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Abstract

It is reported here about some attempts in order to develop a multi-phase catalytic system active for vegetable oil alcoholysis based
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pon tin compounds. The immobilization of Sn(3-hydroxy-2-methyl-4-pyrone)2(H2O)2 by dissolving it in the 1-butyl-3-methylimidazoliu
exafluorophosphate ionic liquid and supporting it in an ion-exchange resin, as well as the catalytic behavior of tin oxide was s
nchoring the tin complex in the ionic liquid, it was observed that its catalytic activity was maintained but it was not possible

he catalytic system due to leaching of the catalyst from the ionic phase during each reaction. On the other hand, it was found
omplex lost its catalytic activity when supported in the organic resin. It was also shown that tin oxide was active for soybean oil me
conversion yields up to 93% in 3 h were achieved) and was also possible to recycle it without any loss in its catalytic activity.
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. Introduction

Depletion of the world petroleum reserves and increasing
nvironmental concerns has stimulated the search for renew-
ble fuels[1]. Biodiesel is an interesting alternative due to

he fact that its properties are similar to those of diesel[2].
Different methods of synthesizing biodiesel have been

roposed[3–5]. The most common is the catalytic transester-
fication reaction of vegetable oils with a short-chain alcohol,
sually methanol. Also known as methanolysis, this reaction

s well studied and established for soybean, sunflower and
apeseed, using acids or alkalies as catalysts[6,7].

Unfortunately, these traditional catalytic systems are as-
ociated with corrosion and difficulties in the process due to
mulsion formation[8]. In order to minimize these problems,
ttempts to use heterogeneous catalyst systems in alcoholysis
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of triglycerides have been made[8–10]. The use of hetero
geneous catalysts makes separation of the product easi
achieves conversions higher than 95% in systems using
molecular weight alcohols where neither alkali nor acid
alysts work[11]. However, these catalytic systems have v
low reaction velocities when compared with the traditio
ones[8–11].

We have recently shown that metal compounds of the
M(3-hydroxy-2-methyl-4-pyrone)2(H2O)2, where M = Sn
Pb or Zn, used as catalysts are active for vegetable oil t
esterification in homogeneous conditions[12,13]. Sn and Zn
complexes were much more active than the traditional N
and H2SO4 catalysts under the same conditions. It is w
mentioning that these catalystic systems are active fo
transesterification of different vegetable oils and severa
cohols, including the high molecular ones[13], with the tin
complex always showing the highest catalytic activity. H
ever, as long as these catalytic systems remain dissolved
reaction medium, it is difficult to recover and reuse them.
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this reason, immobilization of the tin complex was attempted
in order to obtain similar catalytic activity allied with the ad-
vantages of an heterogenous system. To achieve this goal,
two different strategies were followed: (i) anchoring the tin
complex to ionic liquids (biphasic catalysis) and (ii) support-
ing it in an organic solid phase. Tin oxide was also prepared
and tested as catalyst for the methanolysis reaction.

2. Experimental

2.1. Reagents

All reagents were obtained from commercial sources and
used without further purification. Reagent grade tin(II) chlo-
ride, 3-hydroxy-2-methyl-4-pyrone, acetylacetone, sodium
hydroxide and Dowex 50WX8-100 ion-exchange resin were
obtained from Aldrich (Milwaukee, WI). Refined soybean
oil was obtained from Bunge (Gaspar-Santa Catarina State,
Brazil). Dimethylsiloxane (DMSO) and methanol (MeOH)
were analytical grade and obtained from Merck. Methylim-
idazole, butylchloride and potassium hexafluorophosphate
were obtained, in analytical grade, from Acros.

2.2. Preparation of catalysts
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phase system. The organic phase was washed three times with
50 mL of distilled water. Then, 100 mL of dichloromethane
and 35 g of anhydrous magnesium sulfate were added. After
1 h, the suspension was filtered and the volatiles eliminated
under reduced pressure (0.1 mbar) at 30◦C for 2 h, affording
97.5 g (0.34 mol, 91%) of 1-n-butyl-3-methylimidazolium
hexafluorophosphate as a light yellow viscous liquid.

The Sn(3-hydroxy-2-methyl-4-pyrone)2(H2O)2 complex
was prepared according to methods previously described
[15]. In 20 mL of distilled water 0.2 mmol of ligand (3-
hydroxy-2-methyl-4-pyrone) and 2 mmol of sodium hydrox-
ide were dissolved. To this solution 0.1 mmol chloride salts
of metals dissolved in 20 mL of water were added slowly un-
der continuous magnetic stirring. The mixture was left stir-
ring at 323 K for 30 min and then was kept in a refrigerator
overnight and the resulting precipitate was isolated by filtra-
tion, washed several times with distilled water and dried in
a vacuum desiccator over silica gel. 158.63 mg (0.43 mmol,
43%) of Sn(C6H5O3)2·2H2O were obtained.

2.2.2. Anchoring Sn(3-hydroxy-2-methyl-4-
pyrone)2(H2O)2 to BMI(PF6) (1)

The Sn(3-hydroxy-2-methyl-4-pyrone)2(H2O)2 (0.036 g)
was mixed at room temperature in BMI(PF6) (2 mL) until its
complete dissolution.
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.2.1. Materials
The BMI(PF6) ionic liquid was prepared according

ethods previously described[14]. A 2 L, three-necked
ound-bottomed flask, equipped with a heating oil bat
itrogen inlet adapter, an overhead mechanical stirrer a
eflux condenser, was flushed with nitrogen. Then, the
as charged with 151.5 g (1.85 mol, 1 equiv.) of freshly

illated N-methylimidazol, 100 mL of acetonitrile and 22
2.4 mol, 1.3 equiv.) ofn-chlorobutane, and kept under g
le reflux (75–80◦C internal temperature) for 48 h and th
ooled to room temperature. The volatiles were rem
rom the resulting yellow solution under reduced pres
nd the remaining light-yellow oil was re-dissolved in
cetonitrile (250 mL). The obtained solution was added d
ise via cannula to a well-stirred, 1000 mL of dry ethyl
tate placed in a 2-L round-bottomed flask, equipped
nitrogen inlet adapter and an overhead mechanica

er. The imidazolium salt crystallized exothermically alm
mmediately and after the addition of the acetonitrile s
ion was completed, the flask was placed at−30◦C for 2 h.
he supernatant solution was removed via filtration thro
filter-cannula and the resulting white solid was dried u

educed pressure (0.1 mbar) at 30◦C for 6 h affording 1-n-
utyl-3-methylimidazolium chloride 309.2 g (96%). Then
ne-necked round-bottomed flask was charged with 6
0.37 mol, 1 equiv.) of the 1-n-butyl-3-methylimidazolium
hloride so prepared, 69.3 g (0.37 mol, 1 equiv.) of potas
exafluorophosphate, used as received from comm
ources, and 70 mL of distillated water. The reaction mix
as stirred at room temperature for 2 h affording a t
a

-

l

2.2.3. Supporting Sn(3-hydroxy-2-methyl-4-
pyrone)2(H2O)2 in Dowex 50WX8-100 ion-exchange
resin (2)

The Sn(3-hydroxy-2-methyl-4-pyrone)2(H2O)2 (0.200 g)
was dissolved in DMSO (9 mL) and then impregnated
an acid ion-exchange resin (4 g) at 60◦C for 72 h. The re
sulting product2 was isolated by filtration, washed w
distilled water, and dried in a vacuum desiccator o
silica gel.

2.2.4. Preparation of SnO (3)
A water solution (20 mL) containing acetylacetone (0.

2 mmol) and sodium hydroxide (0.079 g, 2 mmol) was slo
added, under magnetic stirring, to a water solution (20 m
tin(II) chloride (0.551 g, 2 mmol). The mixture was left u
der stirring at 40◦C for 30 min and then kept in a refrigera
overnight. The resulting precipitate was isolated by filtrat
washed several times with distilled water and dried in a
uum desiccator over silica gel. The resulting complex
calcined at 500◦C for 24 h.

2.3. Characterization of catalysts

2.3.1. ICP emission spectroscopy
The amount of Sn adsorbed on the surface of the

alyst 2 and present in the catalyst3 were determined b
ICP emission spectroscopy using a Varian Liberty RL Se
II inductively coupled plasma-optical emission spectrom
(ICP-OES).
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2.3.2. Surface area (BET)
The surface area of the catalyst3was obtained by the BET

method using a ‘MICROMERITICS’ analyzer model ASAP-
2010. The isotherms were obtained through adsorption of N2
at 77.30 K.

2.4. Catalytic experiments

The vegetable oil (10 g) was transesterified in the pres-
ence of methanol (1.5 g) using 2 mL of1 or 0.5 g of2 or
3 as catalysts. The reaction mixtures were kept in a 50 mL
batch reactor under gentle reflux (approximately 60◦C) and
magnetic stirring for the desired time. The product obtained
was washed three times with distilled water. The recov-
ered esters were analyzed by gas chromatography on a Shi-
madzu GC-17A chromatograph with FID detector, equipped
with a poly-dimethylsiloxane column (CBPI PONA-M50-
042, 30 m, 0.25 mm i.d. and film thickness of 0.2�m), at
temperatures varying from 80 to 180◦C, with a heating rate
of 10◦C/min. Ethyl acetate (0.1 g) was used as internal stan-
dard.

3. Results and discussion
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Fig. 1. Illustration of the soybean oil methanolysis reaction using the tin
complex (1) immobilized in the ionic liquid. (A) Soybean oil/methanol;
(B) methanol/ionic liquid/1; (C) fatty-acid compounds; (D) water/glycerine.
Note that the reaction was carried out under reflux conditions (T≈ 60◦C)
for 1 h.

sible to use BMI(PF6) to anchor the tin complex to obtain a
recyclable catalytic system for the methanolysis of soybean
oil.

3.2. Sn(3-hydroxy-2-methyl-4-pyrone)2(H2O)2
supported in acid resin

Another attempt to obtain a recyclable catalytic system
for the transesterification reaction using the tin complex was
made by supporting it in a DOWEX® acid resin. The chemical
adhesion of the tin complex to the acid resin was achieved
by keeping a DMSO solution of the complex in contact with
the resin at 60◦C. The tin complex probably reacts with the
sulfonic acid group of the resin, remaining bonded in the resin
surface after the elimination of one molecule of the ligand.
After 76 h, the resulting solid2 was isolated and purified and
it was observed that 86 mg of tin was retained per gram of2.

Since the resin is acid, it was tested as a catalyst for soy-
bean methanolysis using the same reaction conditions of the
other catalytic systems. One percentage of the reaction yield
was obtained after 1 h. Then, the mixture of2, soybean oil
and methanol was kept under reflux for 1 h. Unfortunately, the
observed reaction yield of 0.5% was lower than that obtained
using pure resin. This result was particularly unexpected be-
cause the amount of tin in the resin used in this reaction is
a
t ned

F ctions
t

.1. Biphasic catalysis

In the last decade, ionic liquids have received at
ion as solvents for two-phase catalysis. These compo
specially those derived from the combination of qua
ary ammonium salts and weakly coordinating anions,
roved to be ideal immobilizing agents for various ‘cla
al’ transition-metal catalyst precursors in reactions ran
rom those of the Ziegler–Natta type to the hydroformyla
f olefins[16] and references therein.

Thus, the first attempt to immobilize the Sn(3-hydro
-methyl-4-pyrone)2(H2O)2 catalyst was by anchoring it
MI(PF6). A two-phase system, obtained by mixing a so

ion of the tin complex in ionic liquid, methanol and soyb
il, was kept in reflux for 1 h. Then, water was added to
eaction mixture and a three-phase system was obtain
llustrated inFig. 1. Note that the upper layer contained
atty acid methyl esters, the middle one was compose
ater and hydroxyl compounds, and the bottom layer

ained the ionic liquid, all separable by simple decanta
he ionic liquid, which was supposed to contain the tin c
lex, was reused up to four times and the results are sho
ig. 2. It became clear from this figure that by anchoring

in complex in the ionic liquid, the catalytic activity of t
atalyst was maintained. Indeed, in 1-h reactions, yield
5% was achieved. However, as can be depicted from th

ure, the reactions’ yield drastically decreased with each
ubstrate charge, dropping from 58% in the first charg
lmost zero in the last one. This behavior is probably ca
y leaching of the catalyst from the ionic phase during e
eaction. Due to this fact, it was concluded that it is not
lmost the same used in homogeneous conditions ([13], Sec-
ion 2). This reduction in the reaction yield can be explai

ig. 2. Reaction yields observed for four soybean oil methanolysis rea
he same ionic phase composed by1 dissolved in BMI(PF6).
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Table 1
Methanolysis of soybean oil using SnO as catalysts

Entry Time (h) Reaction yield (%)

First substrate charge Second substrate charge Third substrate charge Fourth substrate charge

1 1 56.5 56.5 57.9 55.3
2 3 92.6
3 5 94.7

by assuming that the interaction of the resin with the tin com-
plex probably deactivated the acid sites of both the resin and
the complex.

3.3. SnO

In a previous paper, it was found that the catalytic
activity for soybean methanolysis decreased in the order
Sn2+ � Zn2+ > Pb2+ ∼= Hg2+ [13]. Since both attempts at het-
erogenization of the tin complex failed, a new heterogeneous
catalyst was prepared using tin. According to the literature,
alkaline earth-metal and zinc oxides are active in the alco-
holysis reaction of esters[17,18]. Thus, tin oxide was tested
as a catalyst for the alcoholysis of vegetable oils.

Tin oxide3 was prepared by calcination of tin(II) acety-
lacetonate at 500◦C for 24 h, as depicted inScheme 1. By
ICP–IOS analysis, it was verified that tin oxide so prepared
3 had 87.9% of tin, and was in excellent agreement with the
theoretical composition of SnO (88.12%). The surface area
of this solid was determined by the BET method to be ap-
proximately 35 m2/g.

Solid tin oxide was tested as a catalyst for the soybean oil
transesterification reaction. The results are shown inTable 1
andFig. 3. It is worth mentioning that no emulsion formation
was observed at the end of the reaction. After 1 h, a conver-

F pres-
e

sion of up to 56% was obtained (entry 1). Catalyst recycling
was achieved by simple filtration of the mixture at the end of
the reaction. The recovered solid was used three more times,
under the same reaction conditions. It is important to high-
light that catalytic activity was totally conserved. When the
reaction mixture was kept under reflux for longer periods of
time, higher conversions were achieved, as illustrated in the
Fig. 3.

4. Conclusions

Due to the good results obtained by using the com-
plex Sn(3-hydroxy-2-methyl-4-pyrone)2(H2O)2 as catalyst
for vegetable oil alcoholysis, attempts were made to immo-
bilize it. Unfortunately, it was not possible to obtain a recy-
clable multi-phase system anchoring the tin complex to an
ionic liquid or to a solid phase.

On the other hand, it was shown that tin oxide is active for
soybean oil methanolysis in a heterogeneous system, with
the advantage of no emulsion formation at the end of the
reaction. It was observed that, by using this catalyst, not only
high conversion yields were achieved (up to 93% in 3 h), but
it was also possible to recycle it without any loss in catalytic
activity.
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ig. 3. Methyl ester production in soybean oil transesterification in the
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