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Abstract

The complex [Sn(3-hydroxy-2-methyl-4-pyrone),;(H>O);] immobilized in 1-n-butyl-3-methylimidazolium tetrachloro-indate (BMI-InCly)
ionic liquid forms an effective biphasic catalytic system for the production of biodiesel from the alcoholysis of soybean oil. ESI-MS experi-
ments during the transesterification reaction indicate that the reaction may proceed through the formation of a cationic species formed through the
substitution of one pyrone ligand by one alcohol molecule, followed by coordination of the carboxylate compound to tin. The adduct thus formed

undergoes transesterification with liberation of the catalytic active species.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Imperative concerns related to energy, security, and climate
change require the large-scale substitution of petroleum-based
fuels [1]. Due to their similarity with petroleum-based fuel, bio-
fuels obtained from triglycerides, such as diesel-like hydrocar-
bons obtained by thermocatalytic cracking [2] or the biodiesel
(mono-alcohol fatty acid esters) produced by alcoholysis, have
become very attractive alternatives for diesel engines [3,4]. Of
the various protocols for the synthesis of biodiesel [5-9], the
methanolysis of vegetable oils catalyzed by metal hydroxides
(or alkoxides) and sulfuric acid are the most widely used [10].
Indeed, methyl ester biodiesel has been used since 1988 in
European countries as a commercial alternative to the use of
fuel [11]. Nevertheless, technological problems, such as cor-
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rosion and emulsification, are usually associated with these
acid/base methodologies [12,13]. To minimize these problems,
several alternative reactants are currently under investigation;
such as heterogeneous catalysts, enzymes, and organic bases
[5-9]. In this respect, some of us recently showed that metal
compounds (e.g., Sn, Pb, Zn) are active catalyst precursors
for vegetable oil transesterification under homogeneous con-
ditions, and that the Sn and Zn complexes are more active
than the traditional alkaline or acidic catalysts under compa-
rable conditions [14,15]. However, as long as these catalytic
systems remain dissolved in the reaction medium, it is diffi-
cult to recover and reuse them. One possible solution to solving
the drawbacks associated with product separation and catalyst
recycling is to use biphasic catalytic systems that immobi-
lize the metal complexes in ionic liquids (ILs) [16,17]. These
biphasic systems in ILs combine the advantages of both ho-
mogeneous (greater catalyst efficiency and mild reaction condi-
tions) and heterogeneous (ease of catalyst recycling and separa-
tion of products) catalysis [18,19]. However, our first attempts
to develop a biphasic catalytic system suitable for recovering
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1a X = InCl,, BMLInCl,
- 1b X = PFg, BMI.PF

/@\ X 1c X = BF,, BMLBF,
SN 1d X = CI, BMIC

1e X = AICly, BMILAICI,
Fig. 1. Some imidazolium-based IL commonly used in catalysis.

and reuse by anchoring the catalyst precursor Sn(3-hydroxy-2-
methyl-4-pyrone)>(H20O); in classical ionic liquids such as 1b
(Fig. 1) met with little success [20]. The complex dissolved in
IL was as active as under homogeneous conditions, but after re-
covering and reusing the same ionic phase, the reaction yield
drastically fell with each new substrate charge, dropping from
58% in the first charge to almost zero in the third one, prob-
ably due to extensive leaching of the catalyst from the ionic
phase. Nonetheless, it is reasonable to assume that the use of
other ILs, particularly those with inherent Lewis acidity, may
constitute a more stable and robust catalytic system for the
alcoholysis of triglycerides. In this respect, it was recently re-
ported that the IL 1-n-butyl-3-methylimidazolium tetrachloro-
indate (BMI-InCly) 1a (Fig. 1) has Lewis acid character and
been successfully used for the tetrahydropyranylation of alco-
hols [21], hydroamination/hydroarylation reactions [22], and
mediated nucleophilic addition of carbon nucleophiles to cyclic
N-acyliminium ions [23].

Herein we report our main results on the use of BMI-InCly as
a medium for multiphase catalysis in biodiesel synthesis from
vegetable oils.

2. Methodology
2.1. General

All reagents were obtained from commercial sources and
used without further purification. Reagent-grade 3-hydroxy-
2-methyl-4-pyrone, acetyl-acetone, aluminum(IIl) oxide, lan-
thanide(III) chloride, cerium(Ill) chloride, barium(Il) chlo-
ride, titanium(III) chloride, zirconium(IV) chloride, copper(Il)
bromide, copper(I) iodide, magnesium(II) chloride, zinc(II)
chloride, germanium(IV) oxide, cadmium(Il) chloride, plat-
inum(IV) chloride, platinum(Il) chloride, nickel(II) chloride,
tin(II) chloride, indium(III) chloride, Na;SiFg, and BF3-OEt,
were obtained from Aldrich. Nb,Os(H,O) were obtained from
CBMM. Methylimidazole and butylchloride were obtained
from Acros. Edible vegetable oils were purchased from com-
mercial sources.

The BMIC 1d [24] and BMI-InCl4 1a [21] compounds and
the Sn(acac); [20], Sn(pyrone)>(H,0), [14], Hg(pyrone),(H20),

o
HO
NaOH
2 | | + MCl, _—

H,O

3aM=38n

2 3b M =Pt

3cM = Ni

3d M =Hg

[14], Pt(pyrone)2(H20), [14], and Ni(pyrone)2(H20), [14]
complexes were prepared as described previously.

High-performance liquid chromatography (HPLC) was per-
formed using a Shimadzu CTO-20A chromatograph with a UV-
vis detector at A = 205 nm, equipped with a Shim-Pack VP-
ODS column (C-18, 250 mm, 4.6 mm i.d.). The solvents were
filtered through a 0.45-pm Millipore filter before use. An injec-
tion volume of 10 pL and a flow rate of 1 mL/min were used
in all experiments. The column temperature was held constant
at 40°C. All samples were dissolved in 2-propanol-hexane
(5:4, v/v). A 35-min ternary gradient with two linear gradient
steps was using, comprising 30% water and 70% acetonitrile
for 0 min, 100% acetonitrile for 10 min, 50% acetonitrile and
50% 2-propanol-hexane (4:5, v:v) for 2 min, and isocratic elu-
tion with 50% acetonitrile and 50% 2-propanol-hexane (4:5,
v:v) for the last 15 min. Electrospray mass and tandem mass
spectra were recorded on a Q-Tof (Micromass) mass spectrom-
eter with a scanning quadrupole (Q), a hexapole collision cell,
and a high-resolution orthogonal time-of-flight (o-TOF) ana-
lyzer. The sample introduction was performed using a syringe
pump (Harvard Apparatus, Pump 11) set to 10 uL/min pumped
through an uncoated fused-silica capillary. All samples (from
reaction) were diluted in acetonitrile or methanol. The ESI-MS
were acquired using an ESI capillary voltage of 3 kV and a
cone voltage of 10 V. Isotopic patterns were calculated using
the MassLynx software.

2.2. Catalytic experiments

The different vegetable oils (10 g) were transesterified in
BMI'InCls 1a (3 mL) in the presence of various catalysts
(0.1 g). The reaction mixtures were kept in a 50-mL batch reac-
tor in reflux (approximately 80 °C) and under magnetic stirring
for the desired time. The product obtained was separated by de-
cantation. The ionic liquid phase (always lower phase) retains
the catalyst and the majority of byproducts. The upper phase
was separated, and the product was obtained under almost pure
form. The recovered esters were analyzed. Glycerol can be re-
covered by freezing the ionic phase and removing the IL once
glycerol freezes or washing the ionic liquid with water and re-
cover the glycerol in the aqueous phase.

3. Results and discussion

Initially, an exploratory study was carried out using several
simple alkaline and acidic catalyst precursors [14] (Scheme 1)

Scheme 1. Synthesis of the catalysts 4a—4d.
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Table 1
Conditions and product yields for methanolysis of soybean oil, with different catalysts, in the IL BMI-InCl4 1a®
Entry Catalyst Fat acids Monoglyceride Diglyceride Triglyceride Not identified Biodiesel
(%)° (%)° (%)° (%)° (%)° (%)%e
1 - 2 Traces 1 94 1 1
2 InCl3 Traces Traces 1 95 1 2
3b InCl3 Traces Traces 1 93 1 4
4 Al O3 2 Traces 2 94 1 Traces
5 LaCl3 Traces Traces 1 96 Traces 2
6 CeCl3 Traces Traces Traces 97 Traces 2
7 BF3-OEt, 1 Traces 3 91 1 3
8 BaCl, 1 Traces 2 85 2 9
9 SnCl, 1 1 1 94 2 1
10 Sn(Acac); Traces 1 1 87 1 9
11 Sn(pyrone),© 1 Traces 2 79 1 16
12 TiCl3 Traces 1 2 93 2 1
13 ZrCly 1 1 1 94 2 1
14 NiClp 2 1 1 92 2 2
15 CuBry Traces Traces 1 96 2 Traces
16 Cul Traces Traces 1 97 1 Traces
17 MgClp Traces 1 3 90 1 4
18 ZnCly Traces 1 1 91 1 5
19 GeO» Traces Traces 1 95 1 2
20 PtCly Traces Traces 1 98 Traces Traces
21 CdCl, 1 3 1 90 3 2
22 Pt(pyrone);© 2 1 2 92 2 1
23 Ni(pyrone),© Traces Traces 1 96 1 1
24 NbyO5(H,0) 1 1 1 95 Traces 1
25 Sn (0) Traces 6 1 89 1 2
26 Hg(pyrone),© Traces Traces 1 96 2 Traces
27 NajSiFg Traces Traces Traces 99 Traces Traces
28 PdCl, Traces Traces 1 98 Traces Traces
4 10 g of soybean oil, 3 g of MeOH, 3 mL of BMI-InCly 1a, 0.100 g of catalyst, reflux, 1 h.
b 3 h of reaction.
¢ Synthesized according to Ref. [15].
d Biodiesel = methyl ester.
¢ Determined by HPLC.
Table 2
Conditions and products from attempts to optimize reaction time for the methanolysis of soybean oil using Sn(pyrone), 4a in the IL BMI-InCly 1a?
Time Not identified Fat acids Monoglyceride Diglyceride Triglyceride Biodiesel
(h) (%)° (%)° (%)° (%)° (%)° (%)>€
1 1 1 Traces 2 79 16
2 7 Traces 1 1 42 48
3 4 2 1 Traces 14 78
4 4 Traces Traces Traces 12 83
5 7 1 1 1 16 74
6 6 Traces Traces 1 16 76
7 11 Traces 1 1 39 47
8 14 Traces 1 1 17 66
9 14 1 Traces 1 9 74
10 8 1 Traces 1 5 84

410 g of soybean oil, 3 g of MeOH, 3 mL of BMI-InCly 1a, 0.100 g of Sn(pyrone), 4a, reflux.

b Biodiesel = methyl ester.
¢ Determined by HPLC.

in the IL 1a for the methanolysis of soybean oil under the same
reaction conditions. Table 1 summarizes the results.

Without the addition of any catalyst (Table 1, entry 1), no
product was observed, indicating that the Lewis acid property
inherent of IL 1a was not strong enough to promote transes-
terification. The addition of InCl3 failed to show the expected
effect as for the other experiments [21-23] (Table 1, entry 2)

and satisfactory results were not obtained even after 3 h (Ta-
ble 1, entry 3). The use of lanthanide metals, such as Ce and
La, provided virtually no products (Table 1, entries 5 and 6).
The use of complexes of transition metals (e.g., Pd, Pt, Zn, Ni)
and most of the main elements (Na, Mg, B, Si, Al, and Ge) also
failed to promote transesterification. Earth-alkaline metal com-
plexes (e.g., Ba, Mg) were ineffective in furnishing the desired
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Fig. 2. Optimization of reaction time for the methanolysis of soybean oil in the
system Sn(pyrone); 4a in BMI-InCly 1a.

product. The best activities were obtained for the earth alkaline
Ba (Table 1, entry 8) and acidic tin complexes (Table 1, entries
10 and 11). SnCl, was also tested (Table 1, entry 9) but with
lower efficiency compared with the respective Sn complexes.
The reaction conditions for the soybean oil methanoly-
sis were optimized using Sn(3-hydroxy-2-methyl-4-pyrone);-
(H20); in IL 1a. Table 2 and Fig. 2 show the reaction yields

of methyl fatty esters over a period of 10 h. As Fig. 2 shows,
the reaction yield reaches a maximum after 4 h (83%), and af-
ter this time it decreases to a minimum and later it increases
once again. This behavior can be explained by the reversibility
of this reaction, where some glycerolysis of the methyl fatty es-
ters probably occurs as already observed using other catalytic
systems [14,25,26].

The possibility of catalyst recycling was investigated using
the heterogeneous system BMI-InCly 1a and the tin catalyst 4a
(Table 3) in the methanolysis of soybean oil. From the data on
Table 3, we can see that the system is unable to sustain its activ-
ity already in the second recharge. In the third recharge, this fact
is most pronouncedly for the third recharge of MeOH and soy-
bean oil. The yield of the first reaction remains similar (83%).
The tin-based catalysts, both Sn(Acac), and Sn(pyrone), de-
compose under the reactions conditions, and this observation
was further corroborated by the ESI-MS investigation (see be-
low). Using the IL BMI-PFg 1b instead of BMI-InCly 1a also
leads to a two-phase system under the same reaction conditions
used for the methanolysis process [20]. However, the reaction
yield was 55% for the first charge, 5% in the second, and, as al-
ready discussed, nearly zero in the third reaction. This behavior
is probably caused by the leaching of the catalyst when the IL
1b is used. Using the IL 1a, the system maintained its activity in
the second (25%) charge, demonstrating that the organoindate

Table 3
Products and yields obtained during attempts to recycling using the system Sn(pyrone), 4a in BMI-InCl, 1a?
Entry Not identified Fat acids Monoglyceride Diglyceride Triglyceride Biodiesel
(%)° (%)° (%)° (%)° (%)° (%)>-<
1 4 Traces Traces Traces 12 83
2d 3 Traces Traces 11 60 25
3¢ 4 1 1 3 88 3
4t Traces Traces Traces Traces 99 Traces
58 Traces Traces Traces Traces 99 Traces
@ For each reaction: 10 g of soybean oil, 3 g of MeOH at reflux temperature for 4 h. 3 mL of BMI-InCl4 1a and 100 mg of 4a was employed in the first reaction.
b Biodiesel = methyl ester.
¢ Determined by HPLC.
d Recharge from 1.
¢ Recharge from 2.
f Recharge from 3.
8 Recharge from 4.
Table 4
Products and yields for transesterification reactions of different alcohols using the developed catalytic system?®
Alcohol Not identified Fat acids Monoglyceride Diglyceride Triglyceride Transesterification
(%)° (%)° (%)° (%)° (%)° product (%)>-
MeOH 4 Traces Traces Traces 12 83
EtOH 3 Traces Traces 1 53 42
n-PrOH 5 2 Traces 10 42 40
n-BuOH 1 1 1 4 78 15
i-PrOH 1 Traces Traces 2 84 12
t-BuOH 2 1 Traces 2 90 4
Octanol 1 4 5 16 70 4
Cyclohexanol 5 1 2 5 79 8
PhOH 3 2 2 9 42 42
BnOH Traces 1 2 4 52 40

4 10 g of soybean oil, 94 mmol of the alcohol at reflux temperature for 4 h. 3 mL of BMI-InCly 1a and 100 mg of 4a.

b New formed ester.
¢ Determined by HPLC.
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Scheme 2. Proposed catalytic cycle for transesterification.
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Fig. 3. Charged intermediates of the methanolysis reaction.

IL 1a is even more effective for the stabilization of the inter- The activity of the developed system to perform transester-
mediates of catalytic cycle and that this specific IL 1a is able ification reactions using different alcohols was also tested; the
to keep the tin catalyst in its phase during the separation and  results are presented in Table 4. All reactions were conducted
recharging process (see further discussions below). under the conditions optimized for the methanolysis process.
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Table 5
Measured and simulated m /7 for intermediate 5 (C7HgO4Sn™)
m/z (measured) 271.9449 272.9459 273.9446 274.9461 275.9447 276.9477 277.9466 279.9472
m/z (simulated) 271.9440 272.9455 273.9440 274.9459 275.9446 276.9480 277.9460 279.9476

Table 4 shows that transesterification occurs in relatively good
yield even with no changes in the experimental conditions.
Some results are significant, such as that for the transesterifica-
tion with i-PrOH that forms the desired product with 12% yield.
Considering that the experimental conditions can be further op-
timized (time and temperature) for the transesterification using

this alcohol, the present result is very satisfactory. Using BnOH
(Bn = benzyl) and PhOH also resulted in the desired transester-
ification product in good yield (40 and 42%, respectively) under
the catalytic conditions. A secondary alcohol (cyclohexanol)
and a tertiary alcohol (z-BuOH) failed to provide good results,
probably due to steric constraints.
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To gain insight into the mechanism of the transesterification
reaction of soybean oil with methanol promoted with catalyst
4a, we monitored the reaction by electrospray ionization mass
spectrometry [27,28]. Note that ESI-MS and ESI-MS/MS has
been shown to be an adequate technique for studying reaction
mechanisms via the interception and structural characterization
of key ionic intermediates, even when present in reactions per-
formed in the presence of ionic liquids [29,30]. As pointed out
previously [15], it is usually assumed that the transesterifica-
tion probably follows a mechanism (Scheme 2) similar to those
proposed for polyesterification reactions catalyzed by divalent
metals [31,32]. It is assumed that these catalysts act as a Lewis
acid during catalysis.

In the presence of methanol, the catalytically active species
5 is formed, which allows the coordination of the carbonyl-
containing compound (triglyceride, diglyceride, monoglyc-
eride, or the fatty acid). This coordination increases the natural
polarization of the carbonyl compound, thus facilitating nucle-
ophilic attack by the alcohol. The so-formed species 6 proba-
bly develops via a four-center transition state 7 (as proposed
previously [31]) that furnishes the desired biodiesel (methyl es-
ter).

To prove that fatty acids also could undergo esterification
under the conditions used in catalysis, as we proposed in
Scheme 2, we used a pure sample of fatty acid previously
hydrolyzed from soybean oil. Because this property had not
been exploited before, we decided to investigate it. After 1 h
of reaction, the conversion of fatty acids to the correspond-
ing methyl esters was 50% (determined by HPLC), indicating
that the biodiesel formation occurs through two different path-
ways: transesterification and direct esterification of the formed
acid. Therefore, we used ESI-MS in an attempt to intercept and
characterize the charged intermediates (Fig. 3) of the proposed
reaction cycle (Scheme 2).

When using ESI(-)-MS (negative ion mode), no ion directly
related to the proposed reaction cycle could be detected. How-
ever, when using ESI(+4)-MS, interesting intermediates were
detected and characterized. In the experiment performed using
only acetonitrile as a solvent, ESI(4)-MS detected and ESI(+)-
MS/MS characterized intermediate 8 of m/z 244.9261 (data
not shown) formed from the decoordination of one pyrone an-
ion 9. But our main goal was to detect and characterize the
intermediate S, a cationic species [or a cation-radical species
in the ESI(4)-MS process]. Nevertheless, no ion of m/z 275
(intermediate 5) was detected. When methanol was added (or
a solution in pure methanol was used), ESI(4)-MS detected an
radical cation of m/z 275.9447, which was characterized as the
catalytic active species 5 (Fig. 4). This radical cation likely was
formed during the ESI process.

Fig. 4 shows the characteristic set of Sn isotopologue ions
with m/z and relative abundance in excellent agreement with
those of the simulated spectra (see Table 5). Due to the small
amount of the isotopologue ions of 5, ESI-MS/MS could not be
acquired, but the characteristic isotopic pattern and m/z accu-
racy point firmly to the interception of intermediate 5.

ESI-MS analysis of the ionic liquid phase and the organic
phase before and after catalysis indicates that tin fragments re-

main in the IL phase but shows no sign of the catalyst. Thus,
this decomposition is the likely reason for the loss of activity
noted in the recycling experiments. The biodiesel phase is al-
most pure, and simple decantation is sufficient to separate the
desired product.

4. Conclusion

The production of biodiesel from soybean oil may be ac-
complished by using catalysts (particularly the tin catalyst
4a) in the IL 1-n-butyl-3-methylimidazolium tetrachloroindate
(BMI'InCly) 1a. Methanolysis, the most important process, oc-
curs in high yields and in short reaction times. ESI-MS screen-
ing corroborated the proposed transesterification mechanism by
intercepting a key ionic intermediate (S; Scheme 2). Based on
our previous results reported herein, the development of more
stable catalysts to perform biodiesel synthesis in IL can be
achieved, and efforts toward this end are currently underway
in our laboratories.
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