils and methylesters (FAME) was limited by 
the occurring of mass transfer limitations. These drawbacks 
were overcome by the modification of the zeolite through 
a decrease of the crystals size or by the incorporation of 
intra-crystalline mesoporosity, as reported by Glaser et al. 
[16].

Recently, many niobium oxide (niobia) based materials 
(e.g.  Nb2O5–SiO2 and  Nb2O5/SiO2) were proposed for the 
epoxidation reaction with hydrogen peroxide, due to the 
high leaching stability and good water tolerance. In particu-
lar, it was demonstrated that the niobia–silica based materi-
als, containing the same amount of  Nb2O5 and prepared by 
different synthesis methods, have different catalytic activity 
in methyl oleate epoxidation with  H2O2 [17–19]. This sin-
gular behavior was ascribed to the presence of different spe-
cies of niobium (isolated or bulk) depending on the nature 
of the niobium precursor and the synthesis method. Differ-
ent methods of synthesis lead to the presence of different 
structures and surface distribution of active sites (Brønsted 
and Lewis sites), influencing in this way the activity and 
selectivity in the epoxidation reaction. Recently, a com-
mercial alumina was reported as an efficient catalyst for the 
epoxidation of methyl oleate with hydrogen peroxide [13], 
also in the presence of a large substrate like soybean oil 
[14].

The aim of this work is to compare the activity of silica- 
and alumina-supported niobia catalysts in the epoxidation 

of methyl oleate with hydrogen peroxide. Two series of 
silica- and alumina-supported materials, with various 
loadings of  Nb2O5, were investigated to clarify the rela-
tion between their catalytic performance, dependent on the 
acidic features and structures of niobium species, and the 
support nature.

2  Experimental

2.1  Catalysts

•	 In this paper, nine different catalysts have been used for 
the reaction under investigation.

•	 Catalysts 1 and 2 were based on a commercial γ-alumina 
powder (Neutral, Brockamn I, Fluka), either as-received 
 (Al2O3) or calcined at 900 °C for 6  h  (Al2O3 900 °C), 
respectively.

•	 Catalysts 3–5 are based on  Nb2O5/Al2O3, as obtained 
by the impregnation method [20]. They differ for the 
value of the loaded  Nb2O5 mass content with respect 
to the whole catalyst mass, namely 3% (3NbAl), 12% 
(12NbAl) and 15% (15NbAl), respectively. The impreg-
nation has been carried out using a solution of niobium 
oxalate in oxalic acid (0.1 M solution) as niobium pre-
cursor. Niobium oxalate was obtained from niobium 
pentoxide (99.99%, Sigma Aldrich), according to the 
procedure described in [20]. After impregnation, the 
catalysts were dried at 60 °C for 10 h and then calcined 
at 900 °C for 6 h.

•	 Catalyst 6 is a commercial silica powder  (SiO2), sup-
plied by Degussa in form of pellets (Aerolyst 3038) 
and subsequently ground to < 100 µm. Catalysts 7–9 
are based on this silica powder. In particular, they were 
prepared borrowing the procedure already described 
for  Nb2O5/Al2O3 catalysts, and by substituting alumina 
with silica. The loaded  Nb2O5 mass contents were 3% 
(3NbSi), 6% (6NbSi) and 12% (12NbSi), respectively.

2.2  Methyl Oleate Epoxidation

Methyl oleate epoxidation runs with hydrogen peroxide 
as oxidant were carried out as follows. A round-bottom 
glass batch reactor (volume of 50 cm3) heated with an oil 
bath was used. The lab-scale reactor was equipped with a 
condenser, a thermometer and a magnetic bar for vigor-
ous stirring @300 rpm. In a typical experiment, 600 mg of 
catalyst without any pre-treatment, 20  cm3 of acetonitrile 
(99.5%, Sigma Aldrich), 5  g of methyl oleate (technical 
grade, Sigma Aldrich) and 6.9 g of  H2O2 (54.9% wt, kindly 
provided by Solvay) were used. Under these conditions, 
the molar ratio between oxidant and methyl oleate dou-
ble bonds is nearly 4. The temperature was kept constant 
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(80 °C) through solvent refluxing. All reagents and the cata-
lyst were added in one pot at the beginning of the reaction, 
namely when the temperature reached the design value 
through solvent refluxing. Each test lasted 5 h.

At the end of each experiment, the solution was sepa-
rated from the catalyst by decantation, and then analysed 
to evaluate the iodine number (I.N. expressed as grams 
of  I2 per 100 g of sample) and the oxirane number (O.N. 
expressed as grams of epoxidic oxygen per 100 g of sam-
ple) [21, 22]. This allowed to calculate the double bond 
conversion:

and the epoxide yield:

where the suffixes i and f stand for initial and final, respec-
tively. The ratio between yield and conversion gave the pro-
cess selectivity S (%). The analytical errors concerning the 
evaluation of iodine and oxirane numbers were determined 
through repeated tests. The standard deviation σ and the 
coefficient of variation CV % ratio of the standard deviation 
to the average value were thus obtained: iodine number, 
σ = 0.3, CV = 0.8%; oxirane number, σ = 0.04, CV = 0.7%.

Leaching of the metal is a key point when a strong oxi-
dant like hydrogen peroxide is used in the oxidation reac-
tion, for this reason leaching of the active species into the 
liquid phase under the current operating conditions has 
been verified by removing the catalyst from the reaction 
mixture by filtration after 150  min from the start of the 
reaction, and then recording the residual conversion for 
additional 150 min. For each catalyst, almost no detectable 
further conversion in the filtrate after removing the catalyst 
was observed, giving evidence that these materials act as 
real heterogeneous catalysts.

2.3  Materials Characterization

•	 Textural characterization of the materials has been car-
ried out through evaluation of specific surface area and 
total specific pore volume (Sorptomatic 1900, BET 
method). The samples were pre-treated under vacuum at 
180 °C for 6 h up to complete degassing.

•	 X-ray diffraction (XRD) patterns were collected using a 
Philips powder diffractometer (5–80°2θ, Cu Kα radia-
tion, 0.02°2θ/s scan rate).

•	 Ultra violet and visible light diffuse reflection (UV-
DRS) spectra were acquired in the 200–450  nm range 
on a doubled beam Jasco spectrophotometer (barium 
sulphate, Sigma Aldrich, as reflectance standard).

(1)C (%) =
[I.N.]i − [I.N.]f

[I.N.]i
× 100

(2)Y (%) =
[O.N.]f ×MWI

2

[I.N.]i ×MWO

× 100

•	 Finally, a confocal Raman microscope (Jasco, NRS-
3100) was used to collect Raman spectra. The 647 nm 
line of a water cooled  Kr+ laser (Coherent), 10 mW at 
the sample, was injected into an integrated Olympus 
microscope and focused to a spot diameter of approxi-
mately 2µm by a 20× objective. A holographic notch 
filter was used to reject the excitation laser line. Raman 
scattering was collected by a Peltier-cooled 1024×128 
pixel CCD photon detector (Andor DU401BVI).

3  Results and Discussion

Figure 1 shows the values of conversion, yield and selec-
tivity obtained during the epoxidation of methyl oleate, 
as a function of the catalysts used. As can be seen, when 
the catalysts based on commercial γ-alumina powder are 
considered as-received alumina shows larger C and Y val-
ues (72 and 58%, respectively), while the selectivity value 
was higher (84%) for calcined alumina. Switching to the 
catalysts based on  Nb2O5/Al2O3, it is seen that the mate-
rial with intermediate  Nb2O5 loading (12NbAl) yielded the 
highest values for C (83%), Y (74%) and S (89%). On the 
other hand, commercial silica was characterized by rather 
poor values for the parameters under investigation (22%, 
7% and 30% for conversion, yield and selectivity, respec-
tively). Finally, among the  Nb2O5/SiO2-based catalysts, the 
one with intermediate niobia loading shows the best perfor-
mances in terms of conversion (6NbSi; C = 77%).

Alumina itself showed, under these operating condi-
tions, a good and selective catalytic material for the reac-
tion under investigation, accordingly with earlier works 
[14]. A comparison of the performances of the alumina 
catalysts with those obtained for the best niobia-loaded 
alumina-based material (i.e., 12NbAl), suggests that an 
appropriate preparation procedure leading to a  Nb2O5/
Al2O3-based material is able to even improve conversion, 
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Fig. 1  Values of conversion (C), yield (Y) and selectivity (S) for 
methyl oleate epoxidation runs carried out with different catalysts



1057Top Catal (2017) 60:1054–1061 

1 3

yield and selectivity. As expected [18, 19], when alumina is 
substituted by silica in the catalysts synthesis, much worse 
yield and selectivity values are obtained. Only an in-depth 
analysis of the main physico-chemical characteristics of the 
materials at hand would be able to give elements to extend 
the discussion, in terms of close intertwining between cata-
lysts properties and activity results.

Table  1 lists the values of specific surface area (SBET) 
and total specific pore volume (VTOT) for the 9 catalysts. 
Calcination at 900 °C of pure alumina determined the sin-
tering of the material, with a reduction of around 20% and 
15% for SBET and VTOT, respectively. Niobia loading on alu-
mina, obviously, resulted into partial closure of the porosi-
metric texture of the materials, with a non-monotonic trend 
as  Nb2O5 loading is increased. The largest values for SBET 
(77 m2/g) and VTOT (0.41 cm3/g) were obtained for 12NbAl. 
Similar considerations hold when silica-based catalytic 
materials are considered, but it is seen that silica is both 
originally more porous and more stable against niobia load-
ing in terms of preservation of the textural characteristics. 
The effect of the interaction between niobia and alumina 
could be inferred by looking at earlier papers [23, 24] deal-
ing with an analogous vanadium–alumina system: in our 
case, the presence of niobium on the alumina surface could 
promote a thermal instability of the support when high cal-
cination temperatures are used, causing the reduction of 
catalysts specific surface area.

Figure  2 shows the XRD spectrum for  Al2O3 900 °C, 
confirming the presence of γ-alumina (PDF card 10–0425) 
also after calcination. XRD data for the three catalysts 
based on alumina and niobia are reported in Fig.  3. It is 
interesting to observe that: (i) for the material with the 
lowest niobia loading (3NbAl), no crystalline  Nb2O5 
phase was observed, while γ-alumina was largely pre-
dominant; (ii) increasing the  Nb2O5 loading (12NbAl), the 
γ-alumina peaks were present together with new signals, 
related to both  Nb2O5 (H-monoclin, PDF card 37-1468, 
and T-orthorhombic, PDF card 30-0873) and non-active 

 AlNbO4 (PDF card 41-0347) phase; (iii) when switching to 
the material with the largest niobia loading (15NbAl), the 
peaks relative to  AlNbO4 phase seem to be somewhat more 
relevant. Figure 4 shows the XRD spectra obtained for the 
three niobia–silica catalysts. While only the hump related 
to amorphous silica is clearly observable for 3NbSi, when 
the niobia loading was increased peaks ascribed to  Nb2O5 
(both H-monoclin and T-orthorhombic) were observed [25, 
26].

Figure 5a shows the UV-DRS spectra for  Al2O3 900 °C, 
pure commercial  Nb2O5 (calcined at 900 °C), and the three 
niobia–alumina materials. From the inspection of the fig-
ure, it is observed that: (i)  Al2O3 900 °C has a characteristic 
signal around 250 nm, while calcined  Nb2O5 is recogniza-
ble from two signals, one around 250 nm and the other one 
around 350  nm. The former is related to ligand-to-metal 
charge-transfer (LMCT) transition from  O2− to  Nb5+. The 
latter is ascribed to niobia nanodomains, namely slightly 
distorted  NbO6 octahedra, for example corner-sharing 
 NbO6 octahedra (confirmed also by Raman spectra); (ii) at 
the lowest niobia loading (3NbAl), the DRS spectrum of 
the catalyst was very similar to that of calcined alumina; 
(iii) at the intermediate niobia loading (12NbAl), the 
250  nm-signal related to the presence of niobia appears, 
while at the highest niobia loading (15NbAl) the other 
 Nb2O5 peak (the one related to nanodomains) adds to the 
DRS spectrum. Figure  5b shows the UV-DRS spectra for 
 SiO2,  Nb2O5, and the three niobia–silica catalysts. Once 
the  SiO2 pattern is taken as a reference, it is observed that 
the DRS profile for the material at the lowest loading is not 
very different from that obtained for the silica matrix. On 
the other hand, 6NbSi and 12NbSi both reflect the pres-
ence of  Nb2O5 with its characteristic signals, the predomi-
nant one being that relative to nanodomains, at odds with 
considerations developed for the niobia–alumina catalysts. 

Table 1  BET specific surface area (SBET) and total specific pore vol-
ume (VTOT) for the 9 catalysts

Catalyst SBET  (m2/g) VTOT  (cm3/g)

Al2O3 149 0.43
Al2O3 900 °C 118 0.37
3NbAl 64 0.33
12NbAl 77 0.41
15NbAl 75 0.40
SiO2 180 1.11
3NbSi 115 0.70
6NbSi 114 0.72
12NbSi 108 0.67
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Fig. 2  XRD results for  Al2O3 900 °C
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Namely, Nb coverage of the silica support monolayer with 
the formation of the related nanodomains is apparent for a 
lower nominal Nb loading with respect to what occurred 
when the alumina support was used (6NbSi vs. 15NbAl).

Figure 6 reports Raman spectra for the catalysts which 
showed (cf. Fig.  1) the best performances, namely those 
based on niobia and alumina. The reference spectrum for 
calcined  Nb2O5 is reported as well. First of all, it is recalled 

that Jehng and Wachs [27] observed that, for solids based 
on niobia supported on alumina, slightly and highly dis-
torted  NbO6octahedra appear in the region corresponding 
to 500–700 and 850–1000 cm− 1 Raman shift, respectively. 
Moreover, when the Raman spectrum for calcined  Nb2O5 
is considered, the peak at 995 cm− 1 is ascribed to  Nb2O5 
bulk, while those at 630 and 675 cm− 1 to polymerized sur-
face species of metal oxides (corresponding to Brønsted 
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Fig. 3  XRD results for: a 3NbAl; b 12NbAl; c 15NbAl
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acid sites). All these signals are present for the catalysts 
with intermediate (12NbAl) and high (15NbAl) niobia 
loading, while absent for 3NbAl, somewhat confirming 
what previously observed by XRD (cf. Fig. 3). It is worth 
to note that a signal at 930  cm− 1, absent for both niobia 
and 3NbAl spectra, appears as a shoulder for the catalyst 
with intermediate loading, and as a well-defined band for 
15NbAl. This signal is ascribed to  AlNbO4 species (cf. 
XRD data), which has already been recognized as an unde-
sired, since inactivephase [28, 29]. In addition, all the three 
catalysts are characterized by a band centred at 830 cm− 1, 
associated with highly distorted  NbO6 and corresponding 
to Lewis acid sites [25].

Two main aspects are recognized from the analysis of 
the activity results and material characterization, namely a 
better performance of catalysts (i) based on  Nb2O5/Al2O3 
(with respect to those based on  Nb2O5/SiO2) and (ii) with 
intermediate  Nb2O5 loading (whatever the support). In par-
ticular, the best catalyst was 12NbAl (with a performance 
even better than alumina). The presence of niobia nano-
domains, is considered to be detrimental to the catalysts’ 
activity and selectivity. Actually, this implies the presence 
of Brønsted acid sites that can promote the undesired ring 
opening reactions with formation of diols (cf. Scheme 1). 
DRS spectra (cf. Fig. 5) have shown that the formation of 
niobia nanodomains occur also at low niobium loading for 
silica support. This unwanted aspect is considered to over-
take the better textural characteristics (cf. Table  1) of the 
catalysts based on silica, when these properties are mir-
rored in the activity field in terms of conversion, yield and 
selectivity for the reaction under investigation.

XRD data (cf. Fig.  3) have highlighted the presence 
of a non-active phase in the epoxidation of methyl oleate 
(aluminium niobate), whose formation is enhanced when 
the Nb loading on the support is higher, as also confirmed 
by Raman spectra (cf. Fig.  6). The better performances 
obtained for 12NbAl could be thus regarded in the light 
of the reduced aluminium niobate content (in comparison 
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with 15NbAl) and larger presence of Lewis acid sites, as 
witnessed by the 730 cm− 1 Raman band.

Altogether, in the light of an optimal conduction of the 
methyl oleate epoxidation in the presence of a catalytic 
species, the results herein presented highlight the need of 
a proper characterization of the support and the prepared 
catalysts, and of taking into account the occurrence of an 
optimal  Nb2O5 loading. Actually, increasingly high Nb 
contents can determine the presence of inactive chemical-
physical structures on the support (based on niobium and 
aluminium), that would eventually lead to decrease the cat-
alysts’ activity.

4  Conclusions

The activity of silica- and alumina-supported niobia cata-
lysts in the epoxidation of methyl oleate with hydrogen 
peroxide was studied.  Nb2O5/SiO2-based solids were con-
firmed to be very active catalysts but not selective towards 
the epoxidation products. These undesired results were 
ascribed to the presence of Brønsted acid sites related to 
polymerized niobia species, observed through XRD and 
UV-DRS analysis. These sites are responsible of the sec-
ondary side-reactions, making this type of catalysts more 
suitable for diols than epoxides production. Regarding the 
 Nb2O5/Al2O3-based catalysts, higher activity and better 
selectivity were reached. The solid with an intermediate 
loading of Niobia (12%) showed the best performances, 
also better respect to the bare alumina catalyst, indeed 
already fairly active for the process under investigation. In 
fact, larger  Nb2O5 contents determined the formation of an 
inactive species,  AlNbO4, as confirmed by XRD, UV–Vis 
DRS and Raman analyses. At low Nb concentration, the 
interaction of alumina with niobia limits the formation of 
polymerized niobia species favouring on the contrary the 
formation of active and selective catalytic site for epoxida-
tion reaction.
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