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a b s t r a c t

Tungstophosphoric acid (PW), molybdophosphoric acid (PMo) and tungstosilicic acid (SiW) immobilized
on SBA-15 were used, as catalysts, in the esterification of palmitic acid with methanol, at 60 ◦C. Catalysts
were characterized by N2 adsorption, FTIR, X-ray diffraction, ICP-AES and TEM.

All catalysts exhibited high catalytic activity in palmitic acid esterification with methanol. It was
observed that the catalytic activity decreases in the follow series: PW1-SBA-15 > SiW-SBA-15 > PMo-
SBA-15.

A series of PW immobilized on SBA-15 with different PW loadings from 2.7 wt% to 8.3 wt% were pre-
pared. It was observed high catalytic activity with low amount of tungstophosphoric acid immobilized
on SBA-15.
sterification
ree fatty acids
BA-15

In order to optimize the reaction conditions, the effect of different parameters, such as catalyst loading,
carbon length of the alcohol and temperature, molar ratio of fatty acid to methanol in the presence of
PW3-SBA-15 were studied.

PW3-SBA-15 catalyst can be separated from reaction system for re-use. It was observed a small leaching
of the PW from SBA-15 to liquid phase.

PW3-SBA-15 catalyst was also used in the esterification of stearic and oleic acid with methanol. High
erved
catalytic activity was obs

. Introduction

Biodiesel, an alternative fuel for diesel engines, is biodegrad-
ble, nontoxic and renewable. Generally, biodiesel is produced via
he transesterification of vegetable oils or animal fats with short-
hain alcohols (e.g., methanol), which is carried out by acid or base
atalysis, to form alkyl esters that have properties similar to those
f fossil-derived diesel [1–13]. Biodiesel can also be prepared by
he esterification of free fatty acid present in animal fats (ex. lard
r tallow), with methanol over acid catalysts [1,2].

Traditionally, esterification reactions are carried out using
omogeneous catalysts, such as sulfuric acid. However, in order
o become a “green process”, the homogenous catalysts need to
eplace by heterogeneous ones. The solid acid catalysts are prefer-
ble, offering easy separation from the reactants and products by

ltration, allowing continuous operation of reactors.

Heteropolyacids (HPAs) have been extensively studied as acid
atalysts for a wide range of reactions [14,15]. The low specific areas
nd solubility in polar media have been reported as the major disad-

∗ Corresponding author. Tel.: +351 266745311; fax: +351 266744971.
E-mail address: jefc@uevora.pt (J.E. Castanheiro).
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.
© 2010 Elsevier B.V. All rights reserved.

vantages of Keggin-type HPA. In order to overcome this problem,
different supports, like silica [16–21], activated carbons [22–25],
zeolites [26–29] and polymers [30–33] have been used to immobi-
lize HPAs.

The esterification of fatty acids has been carried out over acid
clays [34] heteropolyacids [35] and heteropolyacids supported in
zirconium oxide [36], activated carbon, silica [37,38] and tantalum
pentoxide [39].

New kinds of acid solids have emerged in the last years based on
heteropolyacids immobilized in mesostructured MCM-41 [40,41]
and SBA-15 materials [42,43]. These catalysts lead to materials with
high surface area, narrow pore size distribution with high accessi-
bility of acid centres and relative high acid strength.

SBA-15 mesoporous silica (prepared using neutral block copoly-
mer), with well ordered hexagonal arrays of cylindrical channels,
narrow pore size distributions, remarkable thermal stability, high
surface area (600–1000 m2/g) [44,45], and a large number of silanol
groups at the surface of its channels [46], serves as an interesting

support for the purpose. Furthermore, SBA-15 mesopores are inter-
connected by micropores [47,48], enabling the pore surfaces to be
accessed in three dimensions in catalytic reactions.

In this work we report the esterification of palmitic, oleic
and stearic acid with methanol over tungstophosphoric acid

dx.doi.org/10.1016/j.apcata.2010.10.007
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:jefc@uevora.pt
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PW), tungstosilicic acid (SiW) and molybdophosphoric acid (PMo)
mmobilized on SBA-15.

. Experimental

.1. Preparation of catalyst

Mesoporous silica SBA-15 was prepared according to the liter-
ture [49] by using an ethylene oxide (EO)/propylene oxide (PO)
riblock copolymer (P123) with composition EO20PO70EO20 and
ith an average molecular weight of 5800, as the template. In a

ypical synthesis, 2.0 g of triblock P123 was dissolved in 60 cm3 of
M aqueous HCl and 15 cm3 of distilled water under stirring, and

hen 4.4 g of tetraethyl orthosilicate (TEOS) was added dropwise to
he solution at room temperature. The mixture was stirred for 24 h
t 313 K, and then the temperature was raised to 373 K and kept
t 373 K for another 24 h in a Teflon-lined autoclave. Finally the
esulting precipitate was filtered, washed carefully with distilled
ater, air-dried, and calcined at 773 K in air for 5 h to remove the

emplate and to obtain the final product SBA-15.
The catalysts were prepared by shaking 1 g of SBA-15 in 30 cm3

f methanol, with an appropriate amount of HPA, during 24 h, at
oom temperature. Evaporation of the suspensions was carried out
elow 60 ◦C using a rotary vacuum evaporator. The catalyst samples
ere calcined at 130 ◦C for 1.5 h.

.2. Characterization of the catalyst

The textural characterization of the catalysts was based on
he nitrogen adsorption isotherm, determined at 77 K with a

icromeritics ASAP 2010 apparatus.
The amount of Mo and W in silica catalysts was measured by

issolving the catalyst in H2SO4/HF 1:1 (v/v) and analysing the
btained solution using inductively coupled plasma analysis (ICP),
hich was carried out in a Jobin-Yvon ULTIMA instrument. The FTIR

pectra were recorded with a Bio-Rad FTS 155 instrument.
The X-ray diffraction (XRD) patterns of the heteropolyacid, silica

nd catalysts were obtained by using a Bruker powder diffractome-
er with built-in recorder, using Cu K� radiation, nickel filter, 30 mA
nd 40 kV in the high voltage source, and scanning angle between
.7◦ and 55◦ of 2� at a scanning rate of 1◦/min.

Transmission electron microscopy (TEM) analyses were per-
ormed on a Hitachi S-2400 scanning electron microscope, at a
urrent voltage of 25 kV.

Catalyst acidity was measured by means of potentiometric titra-
ion, according to Pizzio et al. [17]. A small quantity of n-butylamine
olution (0.05 N) in acetonitrile was added to a known mass (0.05 g)
f solid suspended in acetonitrile (90 cm3), and shaken for 3 h. The
uspension was then potentiometrically titrated with the same
olution of n-butylamine in acetonitrile. The electrode potential
ariation was measured with a Crison micropH 2001 instrument.

.3. Catalytic experiments

The catalytic experiments were carried out in a stirred batch
eactor at 60 ◦C. In a typical experiment, the reactor was loaded with
0 cm3 of methanol and 0.2 g of catalyst. Reactions were started by
dding 8 mmol of free fatty acid.

In order to study the reusability, the PW3-SBA-15 catalyst was
ltered from the reaction mixture. After this operation, it was
oaked in hexane overnight and it was dried overnight.

A posterior catalytic experiment was also conducted where the

W3-SBA-15 (0.2 g) was put in contact with methanol (30 cm3) dur-
ng 48 h, at 60 ◦C under stirring, without palmitic acid. After this
eriod, the catalyst was separated from methanol by centrifuga-
ion, and the substrate (palmitic acid) was added to the reaction

ixture.
p/p0

Fig. 1. N2 adsorption–desorption isotherm of the SBA-15 and SBA-15 with het-
eropolyacid. (�) SBA-15; ( ) PW4-SBA-15; (�) SiW-SBA-15; (×) PMo-SBA-15.

Samples were taken periodically and analysed by GC, using a
KONIC HRGC-3000C instrument equipped with a 30 m × 0.25 mm
DB-1 column.

3. Results and discussion

3.1. Catalyst characterization

Fig. 1 shows the nitrogen adsorption–desorption isotherms at
77 K of the samples. A typical IV adsorption isotherm with H1 hys-
teresis loop as defined by IUPAC is observed. The hysteresis loop
shows typical capillary condensation within uniform pores and
considerable adsorption amounts for all materials, indicating that
the samples have considerable volumes of nanospaces even after
the introduction of heteropolyacids. All the materials have large
surface areas, while the impregnation of HPAs decreases the spe-
cific surface area and total pore volume of SBA-15 (Table 1). Similar
results were also observed by Luo et al. [50].

The Keggin-anion density of the catalysts (HPA nm−2) expressed
as the number of Keggin anions per square nanometre was calcu-
lated according to the actual HPA loading and catalyst surface area
(Table 1). The surface coverage of catalyst was calculated according
to a literature method using the following equation [51]:

Keggin-anion density (HPA nm−2)

=
[
HPA loading (wt%)/100

]
× 6.02 × 105

BET surface area of catalyst (m2 g−1) × MM(HPA)

where MM(HPA) is the molecular weight of the heteropolyacids.
It was observed that all catalysts showed low Keggin-anion den-

sity and when the heteropolyacid amount immobilized on SBA-15
increases the density increases as well. Similar results were also
observed by Atia et al. [52] and Chai et al. [51].

The FTIR spectrum of immobilized HPA on SBA-15 catalysts is
shown in Fig. 2. There are four different kinds of oxygen atoms,
in Keggin anion structure [XM12O40]n−, according to the location
they take in that unit: oxygen atoms bound to three M atoms and
to the X heteroatom (Oa), bridging oxygen atoms (Ob and Oc), and
terminal oxygen atoms (Od). The symmetric and asymmetric vibra-
tions of different M–O bonds are observed in the following regions
of the vibration spectra: M–Od bonds (1000–960 cm−1); M–Ob–M
bonds (890–850 cm−1); and M–Oc–M bonds (800–760 cm−1) [53].

However, some bands typical of the Keggin-type HPA structures are
overlapped or partially overlapped with the bands of the SBA-15
matrix framework.

The X-ray diffraction patterns of the samples are shown in Fig. 3.
The hexagonal structure of SBA-15 is confirmed by a sharp peak
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Table 1
Physicochemical characterization of HPAs immobilized on SBA-15.

Sample HPA loada (wt%) Surface areab (m2/g) Total pore volumec (cm3/g) Keggin-anion density (HPA nm−2)

SBA-15 – 1020 1.32 –
PW1-SBA-15 2.7 880 1.19 0.006
PW2-SBA-15 6.7 761 1.12 0.018
PW3-SBA-15 7.3 754 0.94 0.020
PW4-SBA15 8.3 672 0.84 0.026
SiW-SBA-15 2.8 812 0.99 0.007
PMo-SBA-15 3.3 844 1.06 0.013

a HPA load determined by ICP analysis.
b BET.
c p/po = 0.98.
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Fig. 2. FT-IR spectra of catalysts: (A) SBA-15; (B) SiW-SBA-15; (C) PW3-SBA-15; (D)
PMo-SBA-15.
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Fig. 3. X-ray diffractograms of catalysts (A): (a) SBA-15; (b) PW1-SBA-15; (c) PW2-
SBA-15; (d) PW3-SBA-15; (e) PW4-SBA-15; (f) SiW-SBA-15; (g) PMo-SBA-15; (B) (a)
PW; (b) SiW; (c) PMo; (a) SBA-15; (b) PW1-SBA-15; (c) PW2-SBA-15; (d) PW3-SBA-
15; (e) PW4-SBA-15; (f) SiW-SBA-15; (g) PMo-SBA-15.
along with two weak peaks at lower 2� region of 0.7–2◦ and the
(1 0 0), (1 1 0) and (2 0 0) reflections corresponding to basal spacing
of the mesoporous silica (Fig. 3A). The presence of the small angle
diffraction peaks for HPA-SBA-15 suggests that the mesostructures
are reserved after heteropolyacid immobilization [54]. SBA-15 sup-
ported samples did not present the characteristic XRD pattern of
crystalline PW, PMo and SiW (Fig. 3B).

TEM images of the SBA-15 exhibit the existence of well-ordered
nanochannels, and the nanochannels are arranged on 2D hexago-
nal structure and appear to be continuous over very large scales
(Fig. 4). According to SEM images (Fig. 4A and B), morphology of
SBA-15 supports have remained intact after immobilization of the
heteropolyacid. A similar result was also observed by Luo et al. [50].
The potentiometric titration curves, with n-butylamine,
obtained for the silica and the catalysts are presented in Fig. 5. The
initial electrode potential (Ei) indicates the maximum acid strength
of the surface sites [15]. The acidic strength of surface sites can

Fig. 4. Transmission electron microscopy (TEM) images of (A) SBA-15 and (B) PW3-
SBA-15.
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Table 3
Esterification of palmitic acid with methanol (60 ◦C, 1:98 substrate:methanol molar
ratio).

Catalyst Conversion (%)d

PWa,b 98
H2SO4

a,b 99
PW3-SBA-15c 96

accessibility to acid sites decrease as well. However, all catalysts
exhibited high palmitic acid conversion (%), after 6 h of reaction
(Fig. 7B).

In order to optimize the reaction conditions, the effect of differ-
ent parameters (catalyst loading, molar ratio alcohol to fatty acid
ig. 5. Potentiometric titration of catalysts. (©) SBA-15; (�) PW1-SBA-15; (×) PW2-
BA-15; ( ) PW3-SBA-15; (�) PW4-SBA-15; ( ) SiW-SBA-15; (♦) PMo-SBA-15.

e assigned according to the following ranges: very strong site,
i > 100 mV; strong site, 0 < Ei < 100 mV; weak site, −100 < Ei < 0 mV
nd very weak site, Ei < −100 mV [17]. Table 2 shows the maximum
trength of the catalysts. PW-SBA-15 samples show higher maxi-
um strength that the PMo-SBA-15 and SiW-SBA-15 catalysts. It

an be also observed that the Ei of PW-SBA-15 samples increases
ith the amount of PW immobilized on SBA-15 (Table 1). This

ehaviour can be explained due to the increases of protons amount
ith PW loading. Similar results were also observed by Díez et al.

55] and Gagea et al. [56].

.2. Catalytic experiments

Esterification of palmitic acid with methanol was carried out,
n homogenous phase, with PW, H2SO4, as catalysts. Turnover fre-
uency (TOF) of sulphuric acid, PW and PW3-SBA-15 are 8, 30 and
43 h−1, respectively. Similar results were obtained by Alsalme et
l. [21], in esterification of hexanoic acid with methanol over PW,
2SO4 and PW supported on Nb2O5. However, after 4 h of reaction,
high palmitic acid conversion was obtained (Table 3).

Esterification of palmitic acid with methanol was also carried
ut over heteropolyacids immobilized on SBA-15. Fig. 6A shows
he initial activities (mol/h gHPA) of the catalysts in the esterifica-
ion of palmitic acid with methanol, calculated from the maximum
lopes of the methyl palmitate kinetic curve. It was observed that
he catalytic activity decreases in the series: PW1-SBA-15 > SiW-
BA-15 > PMo-SBA-15. This behaviour can be explained due to the
W1-SBA-15 catalyst possessing the highest acid strength of het-

ropolyacids (Table 2). After 6 h of reaction, it was observed that
he palmitic acid conversion (%) is 92%, 57% and 45% for the PW1-
BA-15, SiW-SBA-15, PMo-SBA-15 catalyst, respectively (Fig. 6B).

Fig. 7A compares the initial activity (mol/h gPW) of PW-SBA-15
atalysts loaded with different PW amounts on the esterification of

able 2
nitial electrode potential (mV) of catalysts.

Sample Ei (mV)

SBA-15 118
PW1-SBA-15 675
PW2-SBA-15 694
PW3-SBA-15 710
PW4-SBA15 714
SiW-SBA-15 565
PMo-SBA-15 475
a Homogeneous reaction.
b 0.015 g catalyst.
c 0.2 g catalyst (7.3 wt%).
d After 4 h of reaction.

palmitic acid with methanol. It was observed that the initial cat-
alytic activity increases with the PW content, from PW1-SBA-15 to
PW2-SBA-15. These results can be explained due to the increases
of acid strength of catalysts with the amount of PW immobilized
on SBA-15 (Table 2). However, with higher PW loading on SBA-15,
it was observed that the catalytic activity decreases from PW2-
SBA-15 to PW3-SBA-15 and it seems to be kept from PW3-SBA15
to PW4-SBA-15. This behaviour can be explained, probably, due
to some hindrance inside the porous system, once the maximum
acid strength of PW3-SBA-15 and PW4-SBA-15 samples is simi-
lar (Table 2). A decrease of SBET and total porous volume with the
amount of PW on SBA-15 was observed (Table 1). Probably, the
Fig. 6. Esterification of palmitic acid with methanol over heteropolyacids immo-
bilized on SBA-15. (A) Initial activities taken as the maximum observed reaction
rate, calculated from the maximum slope of the methyl palmitate kinetic curve.
(B) Palmitic acid conversion (%) versus time on stream (h). ( ) PW1-SBA-15; (�)
SiW-SBA-15; (�) PMo-SBA-15. Reaction conditions: temperature = 60 ◦C; catalyst
loading = 0.2 g.
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onversion (%) versus time on stream (h). ( ) PW1-SBA-15; (�) PW2-SBA-15; (�)
W3-SBA-15; (×) PW4-SBA-15. Reaction conditions: temperature = 60 ◦C; catalyst
oading = 0.2 g.

nd carbon length of the alcohol and temperature) on the esterifi-
ation of palmitic acid over PW3-SBA-15 catalyst was studied.

.2.1. Effect of catalyst loading
The effect of PW3-SBA-15 loading on esterification of palmitic

cid with methanol was studied at 60 ◦C. The results are shown in

ig. 8. It was observed that the increase in catalyst loading from
.05 g to 0.2 g showed an increase on the palmitic acid conversion.
hese results can be attributed to an increase in the availability
nd number of catalytically active sites [57]. The esterification of

ig. 8. Esterification of palmitic acid with methanol over PW3-SBA-15. Effect of
atalyst loading. Palmitic acid conversion (%) versus time on stream (h). (�) Without
atalyst; (�) m = 0.5 g; ( ) m = 0.2 g.
Fig. 9. Esterification of palmitic acid with methanol or ethanol over PW3-SBA-15.
Effect of temperature. Palmitic acid conversion (%) versus time on stream (h). ( )
reaction with methanol, at 60 ◦C; (�) reaction with ethanol, at 60 ◦C; (�) reaction
with ethanol, at 80 ◦C.

palmitic acid with methanol was studied over PW catalyst [58].
The catalyst amount was varied in the range of 0.03–0.12 mmol.
It was observed that the conversion was increased firstly with the
increase of catalyst amount (55% at 0.03 mmol of catalyst and 87%
at 0.06 mmol of catalyst, after 12 h of reaction). However, the con-
version was increased slowly, with further increase in the catalyst
amount (95% at 0.09 mmol of catalyst and 95% at 0.12 mmol of cat-
alyst, after 12 h of reaction). This behaviour was attributed to the
increase in the number of catalytically active site [58].

3.2.2. Effect of the carbon length of the alcohol and temperature
The most frequently alcohols used in the biodiesel production

are methanol and ethanol. Due to the low cost of methanol, this
alcohol is the first choice for the esterification/transesterification
reactions. However, ethanol is the ideal candidate for the synthesis
of a fully biogenerated biodiesel [11].

The type alcohol influence (methanol and ethanol) on esteri-
fication of palmitic acid over PW3-SBA-15, at 60 ◦C, is shown in
Fig. 9. The reaction of palmitic acid with ethanol over PW3-SBA-15
at 80 ◦C is also shown in Fig. 9. It can be seen that the esterification
of palmitic acid with ethanol led to lower conversion, when com-
pared with methanol, at 60 ◦C. These results can be explained due to
the reaction rate with ethanol is slower than with methanol, once
the ethyl nucleophile is less reactive than the methyl nucleophile.
Similar results were also observed by Aranda et al. [8]. An increase
of the palmitic acid conversion was observed using ethanol, when
the temperature was increased from 60 ◦C to 80 ◦C.

3.2.3. Effect of molar ratio alcohol to fatty acid
The esterification of palmitic acid with methanol is a reversible

reaction. High conversion can only be obtained if the backward
reaction is minimized. There are two ways to reduce the rate of
backward reaction: (1) to remove the product water simultane-
ously or (2) to use excess of one of the reactants (methanol). In
this system, it is not easy to remove water, as the boiling point of
methanol (65 ◦C) is lower than the boiling point of water (100 ◦C).
Thus, the second option was applied in the present work. How-
ever, the excess of methanol used in the reaction can be collected
and reused. In order to study the effect of molar ratio palmitic
acid to methanol on esterification reaction, different experiments

◦
were carried out using 1:6, 1:32, 1:63 and 1:95 at 60 C. Total vol-
ume of reaction mixture was the same. The amount of catalyst,
as concentration of catalyst expressed in g/dm3, is 6.67 gcat/dm3.
Fig. 10A shows the effect molar ratio palmitic acid to methanol on
palmitic acid conversion (%). The equilibrium conversion of palmitic
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ig. 10. Esterification of palmitic acid with methanol over PW3-SBA-15. Effect of
he molar ratio of palmitic acid to methanol. (A) Palmitic acid conversion (%) versus
ime on stream (h). ( ) 1:95; (�) 1:63; (�) 1:31; (×) 1:6. (B) Conversion (%) after 5 h
ersus molar ratio. Reaction conditions: temperature = 60 ◦C; catalyst loading = 0.2 g.

cid increased from about 88% to 96% at molar ratio palmitic acid
o methanol 1:6 and 1:95, respectively. Similar results were also
bserved by Teo and Saha [59]. After 5 h, the conversion increased
ith the increases of molar ratio (Fig. 10B).

.2.4. Catalyst stability and reusability
In order to study the reusability, the PW3-SBA-15 catalyst was
ltered from the reaction mixture and then was soaked in hex-
ne overnight to remove the esters present on the surface. Finally,
he catalyst was dried overnight (80 ◦C) and used for esterification.
ig. 11 shows the palmitic acid conversion (%) obtained using fresh
nd spent catalyst. The loss of activity can be explained not only due
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ig. 11. Esterification of palmitic acid with methanol over PW3-SBA-15, at 60 ◦C.
almitic acid conversion (%) versus time on stream (h). (�) SBA-15; ( ) PW3-SBA-
5 (fresh); (×) PW3-SBA-15 (used, dry overnight at 80 ◦C); (+) PW3-SBA-15 (used,
ry overnight at 110 ◦C); (�) PW3-SBA-15 after catalyst removal.
activities taken as the maximum observed reaction rate, calculated from the maxi-
mum slope of the methyl palmitate, methyl stearate and methyl oleate kinetic curve.
Reaction conditions: temperature = 60 ◦C; catalyst loading = 0.2 g.

to the leaching and a loss of the catalyst (fine powder) in separa-
tion, but also due to some water (product of esterification) present
on catalyst. When the PW3-SBA-15 was dried overnight at 110 ◦C,
it was observed similar activity of fresh and spent catalyst (Fig. 11).

In order to study the catalytic stability of PW3-SBA-15, an exper-
iment, similar to the “hot-filtration experiment”, was carried out.
The PW3-SBA-15 catalyst was put in contact with the methanol
during 48 h, at 60 ◦C under stirring, without palmitic acid. After this
period, the catalyst was separated from methanol by centrifugation,
and the palmitic acid was added to the reaction mixture. The reac-
tion was carried out during 6 h. Fig. 11 compares the conversion of
palmitic acid obtained with SBA-15 and with and without catalyst.
It was observed that the heteropolyacid leaching from SBA-15 to
reaccional mixture seem to be small.

3.2.5. Esterification of oleic and stearic acid with methanol
The PW3-SBA-15 catalyst was also used in esterification of oth-

ers fatty acids: oleic and stearic acid. Fig. 12 compares the initial
catalytic activities of the PW3-SBA-15 in esterification of palmitic,
stearic and oleic acid, calculated from the maximum slopes of ester
kinetic curves. It was observed that the catalytic activity of PW3-
SBA-15 decreases, when the carbon numbers of fatty acid increases.
This behaviour can be explained not only due to some hindrance
inside the porous system of the SBA-15 but also due to the structure
of FFA. According to Warabi et al. [60], the conversion of fatty acids
decreases with an increase of carbon number in the chain of FFA.
After 5 h, the conversion of palmitic, oleic and stearic acid was 96,
85 and 78% respectively.

4. Conclusions

Tungstophosphoric acid (PW), molybdophosphoric acid (PMo)
and silicotungstic acid (SiW) immobilized on SBA-15 were success-
fully employed in the esterification of palmitic acid with methanol.
It was observed that the catalytic activity decreases in the series:
PW1-SBA-15 > SiW-SBA-15 > PMo-SBA-15.

SBA-15 with different PW amount, which varied from 2.7 to
8.3 wt%, were also prepared and used in the esterification of
palmitic acid. High catalytic activity was observed.

In order to study and optimize the reaction conditions, the
effect of various parameters, such as catalyst loading, molar ratio

of palmitic acid to methanol and carbon length of the alcohol and
temperature of PW3-SBA-15 were carried out.

PW3-SBA-15 catalyst was re-used. A small leaching of the het-
eropolyacid from SBA-15 to liquid phase was observed.
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Due to the high catalytic activity of PW3-SBA-15 on the esteri-
cation of palmitic acid with methanol, the catalyst was also used

n esterification of stearic and oleic acid with methanol. It was
bserved that the catalytic activity decreases with the increases
f the number of carbon atoms.
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24] Z. Obali, T. Doğu, Chem. Eng. J. 138 (2008) 548–555.

25] M.E. Chimienti, L.R. Pizzio, C.V. Cáceres, M.N. Blanco, Appl. Catal. A: Gen. 208

(2001) 7–19.
26] S.R. Mukai, T. Masuda, I. Ogino, K. Hashimoto, Appl. Catal. A: Gen. 165 (1997)

219–226.
27] B. Sulikowski, J. Haber, A. Kubacka, K. Pamin, Z. Olejniczak, J. Ptaszynski, Catal.

Lett. 39 (1996) 27–31.

[

[

[
[

A: General 390 (2010) 183–189 189

28] J. Haber, K. Pamin, L. Matachowski, D. Much, Appl. Catal. A: Gen. 256 (2003)
141–152.

29] P. Ferreira, I.M. Fonseca, A.M. Ramos, J. Vital, J.E. Castanheiro, Catal. Commun.
10 (2009) 481–484.

30] J.S. Choi, I.K. Song, W.Y. Lee, Catal. Today 67 (2001) 237–245.
31] J.S. Choi, I.K. Song, W.Y. Lee, Catal. Today 56 (2000) 275–282.
32] J.E. Castanheiro, A.M. Ramos, I. Fonseca, J. Vital, Catal. Today 82 (2003) 187–

193.
33] J.E. Castanheiro, I.M. Fonseca, A.M. Ramos, R. Oliveira, J. Vital, Catal. Today 104

(2005) 296–304.
34] S.B. Neji, M. Trabelsi, M.H. Frikha, Energies 2 (2009) 1107–1117.
35] V.W.G. Silva, L.O. Laier, M.J. Silva, Catal. Lett. 135 (2010) 207–211.
36] K.N. Rao, A. Sridhar, A.F. Lee, S.J. Tavener, N.A. Young, K. Wilson, Green Chem.

8 (2006) 790–797.
37] M.G. Kulkarni, R. Gopinath, L.C. Meher, A.K. Dalai, Green Chem. 8 (2006)

1056–1062.
38] C.S. Caetano, I.M. Fonseca, A.M. Ramos, J. Vital, J.E. Castanheiro, Catal. Commun.

9 (2008) 1996–1999.
39] L. Xu, Y. Wang, X. Yang, X. Yu, Y. Guo, J.H. Clark, Green Chem. 10 (2008) 746–755.
40] I.V. Kozhevnikov, K.R. Kloetstra, A. Sinnema, H.W. Zandbergen, H. van Bekkum,

J. Mol. Catal. A: Chem. 114 (1996) 287–298.
41] M.J. Verhoef, P.J. Kooyman, J.A. Peters, H. van Bekkum, Micropor. Mesopor.

Mater. 27 (1999) 365–371.
42] Z. Karimi, A.R. Mahjoub, F.D. Aghdam, Inorg. Chim. Acta 362 (2009) 3725–3730.
43] J.A. Melero, R. van Grieken, G. Morales, Chem. Rev. 106 (2006) 3790–3812.
44] P.J. Collman, L. Zeng, I.J. Brauman, Inorg. Chem. 43 (2004) 2672–2679.
45] D.Y. Zhao, Q.S. Huo, J.L. Feng, B.E. Chmelka, G.D. Stucky, J. Am. Soc. Chem. 120

(1998) 6024–6036.
46] P. Karandikar, K.C. Dhanya, S. Deshpande, A.J. Chandwadkar, S. Sivasanker, M.

Agashe, Catal. Commun. 5 (2004) 69–74.
47] F. Ehrburger-Dolle, I. Morfin, E. Geissler, F. Bley, F. Livet, C. Vix-Guterl, S. Saadal-

lah, J. Parmentier, M. Reda, J. Patarin, M. Iliescu, J. Werckmann, Langmuir 19
(2003) 4303–4308.

48] R. Ryoo, C.H. Ko, M. Kruk, V. Antochshuk, M. Jaroniec, J. Phys. Chem. B 104 (2000)
11465–11471.

49] L. Gao, Y. Wang, J. Wang, L. Huang, L. Shi, X. Fan, Z. Zou, T. Yu, M. Zhu, Z. Li, Inorg.
Chem. 45 (2006) 6844–6850.

50] Y. Luo, Z. Hou, R. Li, X. Zheng, Micropor. Mesopor. Mater. 109 (2008) 585–590.
51] S.-H. Chai, H.-P. Wang, Y. Liang, B.-Q. Xu, Green Chem. 10 (2008) 1087–1093.
52] H. Atia, U. Armbruster, A. Martin, J. Catal. 258 (2008) 71–82.
53] C. Rocchiccioli-Deltcheff, M. Fournier, R. Franck, R. Thouvenot, Inorg. Chem. 22

(1983) 207–216.
54] H. Liu, N. Xue, L. Peng, X. Guo, W. Ding, Y. Chen, Catal. Commun. 10 (2009)

1734–1737.
55] V.K. Díez, B.J. Marcos, C.R. Apesteguía, J.I. Di Cosimo, Appl. Catal. A: Gen. 358

(2009) 95–102.
56] B.C. Gagea, Y. Lorgouilloux, Y. Altintas, P.A. Jacobs, J.A. Martens, J. Catal. 265

(2009) 99–108.

57] F. Chai, F. Cao, F. Zhai, Y. Chen, X. Wang, Z. Su, Adv. Synth. Catal. 349 (2007)

1057–1065.
58] F. Cao, Y. Chen, F. Zhai, J. Li, J. Wang, X. Wang, S. Wang, W. Zhu, Biotechnol.

Bioeng. (101) (2008) 93–100.
59] H.T.R. Teo, B. Saha, J. Catal. 228 (2004) 174–182.
60] Y. Warabi, D. Kusdiana, S. Saka, Bioresour. Technol. 91 (2004) 283–287.


	Esterification of free fatty acids to biodiesel over heteropolyacids immobilized on mesoporous silica
	Introduction
	Experimental
	Preparation of catalyst
	Characterization of the catalyst
	Catalytic experiments

	Results and discussion
	Catalyst characterization
	Catalytic experiments
	Effect of catalyst loading
	Effect of the carbon length of the alcohol and temperature
	Effect of molar ratio alcohol to fatty acid
	Catalyst stability and reusability
	Esterification of oleic and stearic acid with methanol


	Conclusions
	References


