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a b s t r a c t

The simultaneous synthesis of butyric acid methyl ester, the shortest component of the FAME (fatty acid
methyl esters) family, and glycerol triacetate (TAG) from glycerol tributyrate (tributyrin) and methyl
acetate was studied as a function of several reaction parameters, such as type of catalyst, temperature and
products distribution. The reaction is an interesterification, a multistep consecutive ester interchange cat-
alyzed by either acid or base catalyst. Under optimized conditions, a complete tributyrin conversion and
an almost quantitative butyric acid methyl ester accumulation were achieved. The other reaction prod-
uct, TAG, formed by the complete acetylation of the glycerol moiety, reached almost 70% yield, whereas
nteresterification
ster exchange
atty acid methyl esters
iodiesel
ynthesis of glycerol triacetate

the mono- and di-acetylated intermediates accumulated in the order of 5–8% and 24–27%, respectively.
Similar final conversions and products yields were obtained with either acid or base homogeneous cat-
alysts, suggesting that the final products mixture did not depend on the type of catalysis but might be
limited by equilibrium conditions. In spite of similar final yields, base catalysis needed shorter reaction
times (minutes instead of hours) and lower temperature (60 ◦C instead of 130 ◦C) with respect to the

other
yst al
best acid catalyst. On the
heterogeneous acid catal

. Introduction

The increase in biodiesel (fatty acids methyl esters, FAME) pro-
uction as renewable fuel has been accompanied by a concurrent

ncrease in the availability of its main co-product, glycerol. The pro-
edure to reach the high degree of purification needed for most
ommercial applications is difficult and expensive, thus glycerol
xploitation as high grade commodity is an important aspect for
mproving the production process of biodiesel. A promising pos-
ibility is the development of technologies that can transform
lycerol into compounds suitable to be mixed with biodiesel to
mprove low temperature and combustion properties [1,2]. An
dvantage of using glycerol derivatives in fuels is that, as a bio-
omponent, it could be included in the renewable energy sources
ategory and help to meet EU targets on transportation fossil fuels

avings.

Several oxygenated compounds including glycerol carbonates
3], ethers [4] and acetals [5] were proved to successfully enhance
uel properties such as the reduction of viscosity, cloud point and

∗ Corresponding author. Tel.: +39 0321 447444; fax: +39 0321 447241.
E-mail address: ezio.battistel@eni.com (E. Battistel).

926-860X/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.apcata.2010.12.029
hand, unlike heterogeneous basic catalysts, which showed low activity, a
most as active as the homogenous counterpart was found.

© 2011 Elsevier B.V. All rights reserved.

particulate matter emission in diesel and biodiesel blends. A par-
ticular class of oxygenated derivatives is that of glycerol esters
composed by short chain organic acids such as, for example, acetic
acid [2].

In fact, glycerol triacetate (TAG, triacetin) can be added to
biodiesel (FAME) without major alteration of the fuel properties [6]
and even to gasoline with improvement of the octane parameters
[2].

Several routes have been developed to synthesize glycerol
organic esters. The direct esterification with organic acids (such as
acetic acid) in the presence of acid catalysts (including sulphonic
resin and zeolites) is one of the most used methodologies [7,8].
All these approaches are based on the availability of pure glycerol,
which has to be independently isolated and purified from the FAME
synthesis, a step that, actually, is a common side route of FAME
industrial production. In fact, a typical batch or semi-continuous
process includes glycerine separation and purification, followed by
elimination of the excess methanol used for the initial FAME syn-

thesis. Consequently, FAME and glycerol derivative syntheses are
performed in two independent and consecutive steps.

A possible alternative to these conventional processes is the
simultaneous co-production of FAME and glycerol oxygenated
compounds in the same one-pot reaction, making the glycerin iso-

dx.doi.org/10.1016/j.apcata.2010.12.029
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:ezio.battistel@eni.com
dx.doi.org/10.1016/j.apcata.2010.12.029
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Fig. 1. Overall reaction between tributyrin and methyl ac

ation and purification steps unnecessary [9]. The simultaneous
ouble synthesis of FAME and glycerol derivatives using vegetable
ils as starting material has been carried out by using double group-
onor agents, such as methyl or ethyl acetate. These reagents
atch the concurrent chemical need of an alcohol, necessary for

he esterification of the triglyceride fatty acid, and of an acid,
ecessary for the esterification of glycerol hydroxyl group(s). The
eaction, schematically presented in Fig. 1 in the case of tribu-
yrin as starting triglyceride, ideally yields a mixture of FAME and
riacetin (59% and 41% (w/w), respectively, if the reaction goes
o completion), without co-production of glycerol and intermedi-
tes.

When triglycerides containing long chain fatty acids are used,
he final mixture could be used directly as component in diesel
nd biodiesel blends, without further treatment. This can be clearly
oncluded from the data presented in Table 1, where the fuel prop-
rties of diesel/FAME and diesel/FAME–TAG blends are compared
ith the pure base diesel. As it can be seen, the addition of 10 vol%

AME to a standard base diesel improved somewhat the fuel prop-
rties of the base diesel by increasing slightly cetane parameters
nd flash point. The mixture FAME/TAG at 10% level did not further
nduce any major change with respect to FAME alone. In particular,
istillation-95% temperature and viscosity were slightly lowered
nd closer to the base diesel values.

Transesterification with methyl acetate has been studied to
ome extent by using enzymes as catalysts [10,11]. It was found
hat vegetable oils from different sources can be converted almost
uantitatively to the corresponding FAME (yields >90%) in the
resence of methyl acetate. Suitable enzyme catalysts are lipases,
ainly bacterial, which are able to function in organic media and,

fter immobilization, to withstand recycling without significant
oss of activity. Although the yield of FAME is almost quantitative,
o detailed analysis was carried on the compositions of the final
roducts mixture, nor on the yield of triacetin, the end product of
he multi-acylation step. The enzyme catalyzed reactions have the
dvantages of the mild reaction conditions (temperature as high
s 40–60 ◦C, no catalyst purification, and possible catalyst recy-
ling). However, they suffer from some important drawbacks such
s long reaction times (40–60 h), sensitivity to hydration and reac-
ivity dependent on the length of the triglyceride fatty acid. In order
o overcome these problems, it would be important to find out a
atalyst, either homogenous or heterogeneous, able to overcome
hese disadvantages, still affording high triglyceride conversion and
riacetin yield.

The simultaneous production of FAME and TAG from vegetable
ils has been successfully accomplished in supercritical condi-
ions without catalyst [6,12]. Since the reactivity of triglycerides
nd methyl acetate is not very high without a catalyst, extreme
supercritical) reaction conditions are required to obtain high prod-
cts yields [6], thus imposing a significant challenge on the actual
calability of the process. Good yields of the FAME–TAG mixtures

ere obtained at rather high temperatures (350 ◦C) and pressures

20 kPa) even after reaction parameters optimization by statistical
ethods [13]. Although FAME production was nearly quantitative,

he final yield of the FAME/TAG mixture was lower (about 80%) than
he theoretical value.
O
CH2 C CH3

to triacetyl glycerol (triacetin) and butyrate methyl ester.

In this work, the simultaneous synthesis of both FAME and glyc-
erol oxygenated derivative, i.e. glycerol esters, from tributyrin in
the presence of methyl acetate has been studied in detail. Tribu-
tyrin, a butter component, which is the shortest naturally occurring
triglyceride besides triacetin, has been chosen as the representative
model compound of the triglyceride series which includes the veg-
etable oils used for biodiesel production. A screening of different
catalysts, acids and bases, either homogeneous or heterogeneous,
were assayed in order to optimize the reaction time and products
yields.

2. Experimental

2.1. Materials

Reagent grade methyl-acetate, methyl butyrate, tributyrin,
triacetin and tetradecane were from Acros Organics (Italy). 1,8-
Diazo-bicyclo-[5.4.0]undec-7-ene (DBU) and 1,5,7-Triaza-bicyclo
[4.4.0]dec-5-ene (TBD) were from Fluka (Switzerland). Potassium-
tertbutoxide, acetic acid, sulphuric acid, trifluoromethanesulphonic
acid, methanesulphonic acid and acetic anhydride were from
Sigma–Aldrich (Italy). Sodium methoxide was freshly prepared for
each reaction, by carefully weighting the appropriate amount of
sodium metallic, according to the procedure described in the liter-
ature [14]. In order to obtain full solubility in methyl acetate, dry
powder of sodium methoxide was prepared from sodium (0.041 g,
1.8 mmol) and methanol (1.58 g, 49.3 mmol). After 3 h under vig-
orous stirring, methanol was evaporated with nitrogen, until a dry
fine powder was obtained.

Nafion Sac-13 was from Sigma–Aldrich (Italy). Amberlyst 15 was
a generous gift of Rohm and Haas (Italy). Both were washed with
methanol and dried under vacuum overnight at 90 ◦C before use.
According to the producers, Nafion SAC 13 and Amberlyst 15 have
0.14 and 4.7 mmol equivH

+/g, respectively (Table 2).
Zirconia sulphate (XZO1249, containing 7 wt% SO3) and zirco-

nia tungstate (XZO1251, containing 16 wt% WO3) were a gift from
MEL Chemicals (UK). The powders, separated on a 600 �m sieve,
were calcined at 550 ◦C for 5 h and transferred to the reaction
vessel under dry nitrogen atmosphere. Zeolite � (CP814E) was
purchased from Zeolyst International (The Netherlands). It was
calcined at 460 ◦C for 5 h and stored under dry nitrogen atmo-
sphere. The SiO2/Al2O3 mole ratio was 20 and the Al content was
1.6 mmol/g. Acid sites (Table 2) were measured by IR analysis of
pyridine absorption at 250 ◦C according to the procedure described
in the literature [15].

The alkaline form of ETS-10 sample was supplied by Engelhard
(Iselin, NJ, USA). Elemental analysis gave TiO2 18.5%, Na2O 12.0%
and K2O 3.9%. ETS-10 is a microporous crystalline material having
12- and 7-membered ring channels. Its structure is topologically
similar to that of zeolite �. Katalco 59-3, a high porosity sodium
aluminate spherical absorbent, was from JM Group (UK). Pural Mg

70, from Sasol Germany GmbH (DE) is a commercial hydrotalcite-
like anionic clays MgO = 71% Al2O3 = 29.2%. All these materials were
thermally activated for 3 h as shown in Table 2.

Mixed oxides samples Mg:Al 3:1 and Mg:Al 3:1 + 10% Fe were
prepared from layered double hydroxides (LDH) hydrotalcites and
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Table 1
Physico-chemical properties of different fuel blendings and standards of allowed quantities in diesel.

Property Base diesel Base diesel + 10% FAMEa Base diesel + 10% FAME-TAGb Diesel limits EN590 Methods

Density 15 ◦C, kg/m3 836.2 839.2 844.5 820–845 EN ISO 12185
Cetane number 53.2 53.5 53.9 ≥51 ASTM D613
Cetane index 53.8 54.5 52.1 ≥46 ASTM D4737
Flash point PM, ◦C 66 73.5 72.5 ≥55 ASTM D93
Kin. viscosity 40 ◦C, mm2/s 2.989 3.049 3.041 2.0–4.5 ASTM D445
Cloud point, ◦C −3.7 −2.7 −2.5 ASTM D2500
CFPPc, ◦C −3 −4 −6 −20/+5 EN 116
Copper corrosion, class 1A 1A 1A Class 1 ASTM D130
Acidity number, mg KOH/g 0.05 0.07 0.07 ASTM D974
Distillation 95%, ◦C 357.6 352.8 355.8 ≤360 ASTM D86

centag

w
e
p
s
(
w
u
M
a
N
1
fi
a
c
o
w

a
s
T
6
r
p
e
m
a
d

c
a

T
T

T

a FAME from vegetable oil was certified according to EN14214 specifications. Per
b FAME and triacetin (TAG) mixture: 81% and 19%, respectively.
c Cold filter plug point.

ere synthesized according to the procedure described in the lit-
rature [16]. Hydrotalcite, molar ratio Mg:Al 6:1, was prepared by
H controlled co-precipitation of the corresponding metal nitrate
alts Mg(NO3)2·6H2O (Sigma–Aldrich, Italy) and Al(NO3)3·9H2O
Sigma–Aldrich, Italy) under low supersaturation. The synthesis
as carried out as follows: to 25 ml of distilled water heated at 35 ◦C
nder vigorous stirring, 100 ml of an aqueous mixture of 0.225 mol
g(NO3)2·6H2O and 0.0375 mol Al(NO3)3·9H2O was added slowly

long with 100 ml of an aqueous solution containing 0.349 mol
aOH and 0.067 mol Na2CO3. The mixture was maintained at pH
1 at 35 ◦C for 16 h under stirring. The precipitate was isolated by
ltration and washed with deionized water to eliminate the nitrate
nd alkali metal ions until the washing water was at pH 7. The pre-
ipitated hydrotalcite was dried overnight at room temperature. In
rder to obtain the corresponding Mg–Al mixed oxides the sample
as calcined at 450 ◦C for 5 h.

The chemical composition of the mixed oxides was measured by
n inductively coupled plasma (ICP) method, LIBERTY 200-VARIAN
pectrometer, after the digestion of the sample with nitric acid.
he ICP molar ratio of mixed oxides samples Mg:Al 3:1 and Mg:Al
:1 was 3.72 and 6.61, respectively. The basicity of the mate-
ial was estimated by adsorption microcalorimetry using CO2 as
robe molecule. A Tian-Calvet flow equipment (Setaram, France)
quipped with a volumetric vacuum line was used for microcalori-
etric measurements. In Table 2 the total micromole/g sites for
dsorption heat >70 kJ/mol of the Mg:Al 3:1, Mg:Al 6:1 and iron
oped (10%) mixed oxide samples are reported.

The surface area and pore volume for all the heterogeneous
atalysts screened are presented in Table 2. The data are those avail-
ble from the manufacturers or were collected by determining the

able 2
extural and physical characterization of catalysts.

TC (◦C) SBET (m2/g) Vpo

Mixed oxide Mg:Al 3:1 450 244 0.5
Mixed oxide Mg:Al 6:1 450 220 0.5
Mixed oxide Mg:Al 3:1 + Fe 10%b 450 239 0.6
ETS-10 450 380 0.1
Katalco 450 250 0.3
Pural Mg 70 Mg:Al 3:1 500 203 0.2

Nafion SAC-13 – >200 0.6
Amberlyst 15 – 53 0.4
Zirconia (SO3) 550 >300 0.3
Zirconia (WO3) 550 >300 0.3
Zeolite � 460 655 0.2

C: calcination temperatures; SBET: surface area; Vpore: pore volume; d: pore diameter.
a mmol equiv/g are the acid or base equivalents per g of calcined catalyst.
b 10% is the concentration of iron salt at the beginning of the synthesis.
c [21].
d [31].
e Brønsted and Lewis acid sites: 0.27 and 0.20 mmol equiv/g, respectively.
es on volume base.

N2 adsorption/desorption isotherms at 77 K with a Thermoquest-
Sorptomatic 1990 instrument.

2.2. Water content

Methyl acetate was freshly distilled and stored over calcined
(500 ◦C for 5 h) molecular sieves. Tributyrin was dried on molecu-
lar sieves under reduced pressure overnight at 100 ◦C. The water
content of both reagents as assayed by standard Karl-Fischer titra-
tion (737 KF Coulometer from Methrohm, Herisau, Switzerland)
was 40–50 ppm. Potassium tert-butoxide was stored in a closed
glass vessel over phosphorous pentoxide. Organic acids were used
as purchased without further dehydration.

2.3. Interesterification reactions

The reactions in homogeneous conditions were typically carried
on in a 20 ml thick-glass screw capped vessel containing tribu-
tyrin (2.3 g, 7.6 mmol), methyl acetate (11.2 g, 151 mmol) and acid
(sulphuric, acetic, methanesulphonic and trifluoromethanesul-
phonic acid) or base (potassium tertbutoxide, sodium methoxide)
catalyst (usually 5–10 mol/mol% of tributyrin). The reaction ves-
sel under stirring was immersed in a temperature controlled
oil bath. The molar ratio tributyrin:methyl acetate was usually
1:20.
The reaction with solid heterogeneous acid and base cata-
lysts was carried on in a 20 ml thick-glass screw capped vessel
containing tributyrin (3.3 g, 10.94 mmol), methyl acetate (16.1 g,
217.2 mmol) and heterogeneous acid or base catalyst (usually
3–5 mequivH

+/mol % of tributyrin or 5–15% (w/v) concentration).

re (cm3/g) d (nm) mmol equiv/ga Reference

5 19 0.12 This work
5 37 0.25 This work
4 33 0.11 This work
5 0.5–0.8 0.5c This work

2.0–4.7 – JM Group
2 5.2 – [32]

>10 0.14 Sigma–Aldrich
30–50 4.7 Rhom&Haas

– 0.09c MEL Chemicals
3.0d 0.06c MEL Chemicals

4 0.65 0.47e This work
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ig. 2. The progressive ester exchange reaction between tributyrin (TriBu) and me
lycerol (DAG), triacetyl glycerol (TAG, triacetin) and butyrate methyl ester (BuMe)

he reaction was heated under vigorous stirring in a temperature
ontrolled oil bath.

The products concentrations as a function of time were mea-
ured by preparing a series of glass vessels carefully loaded by
eight with the same amount of reagents and catalyst. All the ves-

els were simultaneously immersed in a thermostated oil bath at
given temperature. Each vessel was then separately withdrawn

t regular time intervals. After sudden cooling in an ice bath, the
hole content was analyzed by GC as described below.

.4. Products analysis

Products yields, expressed as percentages, were calculated in
he following way. Tributyrin (TriBu) conversions, i.e. percentage
f TriBu reacted with respect to the initial concentration of TriBu,
re based on gaschromatographic quantitative analysis.

The moles of reacted TriBu, [TriBu], are distributed among
he intermediates (mono-acetyl-di-butyryl glycerol, MAG, and
i-acetyl-mono-butyryl glycerol, DAG) and final products (TAG),
ccording to the following conservation equations (square brackets
re molar concentrations):

TriBu]gly = [MAG] + [DAG] + [TAG] (1)

×[TriBu]but = 2[MAG] + [DAG] + [BuMe] (2)

here the subscript ‘gly’ and ‘but’ stand for glycerol moiety and
utyl group, respectively. Selectivity was calculated by using the
ollowing equations,
AG(mol%) = [MAG]
[MAG] + [DAG] + [TAG]

× 100

AG(mol%) = [DAG]
[MAG] + [DAG] + [TAG]

× 100
TAG

etate to yield the mono-acetyl-di-butyryl glycerol (MAG), di-acetyl-mono-butyryl

TAG(mol%) = [TAG]
[MAG] + [DAG] + [TAG]

× 100

MAG, DAG and TAG percentages in Tables 3–6 are correlated to the
concentration of TriBu by means of Eq. (1), which expresses the
mass balance of the glycerol moiety. Their sum has to be equal,
within the experimental uncertainty, to the value of TriBu conver-
sion listed in the same Tables. BuMe percentages are calculated
with respect to 3× TriBu and have to fulfil Eq. (2), the mass bal-
ance of the butyl group. Therefore, BuMe molar yields, corrected by
the number of butyl chains, are expressed as percentages within a
0–100% scale and, although do not sum up directly to the other
products values (i.e. MAG, DAG and TAG) shown in Tables 3–6,
nevertheless give a direct insight of the product yield. The high-
est observed experimental uncertainty on the mass balances (1)
and (2) was less than ±7%.

2.4.1. Analytical methods
The analysis of the reaction mixture was carried on with a Carlo

Erba 8000 Top (Italy) GC instrument equipped with a split–splitless
injection system. A Thermo TR-5 (30 m × 0.25 mm, film thickness
0.25 �m) capillary column was used for the analysis. The tempera-
tures of the injector and detector (FID) were set at 270 ◦C and 360 ◦C,
respectively. The column temperature was kept at 80 ◦C for 4 min,
raised to 280 ◦C at 10 ◦C min−1 and maintained at this temperature
for 5 min. Tributyrin (TriBu), butyrate methyl ester (BuMe) and tri-
acetin (TAG) were quantitatively determined by using a reference

internal standard (tetradecane) and suitable calibration curves. The
concentration of acetylated intermediates (MAG and DAG) was
determined by using empirical calibration coefficients estimated
from triacetin and tributyrin experimental instrumental response
as a function of concentration.



E. Battistel et al. / Applied Catalysis A: General 394 (2011) 149–157 153

Table 3
Interesterification between tributyrin and methyl acetate in the presence of homogeneous acid catalysts.

Catalysta T, ◦C TriBub, % MAGc, % DAGc, % TAGc, % BuMed, %

Methanesulphonic acide 130 9 8 1 0 4
Sulphuric acid 130 50 10 39 1 29
Trifluoro-acetic acid 130 3 2 0 0 2
Trifluoro-MS acid 130 99 4 27 66 93
Trifluoro-MS acid 140 99 4 24 69 92
Trifluoro-MS acid 160 94 9 25 59 88
Trifluoro-MS acid + acetic acid 130 99 5 25 69 91
Trifluoro-MS acid + acetic anhydride 130 99 4 19 78 92

a Catalyst concentration: 5 mol/mol% TriBu. Acetic acid and acetic anhydride: 30 mol/mol% TriBu. Reaction time: 20 h.
b TriBu: conversion of tributyrin.
c MAG, DAG and TAG: products yields as percentages with respect to the initial concentration of TriBu. MAG, DAG and TAG sum up to give TriBu conversion, within the

experimental uncertainty.
d BuMe: percentages with respect to 3× TriBu initial concentration (see Section 2 for details).
e MS: methanesulphonic.

Table 4
Interesterification between tributyrin and methyl acetate in the presence of heterogeneous acid catalysts.

Catalyst T, ◦C TriBu, % MAG, % DAG, % TAG, % BuMe, %

Nafion SAC13 80 7 6 1 0 4
Nafion SAC13 130 98 8 26 60 83
Nafion SAC13a 160 88 22 36 29 62
Amberlyst 15 120 9 7 2 0 4
Zirconia (SO3) 140 72 36 24 11 42
Zirconia (WO ) 140 14 10 2 1 8

29
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Zeolite � 130 36

riBu: tributyrin conversion. MAG, DAG, TAG and BuMe yields as in Table 3. Reactio
a 8 h.

.4.2. Fuel properties
The physico-chemical properties of the fuel blends were assayed

ccording to international standard methods (Table 1) in the lab-
ratories of the Research Center of Eni S.p.A., R&M Division, San
onato Milanese, Milan (Italy). FAME (C12–C22) was from vegetable
il and it was certified according to EN14214 specifications.

. Results and discussion

.1. Screening of catalysts

The interesterification between tributyrin (TriBu) and methyl
cetate (AcOMe) is composed of three reversible consecutive steps
s shown schematically in Fig. 2. The overall net reaction is based
n the interchange of acyl groups and, as a first approximation
nd regardless the catalytic mechanism, relies upon the concurrent
vailability of both a nucleophilic methoxide and an electrophilic
cetyl groups, both formally obtained from AcOMe. As shown in

ig. 2, for each acylation step 1 mol of fatty acid methyl ester, BuMe,
s synthesized until triacetin (TAG), the fully acetylated glycerol, is
ormed.

Due to the reversible character of the reactions, complete con-
ersion of TriBu does not imply a quantitative yield of TAG. As

able 5
nteresterification between tributyrin and methyl acetate in the presence of homogeneou

Catalyst Time, h T, ◦C TriBu, %

Na methoxide 0.1 80 98
Na methoxide 0.2 60 99
K t-butoxide 0.2 80 96
K t-butoxide 0.2 60 98
TBD 5 80 80
TBD 5 140 72
DBU 5 80 8
DBU 5 140 17
DBU + MeOH 30% 5 140 16

riBu: tributyrin conversion. MAG, DAG, TAG and BuMe yields as in Table 3. Catalyst conc
7 0 13

e: 20 h.

a matter of fact the partially acetylated intermediates (MAG and
DAG) tend to accumulate to some extent. This is not surprising
because, as observed in the case of the esterification of glycerol
with acetic acid, the reaction between the third acyl group and the
di-acetyl glycerine has an equilibrium constant significantly lower
than the first acylation step [7,17].

The aim of this work is to find a suitable catalyst, either acid or
base, able to shift the reaction as much as possible towards the end
product, TAG, optimizing in the same time the yield of FAME. For
this purpose, a screening of acid and base catalysts, either soluble
or heterogeneously dispersed, was performed.

3.2. Homogenous acid catalysis

The results of the screening for an efficient homogenous acid
catalyst are presented in Table 3. The best yields were obtained
with trifluoromethanesulphonic acid (trifluoro-MS acid in Table 3),
which afforded an almost quantitative yield of methyl butyrate

and 66% yield of triacetin (TAG) at 130 ◦C. TriBu conversion and
products yields were roughly proportional to the acidity strength
of the catalyst, defined by its acid dissociation constant [18], fol-
lowing the series acetic acid < methanesulphonic acid < sulphuric
acid � trifluoromethanesulphonic acid. According to the proposed

s base catalysts.

MAG, % DAG, % TAG, % BuMe, %

5 30 63 89
4 25 68 93
8 24 65 90
6 23 66 92

31 43 7 36
30 38 7 32

5 3 0 4
10 6 0 8
12 3 1 7

entration: 5 mol/mol% TriBu. MeOH: 30 mol/mol% TriBu.
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Table 6
Interesterification between tributyrin and methyl acetate in the presence of heterogeneous base catalysts.

Catalyst Catalyst, % (w/v) T, ◦C TriBu, % MAG, % DAG, % TAG, % BuMe, %

Mixed oxide MgAl 3:1 5 80 5 4 1 0 2
Mixed oxide MgAl 3:1 5 140 20 17 2 0 9
Mixed oxide MgAl 6:1 5 140 25 22 3 0 11
Mixed oxide MgAl 3:1 15 140 45 30 10 4 24
Mixed oxide MgAl 3:1 + Fe 10%a 15 140 39 27 8 3 22
ETS-10 10 80 4 3 1 0 2
Katalco 10 80 3 2 1 0 2
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riBu: tributyrin conversion. MAG, DAG, TAG and BuMe yields as in Table 3. Reactio
a 10% is the iron salt concentration at the beginning of the synthesis.

eaction mechanism of the interesterification of triglycerides with
ethanol (a nucleophilic acylic substitution), a key step in acid

atalysis is the interaction between the acid proton and the car-
onylic oxygen of the ester [19]. Therefore, it is reasonable to
ssume that the stronger the acid strength, the more effective the
egree of the interaction with the carbonyl oxygen (‘protonation’),
he more effective the products accumulation, in agreement with
he experimental results.

TAG concentration reached a value of 66% and 69% at 130 ◦C
nd 140 ◦C, respectively. These numbers approximately indicate
hat only two/third of the possible acetyl groups were incorpo-
ated. Even an increase of the catalyst concentration from 5 to
0 mol/mol% (data not shown) did not change significantly the
nal yields. On the other hand, it should be noted that in the con-
entional esterification of glycerol with acetic acid, the selectivity
owards TAG is even lower, being comprised between 30% and
0% [2,8]. Complete DAG conversion into TAG is prevented because
hese types of esterification may be considered a typical equilib-
ium limited reactions [20].

The time dependence of the products yields and TriBu conver-
ion at 130 ◦C in the presence of trifluoro-methanesulphonic acid

s catalyst is shown in Fig. 3. As it can be seen, tributyrin conver-
ion is complete, whereas MAG and DAG intermediates, after the
nitial accumulation, tend to decrease levelling asymptotically off
o a constant value. As a consequence, TAG concentration increases
ntil a plateau value, not significantly improved after longer reac-
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ig. 3. Time dependence of reactant and product concentrations expressed
s mol/mol percentages. Homogenous acid catalysis at 130 ◦C. Tributyrin 1.1 g
3.75 mmol), methyl acetate 5.5 g (74 mmol). Catalyst: trifluoro-methanesulphonic
cid 0.028 g (0.18 mmol). TriBu: percentage of the initial tributyrin concentration.
AG, DAG and TAG: percentages of the reacted TriBu. BuMe: percentages of 3 times

he initial TriBu concentration (see Eq. (2), Fig. 1). Lines are not fitting curves; they
re drawn for clarity sake.
9 10 1 9

e: 8 h.

tion time, is reached. The final products concentrations are those
reported in Table 3.

In our experimental conditions, different strategies were
adopted to increase TAG yield, without, however, significant
results. For instance, an increase in temperature did not induce a
significant improvement of the yield, which actually decreases at
160 ◦C. This is probably due to the presence of side reactions, such as
acid induced dehydration of glycerol moiety, which becomes signif-
icant at high temperature and lead to unbalanced products yields.
Moreover, as shown in Table 3, the addition of acetic acid to cover
the remaining 30% of the acetyl molecules need for complete acy-
lation of DAG did not improve the yield, suggesting that, in order to
shift the equilibrium condition, a much higher concentration would
be needed.

A possible way to overcome the equilibrium limitation is the
presence of a side independent reaction able to interact directly
with DAG. This may be accomplished by the addition of strong acy-
lation agents, such as anhydrides. As a matter of fact, the addition of
acetic anhydride (30 mol/mol% of TriBu) indeed caused a significant
improvement of the TAG yield, from 66% up to 78% at 130 ◦C. These
effects were not further investigated because a complete intercon-
version of the esters without further addition of other reactants is
a more appealing option from process development point of view.

The influence of water on the reaction was significant. It was
necessary to keep the overall water content below 100 ppm. Pro-
gressive deviation of the product mass balance was observed as
a function of water content, which, if increased up to several
hundreds ppm, induced the formation of a cloudy reaction mix-
ture. Mass analysis of the dispersed phase showed the presence of
hydrolysis products containing free glycerol –OH group.

3.3. Heterogeneous acid catalysis

The results obtained in the presence of solid acid catalysts are
presented in Table 4. Zirconias as well as zeolite � are defined
‘strong acid’ catalysts by the producers and indeed they were able
to convert TriBu to some extent into different glycerol derivatives.
The highest TAG yield was 11%, obtained in the presence of sul-
phated zirconia. However, the performance of these catalysts was
limited as pointed out by the low degree of TriBu conversion.

Both zirconias and zeolite � showed sufficient acid site strength
to catalyze biodiesel-forming transesterification with methanol,
although with different degrees of efficiency. The highest yields
were obtained with sulphated zirconia (although much less effi-
ciently than sulphuric acid) and the lowest ones with zeolite �
[21]. However, their average pore diameters (Table 2) are differ-
ent and consequently tributyrin accessibility to pore cavities varies

significantly. The fully extended tributyrin molecule is 1.8 nm long
(including Van der Walls radii, as calculated by standard molec-
ular modelling techniques) and pore accessibility is hampered for
zeolite � (pore diameter: ca. 0.65 nm). Therefore, poor catalytic effi-
ciency may be related to the strength of the zeolite acid sites, i.e.
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l(O–H)Si, of the crystal surface which is a structural property of
he material [22], sufficient to catalyze the transesterification with

ethanol [21], but not enough to afford reasonable yields in the
ouble ester exchange interesterification.

Amberlyst 15 is a synthetic resin containing sulphonic groups at
concentration (weight base) higher than any other acid catalysts

Table 2). Although active in the conventional transesterification
ith methanol to obtain FAME in spite of the low surface area [23],

t was not able to significantly catalyzed the interesterification reac-
ion as shown in Table 4. This result was somehow expected since
he corresponding acid compound, methanesulphonic acid, already
xpressed a low activity in homogeneous conditions (Table 3).

The best results were obtained with Nafion SAC-13, a silica based
aterial containing polymeric perfluorinated chains terminated
ith sulphonic groups: it is the heterogeneous equivalent of the

rifluoromethanesulphonic acid. At 130 ◦C the conversion of TriBu
as almost quantitative, BuMe (FAME) yield was 83%, whereas TAG

electivity was 60%. The time dependence of the products forma-
ion was similar to those shown in Fig. 3 in homogeneous conditions
ith trifluoro-methanesulphonic acid as catalyst (data not shown).

hese final yields, however, were slightly lower than those obtained
n solution (see Tables 3 and 4) as expected for a heterogeneous
atalyst. As in the case of homogeneous catalysis, the increase of
he temperature up to 160 ◦C had a negative influence on the final
roduct distribution, decreasing the overall yields and unbalancing
he mass equations (1) and (2). Careful studies on Nafion stability
ead to the conclusion that the structural integrity of the material

as conserved after repeated recycling at 130 ◦C (no leaching of the
SO3H groups was observed) and that the partially reversible loss
f the activity was due to the poisoning adsorption of by-products
n the catalytic sites [24].

Fluoro-sulphonic acids supported on porous silica, as in Nafion
AC-13 composite, have been successfully studied as an alterna-
ive those methods that exploit isomorphous lattice substitution
o enhance intrinsic acidity. As a consequence, the efficiency of
uch materials rely not only on the strengths of acid sites but also
n the better accessibility of acid sites, enhancing their specific
ctivity as catalyst, even with respect to synthetic resins, i.e. the
mberlyst family, as indeed has been observed experimentally for
ifferent reactions [25,26]. Moreover, it has been reported that this
omposite is both chemically (as expected due to the fluorocarbon
ature of the backbone) and thermally stable up to 280 ◦C, at which
emperature the sulphonic acid groups begin to decompose [25,27].

As mentioned above, the acidity of Nafion is not a structural
roperty of the silica material by itself. It is related to the teth-
red pendant fluorosulphonic side chains which are probably long
nough to react similarly as free molecules in solution, as indeed it
as been confirmed from kinetic studies on triacetin transester-

fication [27]. It was concluded that the kinetic mechanism and
he reaction activation energy of triacetin transesterification with

ethanol catalyzed by Nafion are quite similar to those when
he catalyst is sulphuric acid in homogenous conditions. This may
xplain the similarity of the results between Nafion and trifluo-
omethanesulphonic acid.

.4. Homogenous base catalysis

The reaction between TriBu and methyl acetate catalyzed by
ifferent base catalysts in homogeneous conditions are listed in
able 5. Both sodium methoxide and potassium tert-butoxide are
oluble in methyl acetate providing that the water is strictly min-

mized in the reaction media. As it can be seen, in the presence of
odium methoxide fully conversion of TriBu can be achieved within
ew minutes, even at 60 ◦C. The selectivity towards TAG reaches
8%, which could not be improved even by adding fresh catalyst to
he reaction.
(0.205 mmol). TriBu: percentage of the initial tributyrin concentration. MAG, DAG
and TAG: percentages of the reacted TriBu. BuMe: percentages of 3 times the initial
TriBu concentration (see Eq. (2), Fig. 1). Lines are not fitting curves; they are drawn
for clarity sake.

The evolution of the products concentrations (expressed as per-
centages) at 60◦ in the case of potassium-tertbutoxide is presented
in Fig. 4 as a function of time (the final values are also reported in
Table 5). After a rapid evolution of TAG and concurrent decrease of
the intermediates, products concentrations level off to an almost
constant value. The yields were similar to those obtained in acid
catalysis (see Fig. 3, for example), suggesting that the consecutive
reaction steps are partially reversible and that a thermodynamic
limit (equilibrium condition), independent of the nature of the cat-
alyst, is probably responsible for the missed yield improvement, in
spite of the faster reaction rates.

The efficient catalytic activity of these alkoxides may be
explained on the basis of the reaction mechanism proposed for the
base-catalyzed transesterification of vegetable oils with methanol
[19]. The reaction is initiated by a nucleophilic attack of the alkox-
ide ion at the carbonyl group of the triglyceride, followed by the
release of the alkyl ester (BuMe) and the corresponding anion of the
diglyceride which brings forth the reaction. According to this mech-
anism, the catalyst readily reacts because it behaves as a strong
nucleophile [28].

The results obtained with potassium tert-butoxide are similar
to those observed with sodium methoxide. Although tert-butoxide
ion is probably a nucleophile weaker than methoxide ion because
of steric hindrance effects, its counter ion, readily displaceable
because larger than sodium, could compensate this effect. In fact, it
has been observed that the rate of ester interchange reaction (ester
exchange) is indeed exponentially related to the atomic radius
of the tert-butoxide counterions [23]. As a matter of fact, K-tert-
butoxide is a catalyst almost as efficient as sodium methoxide,
affording the same conversion and yields, within few more minutes,
almost independently of the temperature (Table 5).

TBD is a soluble guanidine-like (tri-aza) bi-cycloamine whose
basicity is about 45 higher than DBU, a bi-cyclo di-azoamine [29].
Although TBD is a strong base, it is not able to catalyze efficiently
the conversion of TriBu which is not higher than 80%. The selectiv-
ity towards TAG is as low as 7%, which is not improved by raising

the temperature of even 60 ◦C. It is probable that, unlike in the case
of the transesterification reaction with methanol to prepare FAME
where indeed it behaves as a strong base [29], in our ester exchange
reactions TBD does not behave as a strong nucleophile probably
because of hindrance effects. As a base, DBU is similar but weaker
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han TBD and consequently it has a lower reactivity. The addition
f MeOH did not improve the DBU performance. This is a surprising
esult if one considers that the catalytic active species, the methox-
de ion, should be easily derived from methanol in the presence of
strong base.

.5. Heterogeneous base catalysis

The results obtained in the presence of various basic heteroge-
eous catalysts are presented in Table 6. Hydrotalcites are double

ayered Mg2+/Al3+ hydroxides whose regular spatial arrangement
s lost during calcination at high temperatures. After thermal treat-

ent, which induces the evolution of H2O and CO2, a porous
morphous mixed oxide is formed. This material has been suc-
essfully used to catalyze the transesterification of vegetable oil
ith methanol [16]. The intrinsic basicity of the oxide surface may

e tuneable by changing the Mg/Al ratio. As shown in Table 2, the
ncrease of the Mg/Al ratio induced a concurrent increase of the base
ites (determined by CO2 adsorption calorimetry). Unfortunately,
his did not afford a parallel significant increase of the catalytic
ctivity as suggested by the missed detection of TAG formation.

It was suggested that enhancement of the transesterification
atalytic activity of the mixed oxide was apparently improved after
he frame insertion of Fe3+ ion due to the increase of the active site
asicity (results based on colorimetric evidences) [16]. Therefore,
ixed oxides containing Fe3+ ion were prepared with a similar syn-

hesis protocol and characterized by standard XRD and ICP surface
nalysis that showed the correct structural insertion of the iron
data not shown). The properties of the iron doped oxides are pre-
ented in Table 2. The enrichment of the mixed oxide with Fe3+

on did not alter significantly surface area, porosity and base sites
oncentration (as assessed by adsorption calorimetry).

As shown in Table 6, the mixed oxide containing a Mg–Al ratio
f 3:1 is almost inactive at 80 ◦C and slightly active at 140 ◦C. A
urther enhancement of the conversion was observed by increas-
ng the catalyst concentration up to 15% (w/v), suggesting that the
istribution and concentration of the actual active sites per unit of
xide surface plays a relevant role on the overall catalytic activity.
n the other hand, long reaction times (20 h, data not shown) did
ot change the conversion and distribution of the intermediates.
he increase of the Mg/Al ratio (up to 6:1) and the insertion of Fe3+

ons did not alter significantly the results obtained with the mixed
xide at 15% (w/v) concentration.

The commercial hydrotalcite Pural Mg 70 (Mg/Al 3:1) calcined
o the corresponding oxides showed an activity even lower than
hat observed with the other oxides at the same Mg–Al molar ratio.
ther basic catalysts, such as titanium-silicalite ETS-10 and sodium
luminate Katalco, although efficient in the transesterification reac-
ions [29], were almost inactive. It should be noted that, unlike
TS-10, Katalco and Pural oxides have average pore diameters that
hould not significantly limited the accessibility of the tributyrin
olecule inside the pores (Table 2).
The activity of these heterogeneous base catalysts is signif-

cantly lower than that observed in homogenous conditions. A
ossible explanation may be related to the intrinsic basicity
trength of the material surface which, although enough to cat-
lyze other transesterification reactions, may not sufficient to carry
n the ester exchange reaction. On the other hand, the dependence
n the concentration of the activity (see Table 6) may suggest that
he activity also depends critically on the amount and distribution
f the catalytic sites and/or on the surface properties (porosity) of

he material. As a matter of fact, in heterogeneous catalysis the
nteraction between the incoming reactants and the surface active
ites is a critical prerequisite for the reaction. Kinetic studies of
he transesterification mechanism in the presence of strong base
ites suggested that the reacting molecules (which correspond to
: General 394 (2011) 149–157

two esters in our case) have to adsorb on closely neighbouring free
reactive sites. Therefore, a reasonable hypothesis, although based
on evidences not yet fully established, is that the surface-mediated
reaction step between two adsorbed species, more the adsorption
of a single species from solution, as in the case of acid catalysis
[27], may become the rate determining step [26,30]. This implies
that effective catalysis critically could depend on geometric and
spatial distribution of the surface catalytic sites other than on the
basicity strength of the metal oxides.

4. Conclusions

The double ester exchange between tributyrin, a model triglyc-
eride, and methyl acetate has been carried out in the presence of
either acid or basic catalysts. Base catalysis is characterized by fast
reaction rates (few minutes) and moderate temperature require-
ment (60–80 ◦C), whereas acid catalysis achieves similar yields in
longer reaction time (several hours) and at higher temperature
(130–140 ◦C). These results are similar to those obtained in the case
of transesterification of vegetable oils with methanol [19].

Interestingly, under optimized conditions, both types of cata-
lysts yielded a similar amount of reaction products, reaching the
same final TGA selectivity of about 70% even in those cases in
which a quantitative conversion of the tributyrin was observed.
This implies that the third acetylation step from DAG to form TAG
did not go to completion with either type of catalysts. In order to
achieve a complete conversion is probably necessary to consider
adding a side reaction able to force the equilibrium towards the
end product, TAG.

The weight percent composition of the final products mixture
is: BuMe 55%, TAG 28%, DAG 15%, MAG 2%, TriBu 0%, out of which
only MAG (2%) may be considered a truly unwanted impurity. The
two main products add up to more than 80% (up to 98% including
DAG). This mixture can be taken into consideration as a component
of fossil fuels blends (Table 1) if a long fatty acid chain triglyceride
(a vegetable oil) were used instead of tributyrin, a triglyceride with
a very short chain fatty acid. The study of this reaction by using
vegetable oils as substrates could be a further step forward in the
search of suitable processes for the synthesis of green diesel com-
ponents without constrained glycerol accumulation as in the case
of the traditional biodiesel synthesis.
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