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A B S T R A C T

In the design of catalysts, an extremely important point is to determine, control and increase the availability of
active sites on the surface. In the present work, active sodium oxide species have been identified and it is
demonstrated how its dispersion can be suitably improved by combining sodium loading degree and calcination
heating rate in order to increase the catalyst basic character and consequently, its performance. The different
synthesized materials were characterized by: small-angle X-ray scattering (SAXS), high angle X-ray diffractions
(XRD), atomic absorption spectroscopy (AA), BET method (specific surface determination), Fourier-transform
infrared spectroscopy (FT-IR), carbon dioxide temperature programed desorption (CO2 TPD) and X-ray photo-
electron spectroscopy (XPS). The obtained catalyst using 10wt% of sodium loading followed by calcination at
500 °C, employing an 8 °C/min heating rate, showed the highest activity towards the transesterification of
sunflower oil reaction (5 h, 60 °C, 14:1 methanol to oil molar ratio, 2 wt% catalyst, vigorous magnetic stirring),
achieving a 90% biodiesel yield.

1. Introduction

Due to the availability and low cost of petroleumdiesel fuel, biofuels
obtained from vegetables oils did not get a special interest in the
twenties and before. This might be caused by diesel engine design,
which was not able to run with vegetable oils because of their high
viscosity compared to petroleum diesel fuel [1]. However, the use of
vegetable oils in diesel fuel engines resurged in times of high oil prices
and shortages in the reserves, such as World War II and the oil crises of
the 1970’s. For this purpose, the alternative was to transform vegetable
oils into fatty acid alkyl esters (Biodiesel) using a transesterification
reaction. In this way, triglycerides present in vegetable oils are con-
verted into smaller molecules, less viscous and easy to burn in a diesel
engine. This process allows therefore to replace the petroleum diesel
fuel by this renewable fuel.

Nowadays, the interest is still focused on biodiesel production as an
alternative to replace or complement non-renewable fossil fuels, but
also to help countries to reduce their dependence on imported petro-
leum derivatives [2]. This arises as a result of the increase in the energy
demand as a result of the constant growth of the world population and
the need to maintain the current life standards.

From the environmental point of view, biodiesel is an excellent

option to replace conventional petroleum diesel, since it can be ob-
tained from renewable raw materials, as vegetable oils or animal fats
(the tendency is to increase the use of waste materials due to their low
cost and environmental impacts). In the same way, the production of a
clean biofuel is an attractive alternative for pollution mitigation [3].

The transesterification reaction can be catalyzed using either an
acid or an alkali catalyst. Nevertheless, the reaction rate for alkali
catalysis is faster taking into account the reaction mechanism involved,
and it is possible to work at lower temperatures, compared to the acid
catalyzed process [4–6].

Today, the conventional process used to produce biodiesel in the
industry employs alkali hydroxides or methoxides (e.g. NaOH,
NaOCH3) as catalysts [7,8]. This homogenous based process in batch
results in a short reaction time [9]. Nevertheless, it is extremely sen-
sitive to the presence of water and free fatty acids (their concentration
must be very low to avoid the formation of soaps as a side product, by
saponification reactions) [10]. The purification of the product requires
several stages, including neutralization, washing and drying, with
consumption of water, energy, and the need to treat the resulting
wastewater. Moreover, the catalyst cannot be reused and the by-pro-
duct (glycerol) also needs to be extensively purified [11], resulting in
environmental and economic disadvantages [12,13].
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Some of these proposed processes achieve conversions and yields
greater than 90% [14,15]. However, many of them utilize high catalyst
concentration, and even high temperatures and pressures, near critical
and supercritical conditions [16], non-viable for industrial application.

For such reasons, new routes are being sought for biodiesel pro-
duction, and the tendency is to use heterogeneous catalysis to maximize
yields and simplify the purification steps of the final product [17–19].
Solid catalysts are considered a green technology, showing the possi-
bility of recycling and designing a continuous process. This is why the
synthesis of efficient, commercially attractive and robust catalysts has
become progressively challenging.

Several materials have been informed as solid catalysts, both acid
and basic, for the mentioned reaction. The alkali and alkaline earth
metal oxides are very studied for this purpose owing to their basic
properties [7,20–22]. These oxides can be supported on porous mate-
rials to increase the exposed surface and consequently their activity,
acting as Lewis bases [4]. Furthermore, taking into account the hy-
drophilic nature of many porous supports, these can also be modified
with other species to increase the hydrophobicity, as reported by
Osman et al. [23]. This mitigates problems related to the presence of
water in the reaction mixture, which might lead to catalyst deactivation
and, consequent, loss of the activity.

Many publications have studied the mechanism of the oil transes-
terification reaction and its kinetic modeling. Verhé et al. [4] described
the heterogeneous mechanism (solid/liquid interaction) whereby the
methanol molecule forms a methoxide when adsorbed on the solid
surface where the oxide is deposited. And then, this methoxide reacts
with the triglycerides present in the liquid phase.

SBA-15 mesoporous material is one of the most popular supports
used to prepare solid catalysts because it can be tailored to reach unique
textural properties: its highly ordered structure and hydrothermal sta-
bility (related to the thick wall), its large surface, volume and pore size
distribution, make it ideal for the dispersion of metals as active centers
[24]. As a result, a high mass transfer is allowed [22,25] and new
properties are conferred to this material. Likewise, it is possible to
discriminate molecules according to their size and to allow the diffusion
of certain reagents and products [26–28], increasing the selectivity.

In this work, two important variables were investigated to obtain an
efficient alkali solid catalysts for biodiesel production: the degree of
metal loading and the calcination heating rate. The metal loading is
important because it provides the active sites for the transesterification
reaction [21,29]. The variation of calcination heating rate can also
impact on the formed active species, the catalyst activation time and
the consumed energy in this process.

Combining these two factors and in order to reach the highest
conversion in an adequate time at moderate reaction conditions, a
series of Na/SBA-15 catalysts was synthesized with different sodium
loadings (3, 5, 10 and 15 wt%) and considering different calcination
heating rates (2, 5, 8 and 15 °C/min). The activity of the prepared
catalysts was evaluated in the transesterification of sunflower oil.

2. Experimental

2.1. Materials

Sunflower oil was purchased in a local market. Tetraethyl orthosi-
licate (TEOS) and triblock copolymer Pluronic 123 were provided by
Sigma-Aldrich. Absolute methanol and isopropyl alcohol for HPLC ap-
plication, were purchased from Sintorgan Reactivos. n-Hexane for li-
quid chromatography and hydrochloric acid were purchased from
LiChrosolv Merk and Biopack, respectively. Sodium carbonate pro-
analysis, hydrofluoric and nitric acids were provided by Cicarelli.

2.2. Catalyst preparation

SBA-15 was synthesized according to the method described by Zaho

et al. [27,30]. In a typical synthesis, 4 g of triblock copolymer Pluronic
123 were mixed with 30 g of distilled water and 120 g of 2M HCl so-
lution, at 40 °C. When Pluronic 123 was completely dissolved, 8.5 g of
TEOS were added to the mixture, and stirred for 20 h at 40 °C. The
obtained suspension was kept under static condition, at 80 °C for 24 h.
The solid was after filtered, washed with distilled water until neutral
pH, and dried at 60 °C overnight. The powder was finally calcined at
500 °C for 8 h, using a heating rate of 1 °C/min.

The mesoporous material was modified with sodium by the wet
impregnation method. The theoretical metal loadings were 3, 5, 10 and
15wt%, referred to the catalyst mass. Sodium carbonate was chosen as
the metal precursor. The calculated amount of salt was dissolved in
37.5 mL of distilled water and 0.75 g of the support were added. The
suspension was stirred for 15min and then, the solvent was evaporated
in a rotary evaporator. The material was dried at 60 °C overnight, fol-
lowed by calcination at 500 °C, using the heating rates of 2, 5, 8 and
15 °C/min.

The resulting catalysts were designated as Na/SBA-15 (X) RY, where
X represents the theoretical sodium loading (in mass percentage) and Y
represents the calcination heating rate [°C/min].

2.3. Catalyst characterization

Small-angle X-ray scattering patterns were recorded at ambient
temperature on a Xenocs Xeuss 1.0 equipment, with a Pilatus 100 K
detector and CuKα radiation (λ=0.154 nm). Data were recorded in 2θ
range between 0.6° and 8°. High angle X-ray diffractions (XRD) analysis
were performed in a PANalytical X-Pert Pro X-ray powder dif-
fractometer, with a Bragg-Brentano geometry. A CuKα lamp was used
(40 kV, 40mA), in a 2θ range between 20° and 80°.

BET method was employed to measure the specific surface of the
materials using a Micrometrics Pulse ChemiSorb 2700 equipment.

The catalysts sodium contents were determined by atomic absorp-
tion spectroscopy (AA), employing a Shimadzu AA-7000 equipment.
Each catalyst was dissolved with 0.5 mL of nitric acid and 0.5 mL of
hydrofluoric acid (both concentrated), and heated until a small drop
was obtained. Then, this drop was diluted up to 50mL with deionized
water for further analysis.

FT-IR analysis were performed on a Thermo Scientific Nicolet iS10
spectrometer, with Smart OMNI-Transmission accessory. The measure
range was from 400 to 4000 cm−1 with a resolution of 8 cm−1 and 50
scans. Samples were prepared by the KBr technique.

The basicity of the synthetized catalysts was studied by temperature
programed desorption of carbon dioxide (CO2 TPD), in a ChemiSorb
2720 equipment. Carbon dioxide is used as probe molecule due to its
Lewis acidity. The analysis tube was filled with 0.04 g of the sample,
and treated at 150 °C for 30min in nitrogen atmosphere (20mL/min).
Then, temperature was set in 100 °C, and CO2 (50mL/min) was in-
troduced for one hour. After purging with He (20mL/min) for 45min at
100 °C to remove CO2 in the gas phase, the sample was heated up to
950 °C using a ramp of 10 °C/min, and the desorbed CO2 was measured
with a conductivity detector.

The XPS analysis was performed on a SPECS Multi-technique
equipment, equipped with a dual X-ray source (Mg/Al) and a hemi-
spherical analyzer PHOIBOS 150 in fixed analyzer transmission mode
(FAT). The spectra were obtained with a 30 eV step energy, with Al and
Mg anode operated at 200W. The pressure during the measurement
was less than 1.10–9mbar. The samples were pressed, supported on the
instrument sample holders, subjected to vacuum (10-2mbar) for 10min
at 200 °C. Subsequently, ultra-high vacuum was applied for at least two
hours before analyzing.

2.4. Transesterification reactions

The reactions were carried in a batch reactor, consisting of a flat
bottom three neck flask, which was connected to a reflux condenser to
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avoid the methanol loss and ensure reflux.
The chosen reaction conditions were: methanol to oil molar ratio

14:1, 2 wt% catalyst concentration (referred to the oil mass), tem-
perature of 60 °C, and vigorous magnetic stirring. All the essays were
carried out for 5 h.

In the beginning, the catalyst was mixed with the appropriate me-
thanol mass for 10min, at ambient temperature. After this, 5 mL of oil
were added to the mixture, and stirred for another 10min. Finally, the
remaining oil mass was added, and the reactor was taken to the bath at
60 °C.

After 5 h, the catalyst was separated by filtration and the methanol
excess was recovered from the reaction products in a rotary evaporator.
To ensure separation of biodiesel and glycerol, products were settled in
a separatory funnel overnight. Then, biodiesel was kept in a freezer
until its analysis.

All reactions were performed at least in duplicate. The results were
expressed as mean values, with relative percentage differences between
them always< 5% of the mean.

2.5. Methyl ester quantification

Samples were analyzed by high performance liquid chromatography
following the method described by Carvalho et al. [31]. A Perkin Elmer
Series 200 HPLC was used, equipped with a UV/visible detector, a
Vertex Plus (250mm×4.6mm, 5 μm) Eurospher II 100-5 C18 P
column, and a 20 μl injection loop.

Samples preparation was made diluting 10 μL of each reaction
mixture in 4mL of isopropyl alcohol. The diluted samples were filtered
with a 0.45 μm syringe filter before being injected.

FAME yield was then calculated taking into account the integrated
areas of the obtained chromatograms [31].

3. Results and discussion

Table 1 exposes the sodium content and the specific surface of all
the synthetized catalysts (calcined at different heating rates), together
with the obtained FAME yields when they were probed in the transes-
terification reaction of sunflower oil with absolute methanol.

For a given heating rate (e.g. 8 °C/min), the SBA-15 specific surface
decreases according with the Na loading increment, possibly due to a
loss of structural regularity (Table 1) and filling or blocking of some

mesopores by the sodium species present [33].
For all sodium loadings, when the heating rate shifts from 8 to

15 °C/min, it is possible to observe a marked decrease in the specific
area, indicating a loss of the material ordered structure. This becomes
more evident for the highest metal contents. In this sense, Na/SBA-15
(15) R15 shows the highest decrease in the structural ordering, prob-
ably as a result of the contribution of both factors: the high metal
content and the high calcination heating rate. Meanwhile, solids with
the highest specific surfaces were obtained with a heating rate of 8 °C/
min. For these solids, the Na loading effect on the structural ordering
could be inferred by Small-angle X-ray scattering (SAXS) analysis
(Fig. 1).

As it is observed, pure SBA-15 shows three well resolved peaks,
corresponding to the diffraction of planes (1 0 0), (1 1 0) and (2 0 0),
typical of an hexagonal ordered pore arrangement [27,30]. After so-
dium incorporation, the periodic arrangement of SBA-15 remains.
However, while the metal loading increases, the peaks intensity de-
creases, which indicates a relative loss of the ordered structure.

Consequently, the sodium loadings and the employed calcination
ramps influence FAME yield. This fact might be easily visualized in
Fig. 2.

All the catalysts were active for biodiesel production using the de-
scribed reaction conditions (Section 2.4). As expected, an increase in
the catalyst sodium content results in a high biodiesel yield after 5 h of
reaction. However, in general, the increment in metal content from 10
to 15wt% does not have a significant impact.

As a tendency, the FAME yield grows by increasing the heating rate,
up to 8 °C/min. Then, for all the sodium loadings, a shift of the heating
rate from 8 to 15 °C/min does not lead to an important improvement in
the catalysts activity.

Therefore, a theoretical sodium loading of 10 wt% and a calcination
heating rate of 8 °C/min seems to be the optimum synthesis conditions
to reach a catalyst with good structural regularity and area values, to-
gether with a high FAME yield (about 90%).

Table 1
Chemical composition and structural properties of the synthetized catalysts,
together with the obtained FAME yields.

Material Na contenta

[wt %]
Calcination heating
rate [°C/min]

Specific areab

[ m2/g]
FAME
Yield
[%]

SBA-15 – – 811 –
Na/SBA-15 (3) 3.2 2 209 20.34

5 279 33.04
8 314 56.98
15 205 67.99

Na/SBA-15 (5) 4.4 2 141 39.25
5 247 53.38
8 271 80.02
15 97 82.72

Na/SBA-15 (10) 10.3 2 109 38.57
5 207 60.04
8 261 90.04
15 52 93.83

Na/SBA-15 (15) 12.4 2 48 38.59
5 189 60.11
8 207 90.99
15 37 95.81

a Measured by atomic absorption spectroscopy (AA).
b Determined by BET method.

Fig. 1. Small-angle X-ray scattering patterns of SBA-15 modified with different
Na loadings and calcined at 500 °C using a heating rate of 8 °C/min, together
with pure SBA-15.
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The results presented herein were taken as the starting point, in
order to elucidate the responsible species of the catalytic activity, and
the influence of the synthesis conditions on their formation.

Following this study, Fig. 3 shows the high angle XRD profiles of Na
modified SBA-15 materials calcined with an 8 °C/min ramp, together
with the pure SBA-15. These patterns show the amorphous silica typical
peak (∼22°) [34], besides characteristic peaks attributed to sodium
basic and super basic species [35,36], which appear and grow for the
highest loaded samples. For Na/SBA-15 (3), these peaks cannot be seen,
indicating that the sodium species are amorphous or clusters too small
to be detected by this technique [37]. These species may be very finely
dispersed on the silica support [34].

The catalysts with large sodium contents present big sodium oxides
species, as crystalline phases. Thus, when the Na loading increases,
oxides species tend to agglomerate to form such ordered crystalline
phases, which could provoke the marked decrease in the exposed cat-
alytic surface (Table 1).

This fact, added to that for Na/SBA-15 (15) R8 the actual metal
loading is lower than the theoretical (Table 1), can explain why no
significant differences in the activity are observed for Na/SBA-15 (10)
R8 and Na/SBA-15 (15) R8.

Fig. 4 compares the patterns of Na/SBA-15 (10) samples calcined at
different heating rates. It can be seen that the lowest heating rate profile
(2 °C/min) shows more defined peaks, characteristic of crystalline
phases with big particles. This is in agreement with its low specific
surface (109 m2/g).

As the heating rate increases up to 8 °C/min, the intensity of these
peaks decreases, evidencing the dispersion of sodium species on SBA-
15. Then, the highest heating rate (15 °C/min) leads to a sample with a
XRD pattern where peaks corresponding to crystalline phases cannot be
assigned. This may lead to thinking that the sodium species are finely
dispersed. Nevertheless, its lowest area (52 m2/g) compared to that of
the other materials in the same series (see Table 1), clearly permits to
infer a deterioration of the structural ordering of the mesoporous sup-
port.

In this manner, the heating rate seems to significantly impact the
crystallinity of sodium species formed on the support surface, as well as
on the mesoporous structure. According to Sun et al. [38], the presence
of crystalline phases, corresponding to aggregated oxides and silicates
(favored by low heating rates), results in their weak interaction with the
mesoporous silica. Meanwhile, the absence of segregated crystalline
phases (favored by high heating rates), gives account for a better dis-
persion of the metallic species and a strong interaction with the surface.

Moreover, crystalline phases impact negatively over the catalyst
activity. A 57% FAME yield was obtained using Na/SBA-15 (10) R2,
compared to the 90% when the calcination heating rate was 8 °C/min
(Na/SBA-15 (10) R8) (Fig. 2). No relevant differences in the catalytic
activity were observed employing ramps of 8 and 15 °C/min, due to the
above mentioned material structural loss.

Infrared spectra were employed to characterize the surface property
of materials. Fig. 5 shows the FT-IR spectra for SBA-15 and the metal
loaded solids calcined with a heating rate of 8 °C/min.

At 3750 cm−1, a band attributed to silanol stretching vibrations
should appear, owing to the presence of surface OH groups with strong
H-bonding interactions [39]. As mentioned by Sun et al. [38], this band
may be invisible because of the influence of adsorbed water that

Fig. 2. FAME yield versus metal loading and calcination heating rate (○
Experimental data).

Fig. 3. High angle X-ray diffraction patterns of SBA-15 modified with different
Na loadings and calcined at 500 °C using a heating rate of 8 °C/min, together
with pure SBA-15.

Fig. 4. High angle X-ray diffraction patterns of Na/SBA-15 (10) calcined at
500 °C with different heating rates.
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exhibits a band at 3440 cm−1 together with other band at 1630 cm−1

(caused by the material hydrophilic character) [23,40,41]. However, a
band at 960 cm−1 can be attributed to Si−OH bending, which appears
less defined as the Na loading increases, possibly due to the metal in-
teraction with the support surface. The red-broadening of the band at
around 1100 cm−1, assigned to Si–O bond vibration [42,43], could also
evidence this metal-silicon interaction as the sodium loading increases
[14].

Bands around 800 and 460 cm−1 correspond to Si–O–Si symmetric
stretching and bending, respectively [32,44].

Finally, for the largest metal loadings, a band attributed to mono
and bidentate CO3

2− symmetric stretching vibration appears at
1457 cm−1 [14,21]. The presence of carbonates may be due to the in-
teraction of the atmospheric CO2 with the basic and super basic species.
The intensity of CO3

2− band increasing with the Na loading, could
indicate the gradual increase of solids basicity when the metal content
increases [14,45].

On the other hand, no relevant differences in the spectra are ob-
served when the calcination heating rate is modified for the 10 wt% Na
loading sample (Fig. 6). As it can be seen, the band at 1457 cm−1,

assigned to the presence of mono and bidentate carbonate, is present for
all the heating rates, showing the high basicity of the materials due to
Na loading [14,21]. Anyway, the band at 960 cm−1 appears less de-
fined with respect to the SBA-15 for all the employed heating rates,
evidencing the metal-silanol interaction.

In order to evaluate the basic strength of the Na/SBA-15 synthesized
materials, CO2 temperature programmed desorption technique (CO2

TPD) was used. Fig. 7 shows the TPD patterns of samples with different
sodium loadings, calcined with a heating rate of 8 °C/min, while
Table 2 summarizes the integrated areas of TPD bands.

In the graphic, three regions can be defined depending on the type
of sites present in the material. The first region (up to 250 °C) corre-
sponds to low basic strength sites. All the catalysts present a band in
this region, which corresponds to the interaction of CO2 with the silica
[14]. The second band (250–600 °C) is attributed to the interaction with
medium basic strength sites, associated to sodium silicate species
(Na2O·39SiO2) [14]. Finally, the bands appearing from 600 °C onwards
evidence the presence of high basic strength sites. These sites may be
attributed to sodium oxide species (considered as super base) on the
catalysts surface [14,38].

Na/SBA-15(3) R8 only shows bands in the low and medium regions,

Fig. 5. FT-IR spectra of SBA-15 modified with different Na loadings and cal-
cined at 500 °C using a heating rate of 8 °C/min, together with pure SBA-15.

Fig. 6. FT-IR spectra of Na/SBA-15 (10) calcined at 500 °C with different
heating rates, together with pure SBA-15.

Fig. 7. CO2 TPD profiles of SBA-15 modified with different Na loadings and
calcined at 500 °C using a heating rate of 8 °C/min.

Table 2
Low, medium and high basic sites percentages, present in the catalysts with
different sodium loadings.

Catalyst Low basicity sitesa

(∼100–250 °C)
[%]

Medium basicity
sitesa

(∼250–600 °C)
[%]

High basicity sitesa

(∼600–900 °C)
[%]

Na/SBA-15 (3)
R8

64.66 35.34 –

Na/SBA-15 (5)
R8

64.22 24.78 11.00

Na/SBA-15
(10) R8

37.54 35.44 27.02

Na/SBA-15
(15) R8

25.52 66.40 8.08

a Integrated area of TPD bands.
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indicating that the material has a weak basicity.
When sodium content increases, the band corresponding to strong

basic sites appears, giving account for a great catalytic activity. This
basic strength can be promoted by the presence of finely dispersed
sodium oxides (Lewis base sites) [4], increasing with the metal loading.

By increasing the Na loading from 5 to 10%, the band related to
strong basic sites becomes more intense and its maximum is shifted to
high temperatures [21], despite the fact that Na/SBA-15 (10) R8 spe-
cific surface decrease. Nevertheless, increasing the theoretical Na
loading from 10% to 15% does not lead to an increment in the strong
sites amount; in fact, the percentage of these sites is low (see Table 2).
As it is observed, the Na/SBA-15 (15) R8 TPD profile shows a band
between 400 °C and 600 °C that could be assigned to a medium basicity
due to the presence of big size oxides. These crystalline phases corre-
spond to agglomerate oxides, and have already been observed in the
XRD profile of this sample. Then, the slight increase in the catalytic
activity when the Na loading shifts from 10% to 15%, is probably
caused by the contribution of these sites (35.44 to 66.40%, respec-
tively).

Further, the influence of the calcination heating rate was evaluated
and Fig. 8 shows the CO2 TPD patterns of Na/SBA-15 (10) calcined at 2,
5, 8 and 15 °C/min. It can be seen that a high heating rate results in the
appearance of desorption band at ∼800 °C. This is associated to the
formation of those strong basic species, which lead to an enhanced
catalytic activity. However, there is an evident difference between the
patterns of Na/SBA-15 (10) R8 and R15 (owing to the major presence of
low and medium basic sites for the heating rate of 15 °C/min), with an
apparent reduction in the strong basic sites quantity. This fact indicates
that the highest heating rate is not favorable for the formation of these
finely dispersed super basic oxides, and might even lead to the dete-
rioration of the material ordered structure, as demonstrated by XRD
and specific area analysis (Table 3).

On the other hand, even when the sodium loading is low (e.g. Na/
SBA-15 (3)) or the heating rate is low (2 °C/min to 5 °C/min), a trans-
esterification activity is still detected. The presence of silicate species
with weak basicity showed on the TPDs patterns could be responsible
for this behavior.

In order to follow the investigation on the nature of the active
species over the catalysts, XPS analysis was performed and the results

are displayed in Tables 4, 5 and Fig. 9.
As expected, the signal obtained from XPS for all the samples con-

firms the presence of sodium oxides (Fig. 9a). Na 1s exhibits a sym-
metric peak, and its relative intensity grows in consistency with the
metal loading increase.

It is interesting to point that O 1s signal (Fig. 9b) becomes asym-
metrical as the metal loading increases, which can be assigned to the
contribution of two components: one at ∼529 eV corresponding to the
sodium species, and another at ∼532 eV, assigned to the siliceous
support [21]. The contribution from the sodium oxides (that shifts the
oxygen peak to lower binding energies and increases with the Na
content) could occur as a result of the Si–O–Na bonds formation on the
catalyst surface after impregnation and calcination. These bonds would
stabilize metal oxides and silicates on the support surface [46]. This
shift to low binding energies can also be detected in Si 2p signal for all
the catalysts (Table 4), comparing to the support (103.5 eV), which
suggest the existence of such interaction between the SBA-15 and metal
species. Finally, a slight diminution in the binding energy of Na 1s
signal with respect to “bulk sodium oxide” (1072.3 eV), would also
indicate this interaction between the active species and the support
[46].

Furthermore, in Table 5 and supplementary material S1, it can be
observed that the total sodium content determined by AA is higher than
the superficial Na content (detected by XPS), suggesting the in-
corporation of the sodium species inside SBA-15 channels.Fig. 8. CO2 TPD profiles of Na/SBA-15 (10) calcined at 500 °C with different

heating rates.

Table 3
Low, medium and high basic sites percentages, present in the catalysts calcined
with different heating rates.

Catalyst Low basicity sitesa

(∼100–250 °C)
[%]

Medium basicity
sitesa

(∼250–600 °C)
[%]

High basicity sitesa

(∼600–900 °C)
[%]

Na/SBA-15
(10) R2

42.10 57.90 –

Na/SBA-15
(10) R5

43.19 56.81 –

Na/SBA-15
(10) R8

37.54 35.44 27.02

Na/SBA-15
(10) R15

22.68 65.35 11.96

a Integrated area of TPD bands.

Table 4
Binding energy of the catalyst synthetized with different sodium contents and
calcined with an 8 °C/min heating rate.

Catalyst Si 2p
[eV]

O 1s
[eV]

Na 1s
[eV]

C 1sa

[eV]

SBA-15 103.5 533.0 – 284.6
Na/SBA-15 (3) R8 102.0 531.3 1070.4 284.6
Na/SBA-15 (5) R8 102.6 531.9 1071.1 284.6
Na/SBA-15 (10) R8 102.7 532.0 1071.2 284.6
Na/SBA-15 (15) R8 102.8 532.2 1071.2 284.6

a C 1 s signal was adjusted at 284.6 eV.

Table 5
Superficial composition of the catalysts calcined with an 8 °C/min heating rate.

Catalyst Si 2s
[%]

Si 2p
[%]

O 1s
[%]

Na 1s
[%]

Na AAa

[%]

Na/SBA-15 (3) R8 22.19 26.63 48.92 2.26 3.2
Na/SBA-15 (5) R8 21.76 26.77 47.49 3.98 4.4
Na/SBA-15 (10) R8 20.46 25.07 46.28 8.19 10.3
Na/SBA-15 (15) R8 19.57 23.77 45.44 11.22 12.4

a Sodium bulk content, measured by atomic absorption spectroscopy (AA).
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As mentioned in the Introduction, the methoxides formed on the
catalyst surface are the responsible for reacting with the triglycerides
present in the liquid phase [4]. In other words, the triglyceride does not
directly interact with the catalyst surface. This is why the amount and
nature of active species deposited on the catalyst surface are important
for the studied reaction. Thus, a 10 wt% sodium loading seems to be the
optimal to achieve a high content of finely dispersed super basic Na
oxides, which are the active centers for methoxide formation. A good
dispersion of these species can be obtained employing a high calcina-
tion heating rate (up to 8 °C/min), according with the results exposed in
this work.

It is necessary to remark that an increase in the metal loading above
10 wt% as well as a sufficiently low heating rate (2 °C/min) allow the
formation of oxide crystalline phases with less basic strength, which do
not significantly impact in the development of the reaction. According
to Knözinger et al. [47], the formation of highly dispersed species or
crystalline phases in the supported catalyst synthesis, is governed by
nucleation and growth mechanisms. For this purpose, the active phase
must become mobile, leading to a liquid-like behavior of the surface
layer.

For the sintering of small particles deposited on a support surface,
several mechanisms have been proposed [47]: migration of crystallites
and their coalescence; emission of atoms from small crystallites and
their capture by large ones; or a combination of both of them.

For the studied case and in consistence with the literature [47],
probably when a low heating rate is used, the active phase diffusion
appears to be slow, leading to the necessary time for interaction or
agglomeration forces between two particles to be established. Under
these conditions, the sintering phenomena (instead of migration) is
favored, resulting in the formation of crystalline phases (diffusion-
controlled process). Meanwhile, when the heating rate is faster enough
(8 °C/min), the coalescence of two particles into one is slow compared
to the diffusion time (coalescence-controlled process). As a con-
sequence, a great dispersion of the active species on the SBA-15 is ob-
tained, which would permit that more methanol molecules interact and
form methoxides.

4. Conclusions

Solid base catalysts were prepared incorporating sodium in different
concentrations on SBA-15, by wet impregnation method, and using
different calcination heating rates. The presence of sodium oxide spe-
cies on the support could be demonstrated. These solids were employed

successfully in the transesterification of sunflower oil with absolute
methanol. From these results, it is possible to claim that the generation
of active sites for this reaction can be controlled by both studied
synthesis variables: sodium content and calcination heating rate.

The use of 10 wt% sodium loading on the SBA-15 and 8 °C/min
calcination heating rate were established as the optimal synthesis
conditions, which allowed reaching a high concentration of active
centers with strong basicity, finely dispersed on the support. Using this
catalyst, a 90% FAME yield was obtained after 5 h of reaction.
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