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a b s t r a c t

The synthesis of monoglycerides by glycerolysis of methyl oleate, an unsaturated fatty acid methyl ester,
was studied on acid–base solid catalysts as an alternative to the current commercial technology that
uses liquid base catalysts. Initially, the reaction conditions such as catalyst particle size and stirring rate
required for operating the four-phase semi-continuous reactor under a kinetically controlled-regime were
determined. Then the optimization of the reaction parameters for achieving high monoglyceride yields
was performed using MgO. MgO compared favorably with the corresponding homogeneously catalyzed
process. In fact, when using high reaction temperatures (493–523 K), glycerol/methyl oleate molar ratios
atty acid methyl ester
ase catalysis
lycerolysis

between 2 and 6, and catalyst/reactant ratios of about 30 g/mol, glycerolysis of methyl oleate yields up to
77% monoglycerides in 2 h, a much higher value than those usually obtained via the liquid base-catalyzed
homogeneous process (40–60%).

The acid–base site requirements for the glycerolysis reaction were investigated using single oxides
with different electronegativities. A good correlation was found between the catalytic activity and the

tion,
base site density. In addi
such as those of MgO.

. Introduction

Due to the increasing prices of fossil fuels the biomass-derived
uel industry is growing worldwide. In particular, biodiesel produc-
ion capacity of Europe, USA, Brazil and Argentina currently totals
bout 28 million tons per year.

During biodiesel synthesis by oil or fat transesterification,
lycerol (Gly) is obtained as the main co-product (Scheme 1), rep-
esenting 10% of the biodiesel production. Therefore, the increasing
roduction of biodiesel around the world generates a Gly surplus
hat is becoming a matter of economic and environmental concern
ince the drop of the Gly price has forced the producers to burn
r sell Gly without even refine it. Thus, new applications intended
o convert glycerol into value-added chemicals are highly desirable
ot only to improve the economics of biodiesel production but also

or ecological reasons.
Due to its structure and properties Gly participates in the for-

ulation or synthesis of many compounds such as food products,

osmetics, pharmaceuticals, liquid detergents and antifreeze [1].
ly can also be used in the synthesis of hydrogen [2], liquid fuels

3], fuel additives [4] and chemicals [1,5]. Among the latter, mono-
lyceride (MG) synthesis by Gly esterification or transesterification,

∗ Corresponding author. Tel.: +54 342 4555279; fax: +54 342 4531068.
E-mail address: dicosimo@fiq.unl.edu.ar (J.I. Di Cosimo).
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results show that glycerolysis of methyl oleate requires strong base sites

© 2009 Elsevier B.V. All rights reserved.

is an attractive option to transform this biomass-derived compound
into fine chemicals.

Monoglycerides, the glycerol monoesters of fatty acids, are
molecules consisting of a hydrophilic head and a hydrophobic tail
having surfactant and emulsifying properties that help hydrophilic
and lipophilic substances mix together. Therefore, they can be used
in food, detergent, plasticizer, cosmetic and pharmaceutical formu-
lations [5,6].

MGs can be synthesized from glycerol using triglycerides (TG),
fatty acids (FA) or fatty acid methyl esters (FAME). However, the
process from FAME, Scheme 2, presents several advantages, e.g.,
FAME is less corrosive than FA, has lower hydrophobic character
than TG and exhibits higher miscibility with glycerol; therefore, the
process can be carried out at lower temperatures (393–503 K) than
TG transesterification (≈533 K) [6]. The reaction route from FAME
allows the production of MGs with a definite acyl group compo-
sition (FAMEs are easier to separate by fractional distillation than
FAs) whereas in TG glycerolysis the products contain the acyl group
distribution of the oil or fat [7].

Enzymatic and liquid acid- or liquid base-catalyzed production
of MG has been extensively investigated lately [1,6,7]. However,

enzymatic processes are difficult to set up and expensive and not
very efficient because of enzyme reusability issues. On the other
hand, the two main liquid-catalyzed synthesis routes to produce
MG from glycerol involve strong mineral acids such as sulfuric and
phosphoric acids or strong bases such as Ca(OH)2 and KOH; both

dx.doi.org/10.1016/j.cej.2009.07.041
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:dicosimo@fiq.unl.edu.ar
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Scheme 1. Biodiesel synthesis from triglycerides.

rocesses entail concerns related to high toxicity, corrosion, and
isposal of spent acid or base materials. In addition, in the homo-
eneously catalyzed processes, the reaction products contain only
0–60% MG, the rest being DG and TG. Several purification steps
re required to obtain food or pharmaceutical grade MG, such as
eutralization of the reaction media and discoloration followed by
xpensive molecular distillation [5,6].

The use of solid catalysts for MG synthesis, presents not only the
nown environmental and practical advantages but also provides
he opportunity to increase the MG yield by developing a catalyst
ith tunable structural, surface acid–base and textural properties

pecifically designed to promote the reaction.
In spite of the technological benefits of using solid catalysts and

f the MG synthesis from FAME, industrial implementation of a
eterogeneously catalyzed process using solid base catalysts able
o replace the current technology using liquid bases with similar
erformance is still a challenge.

In this paper we study the Gly transesterification with an unsatu-
ated FAME, oleic acid (C18:1) methyl ester, under heterogeneously
atalyzed conditions using solid catalysts with different acid–base
roperties. Our goals were to implement this reaction under kineti-
ally controlled-conditions and to optimize the reaction parameters
or maximum MG yield. Therefore, the effect of the stirring rate and
atalyst particle size was investigated in order to rule out diffusional
imitations. Moreover, the effect of reaction temperature, catalyst
oad and Gly/FAME ratio on the MG yield was also studied. In addi-
ion, the chemical nature and the acid–base requirements of the
ctive site for promoting the MG synthesis were also investigated.

. Materials and methods

.1. Catalyst synthesis

Magnesium oxide was prepared by hydration with distilled
ater of low-surface area commercial MgO (Carlo Erba 99%;

7 m2/g). Then the resulting Mg(OH)2 was decomposed and sta-

ilized in a N2 flow for 1 h at 373 K, then for 1 h at 623 K, and finally
or 18 h at 773 K to obtain high-surface area MgO [8]. The cata-
yst was ground, sieved and separated in three different lots before
ecomposition in N2. The resulting average particle size lots were:
100 �m; 100–177 �m; 177–250 �m.

cheme 2. Monoglyceride (MG) synthesis via transesterification (glycerolysis) of
AME with Gly and consecutive reactions to diglycerides (DG) and triglycerides (TG).
ng Journal 161 (2010) 346–354 347

Y2O3, ZnO and CeO2 precursors were prepared by precipitation
method at a constant pH of 10. An aqueous solution of the metal
cation nitrate was contacted with a basic solution of K2CO3 and
KOH by dropwise addition of both solutions into a stirred beaker
containing 350 cm3 of distilled deionized water held at 333 K. The
precipitates formed were aged in their mother liquor for 2 h at 333 K
and then filtered, washed with boiling distilled water until K+ was
no longer detected in the filtrate, and dried at 348 K overnight.
The ZrO2 precursor, i.e., Zr(OH)4 was obtained by precipitation of
zirconium oxychloride with ammonium hydroxide. All these pre-
cursors were decomposed in N2 or air at 723–773 K overnight in
order to obtain the corresponding oxides. Nb2O5 was prepared by
decomposition at 773 K of commercial hydrated niobium pentox-
ide HY340 from Companhia Brasileira de Metalurgia e Mineracao
(CBMM). Alumina was a commercial sample of �-Al2O3 Cyanamid
Ketjen CK 300.

2.2. Catalyst characterization

BET surface areas were determined by N2 physisorption at 77 K
in a NOVA-1000 Quantachrom sorptometer.

Catalyst base site densities (nb) were measured by temperature-
programmed desorption (TPD) of CO2 preadsorbed at room
temperature. Samples were pretreated in situ in a N2 flow at
723–773 K, cooled down to room temperature, and then exposed
to a flowing mixture of 3% of CO2 in N2 until surface saturation
was achieved (5 min). Weakly adsorbed CO2 was removed by flush-
ing with N2. Finally, the temperature was increased to 773 K at a
ramp rate of 10 K/min. The flow containing the desorbed CO2 was
passed through a methanation reactor and converted in CH4 on a
Ni/Kieselghur catalyst at 673 K; CH4 was then continuously ana-
lyzed using a flame ionization detector (FID). Efficiency of the CO2
conversion in CH4 was checked periodically by introducing known
amounts of CO2 and CH4 in the methanation reactor.

Acid site densities were determined by using TPD of NH3. Sam-
ples (150 mg) were treated in He (∼100 cm3/min) at 723–773 K for
0.5 h and exposed to a 1.01% NH3/He stream at room temperature
until surface saturation. Weakly adsorbed NH3 was removed by
flowing He at 60 cm3/min for 0.5 h. Temperature was then increased
to 773 K at 10 K/min, and the NH3 concentration in the effluent was
measured by mass spectrometry (MS).

The chemical nature of adsorbed surface CO2 species was deter-
mined by Infrared Spectroscopy (IR) after CO2 adsorption at room
temperature and sequential evacuation at increasing temperatures.
The sample was pressed in a wafer and degassed in vacuum at
723–773 K for 1 h and then cooled down to room temperature. The
spectrum of the pre-treated catalyst was then taken. After admis-
sion of 5 kPa of CO2 and evacuation at 298, 373, 473 and 573 K,
the CO2 adsorption spectra were recorded at room temperature.
Spectra of the adsorbed species were obtained by subtracting the
catalyst spectrum. Data were collected in a Shimadzu FTIR Prestige-
21 spectrometer using an inverted T-shaped cell fitted with CaF2
windows containing the sample pellet. The absorbance scale was
normalized to 20 mg.

2.3. Catalytic tests

The transesterification of methyl oleate (Fluka, >60.0%, with 86%
total C18 + C16 esters as determined by gas chromatography), with
glycerol (Aldrich, 99.0%,) was carried out at 473–523 K in a seven-
necked cylindrical glass reactor with mechanical stirring equipped

with a condenser to remove the methanol generated during reac-
tion. In the text FAME and Gly stand for methyl oleate and glycerol,
respectively.

Gly/FAME molar ratios in the range of 1–6 and a catalyst/FAME
ratio (Wcat/n0

FAME) of 9–30 g/mol were used. The reactor was oper-
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groups of Gly in the glycerolysis reaction. Similarly, 1,3-glyceryl
dioleate was the main DG isomer.

The heterogeneously promoted reaction system for monoglyc-
eride synthesis is outlined in Scheme 3. The reactor consists of four
48 C.A. Ferretti et al. / Chemical Eng

ted in a semi-batch regime at atmospheric pressure under flowing
2 (35 cm3/min). First, the liquid reactants were introduced and the

eactor was flushed with nitrogen, then the reactor was heated to
eaction temperature under stirring (400–700 RPM). Catalyst was
retreated ex situ at 773 K for 6 h to remove adsorbed water and car-
on dioxide and kept overnight at 373 K in flowing N2 until used,
hen quickly transferred to the reactor without exposing it to air to
tart the reaction. The reactor was assumed to be perfectly mixed.

For the homogeneously catalyzed experiment, a 25 wt.% sodium
ethoxide (NaMeO) solution was prepared by reacting NaOH with
ethanol under stirring [9].

.4. Sample analysis and quantification

Reaction products: �- and �-glyceryl monooloeates (MGs), 1,2-
nd 1,3-glyceryl dioleates (diglycerides, DGs) and glyceryl trioleate
triglyceride, TG) were analyzed by gas chromatography (GC) after
ilylation to improve compound detectability [10]. Quantification
as carried out using authentic standards of glyceryl trioleate

Sigma, 65.0%) and a commercial mixture of glyceryl mono and
ioleate of known composition (Fluka, 71.5% MG and 25.3% DG).

Twelve samples of the reaction mixture were extracted and
nalyzed during the 8-h catalytic run. Reaction samples were
entrifuged at room temperature at 3000 RPM to separate the
lycerol-containing phase from the FAME-rich phase; both phases
ere analyzed following the same procedure, for instance, 10 �L

f “fatty phase” (FAME-rich phase) were measured, weighted and
laced in test tubes. Known amounts of pyridine solution of n-
exadecane (Sigma, >99.0%) and cholesterol (Aldrich, 95.0%) were
dded as internal standards of the silylation reaction. Then, the
eaction products were converted to trimethylsilylether deriva-
ives with N,O-bis (trimethylsilyl) acetamide (BSA, Fluka, >95%)
nd trimethylchlorosilane (TMCS, Fluka, >98%). Hexane solutions
f the resulting mixtures were then analyzed by GC in a SRI
610C gas chromatograph equipped with a flame ionization detec-
or (FID), on-column injector port and a HP-1 Agilent Technologies
5 m × 0.32 mm × 0.1 �m capillary column.

Conversion (XFAME, referred to the total content of esters in the
eactant), selectivity (S) and yield (Y) were calculated through the
ollowing equations (nj, mol of product j; MG = monoglycerides
both isomers), DG = diglycerides (both isomers), TG = triglyceride):

FAME (%)
nMG + 2nDG + 3nTG

nMG + 2nDG + 3nTG + nFAME
× 100

MG (%)
nMG

nMG + 2nDG + 3nTG
× 100

DG (%)
2nDG

nMG + 2nDG + 3nTG
× 100

TG (%)
3nTG

nMG + 2nDG + 3nTG
× 100

j (%) = XFAMESj × 100

. Results and discussion

.1. Reaction parameter optimization using MgO
Previous to the heterogeneously catalyzed glycerolysis and for
omparison purposes, a homogeneously catalyzed reaction was
erformed using sodium methoxide (NaMeO) as a catalyst in a ratio
f WNaMeO/n0

FAME = 5.5 g/mol at 408 K with a Gly/FAME = 2 (molar
Fig. 1. FAME conversion and glyceride yields [MgO, Gly/FAME = 2; T = 493 K;
Wcat/n0

FAME = 11 g/mol FAME].

ratio) and a stirring rate of 550 RPM [11,12]. After 5 h, a FAME con-
version of ≈100% was achieved with a maximum MG yield of 59%,
a DG yield of 24% and a TG yield of 17%.

Then, two MgO-promoted preliminary tests were carried at
493 K by loading the reactor first with pure glycerol and then with
pure methyl oleate. No conversion was detected in any of these
experiments.

A typical heterogeneously catalyzed methyl oleate glycerolysis
on MgO (Wcat/n0

FAME = 11 g/mol FAME) at 493 K and Gly/FAME = 2, is
shown in Fig. 1. Results show that monoglycerides can be obtained
with reasonable yields (45%) in 8 h using MgO. Initially, only MG
formation was observed. Then, as the reaction proceeded, a second
transesterification took place forming diglycerides (DG) from MG
and FAME (Scheme 2). At the end of the run the DG yield was 29%.
No TG formation was observed in these catalytic tests using MgO
in contrast with those performed with NaMeO.

In both, the homogeneously and the heterogeneously catalyzed
experiments the main MG isomer was �-glyceryl monooleate
(Scheme 2) resulting from participation of the two primary OH
Scheme 3. Four-phase reactor for the heterogeneously catalyzed monoglyceride
synthesis.
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hases: the solid catalyst; the bottom liquid layer formed by the
ly phase; the liquid “fatty phase” containing FAME and glyceride
roducts and the gas phase containing N2 and methanol.

FAME is not soluble in Gly and Gly is barely soluble in the fatty
hase. Thus, the reaction occurs in the fatty phase where both reac-
ants may coexist; for the reaction to occur, Gly has to be transferred
rom the more hydrophilic glycerol phase to the more hydrophobic
atty phase where it is immediately consumed. Therefore, Gly is not
etected in that phase at short reaction times but as FAME conver-
ion increases and glycerides are formed, the Gly concentration in
he fatty phase increases because of the glycerides surfactant prop-
rties that enhance Gly solubility in the hydrophobic phase. On the
ther hand, glycerides were never found in the glycerol phase under
ur heterogeneous catalysis conditions. The byproduct methanol
orms in the fatty phase but is more soluble in the glycerol phase.
owever, under the reaction conditions used here, methanol was

eleased to the gas phase and hardly detected in any of the liquid
hases.

Initially we investigated the operative conditions required to
ule out diffusional limitations in this four-phase reaction system.
nly mass-transfer limitations were investigated since transesteri-
cation reactions are known to have low reaction enthalpies [13,14].

In the reaction system of Scheme 3 several mass interfacial gra-
ients can occur such as those at the liquid–liquid (Gly phase-fatty
hase interface) and liquid–solid (mass-transfer resistance around
he catalyst particles in the fatty phase) boundaries as well as those
nside the catalyst pores.

Mass gradients at the liquid–liquid interface are strongly depen-
ent on the stirring rate. Thus, if the overall reaction rate were
ontrolled by the reactant diffusion rate through this interface, then
AME conversion would increase by increasing the stirring rate. To
nvestigate the presence of liquid–liquid interfacial gradients, the
ffect of the stirring rate on the reaction kinetics was studied. Sev-
ral 3-h catalytic tests were carried out on MgO using stirring rates
n the range of 400–700 RPM, without changing any other opera-
ional parameter. FAME conversion was not significantly changed by
ncreasing the stirring rate from 400 to 700 RPM. Then, it was con-
luded that the reaction is not liquid–liquid diffusion-controlled
nder the present experimental conditions and we adopted the

ighest stirring rate (700 RPM) for performing the following exper-

ments.
The reactant diffusion rates at the liquid–solid interface and

nside the catalyst particles depend on the catalyst particle size.
hus, if the overall reaction rate were controlled by the reactant

Fig. 2. Effect of the Gly/FAME ratio on MG and DG yields [T = 493 K; Wcat/n0
FAME = 1
ng Journal 161 (2010) 346–354 349

diffusion around or inside the catalyst particle, then FAME conver-
sion would increase when decreasing the catalyst particle size. The
effect of the MgO particle size on FAME conversion was investigated
by carrying out several 3-h catalytic tests using three different par-
ticle size ranges (<100 �m; 100–177 �m and 177–250 �m), without
changing any other reaction parameter. Only small differences
within the experimental error were observed during the 3-h tests
thereby confirming the absence of diffusional limitations inside or
around the catalyst particles. However and for practical reasons to
avoid flotation of small particles in the presence of the foam caused
by the surfactant MG, we adopted the largest particle size range for
the following catalytic experiments.

The stoichiometry of the MG reaction synthesis (Scheme 2)
requires a glycerol to FAME (Gly/FAME) molar ratio of 1:1 but a
glycerol excess is often used to drive the reaction forward and reach
high FAME conversions. However, the effect of the glycerol excess
on the kinetics of FAME glycerolysis over MgO is difficult to predict
because glycerol is more hydrophilic than FAME and would be prob-
ably strongly adsorbed on the catalyst surface. In addition, Gly is
more dense than FAME and has to be transferred to the fatty phase
where the reaction occurs, even though it is little soluble in that
phase. Therefore, the Gly/FAME ratio can affect the Gly solubility in
the reaction zone.

In order to investigate the effect of Gly/FAME ratio on MG yield,
8-h catalytic tests were performed on MgO at 493 K with Gly/FAME
molar ratios in the range of 1–6, using a constant catalyst/FAME
ratio (Wcat/n0

FAME = 11 g/mol) and variable molar amounts of Gly.
Evolution of MG yield (YMG) curves, Fig. 2, indicates that at the
beginning of the reaction there was no difference between the
tests performed at increasing Gly/FAME ratios. However, at higher
reaction times the catalytic tests carried out with Gly/FAME ratios
above one produced significantly higher MG yields in compari-
son to that performed with stoichiometric reactant concentration
(Gly/FAME = 1). In the latter, a maximum in the MG yield curve was
observed because of the rapid consecutive DG formation. This MG
yield maximum is not explained by a faster FAME transformation
since the FAME conversion was about 40% at that point, but by
the Gly consumption in the reaction zone. In fact, Gly conversion
increased with decreasing the Gly/FAME ratio and for the stoichio-

metric reactant ratio the Gly transfer rate to the fatty phase was not
rapid enough to maintain the FAME-Gly reaction going. Thus, MGs
initially formed kept reacting with a second FAME molecule to form
preferentially DGs that were the main reaction products at the end
of the run (Scheme 2).

1 g/mol; particle size: 177–250 �m; stirring rate = 700 RPM; catalyst: MgO].
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Fig. 3. Effect of the catalyst load on MG and DG yields [Gly/FAME = 4.5 (molar ratio); T = 493 K; Particle size: 177–250 �m; Stirring rate = 700 RPM; Catalyst: MgO].

Table 1
Physicochemical properties of different solid acid–base catalysts.

Catalyst Electronegativity, �oxide (Pauling unit) Surface area (m2/g) Base site density, nb
a (�mol/g) Acid site density, na

b (�mol/g)

MgO 2.12 192 655.0 15.0
Y2O3 2.27 54 280.0 12.0
CeO2 2.37 75 147.0 21.0
ZnO 2.38 18 2.7 2.5
ZrO2 2.51 83 58.0 22.0
Al O 2.54 230 14.0 101.0
N

i
2
r
l

w
4

F
c

2 3

b2O5 2.76 84

a By TPD of CO2.
b By TPD of NH3.

As a conclusion, Gly/FAME ratios higher than one have to be used
n order to selectively obtain MGs. Gly/FAME ratios in the range of
–6 gave similar results suggesting a zeroth reaction order with

espect to Gly in the overall kinetics. Therefore, Gly/FAME ratios as
ow as 2 can be used without significantly affecting the MG yield.

The effect of the MgO catalyst load on the FAME conversion
as also investigated. Several catalytic tests were conducted at
93 K with different catalyst/FAME ratios (Wcat/n0

FAME = 11, 17 and

ig. 4. Effect of the reaction temperature on MG and DG yields [Gly/FAME = 4.5 (molar
atalyst: MgO].
5.0 125.0

30 g/mol). In agreement with the absence of diffusional limitations,
the FAME conversion was almost duplicated when the Wcat/n0

FAME
ratio was increased from 17 to 30 g/mol. On the other hand, product

selectivity was independent of the catalyst load when compared at
similar conversion levels. Therefore, the MG yield increased as the
catalyst load increased, Fig. 3, as a consequence of the enhanced
FAME conversion; a MG yield of 73% was attained in 8 h for the
experiment with Wcat/n0

FAME = 30 g/mol. This MG yield is much

ratio); Wcat/n0
FAME = 30 g/mol; particle size: 177–250 �m; stirring rate = 700 RPM;
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Fig. 5. TPD of CO2 on different oxides.
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igher than that measured at the end of our catalytic experiment
sing NaMeO (59%) and also than the typical MG yields obtained

n commercial homogeneously catalyzed MG synthesis (40–60%)
5,6].

Variations of the reaction temperature modify not only the over-
ll kinetic rate constant but also Gly solubility [14,15]. Therefore, an
ncrease of the reaction temperature is expected to increase the
AME conversion. However, the increase of the reaction tempera-
ure is limited by undesirable product formation (polyglycerols on
asic catalysts and acrolein on acidic catalysts) [16,17].

The effect of the reaction temperature on the catalyst activity
nd selectivity was investigated here by carrying out catalytic tests
n MgO at 473, 483, 493 and 523 K using a Gly/FAME ratio of 4.5. As
xpected, FAME conversion significantly increased with the reac-
ion temperature so that complete conversion was achieved in 2 h
t 523 K in contrast to 4% at 473 K. The selectivity to MG improved
t higher reaction temperatures at the expense of the DG selec-
ivity when compared at similar FAME conversion levels. Thus, MG
ield was significantly increased by increasing the reaction temper-
ture as shown in Fig. 4. In summary, as a result of the combined
ffect of temperature on FAME conversion and MG selectivity, MG
ields as high as 77% can be obtained at 523 K in just 2 h on MgO
ithout thermal degradation of reactants or products and without

ormation of TG.

.2. Monoglyceride synthesis on different acid–base oxides

.2.1. Catalyst textural and acid–base properties
The BET surface area, electronegativity and acid and base site

ensities of the different oxides used in this work are reported in
able 1. Oxide electronegativities (�oxide) were calculated as the
eometric mean of the atomic electronegativities using the Paul-
ng’s electronegativity scale. For an oxide with the formula MnOx,
he bulk oxide electronegativity is [18]:

oxide = [(�M)n(�O)x]
1/(n+x)

The catalyst basic properties were determined by TPD of CO2,
ig. 5. The base site density, nb, was calculated by integration of TPD
urves as the total amount of CO2 desorbed from the catalysts, and
he resulting values are reported in Table 1. In Fig. 6 the nb values
re plotted as a function of the electronegativity showing that they
epended on the acid–base properties of the oxide metal cation
o that the total base site density decreased with increasing oxide
lectronegativity. Thus, a nb value of 655 �mol/g was quantified on
gO and whereas just 5 �mol/g were measured on Nb2O5.

The complex TPD profiles of Fig. 5 reveal the presence of surface
ase sites that bind CO2 with different strength. Also, the TPD traces
f Fig. 5 show that not only the nb values are affected by the elec-
ronegativity of the oxide metal cation but also the binding energies
f adsorbed CO2 species. Whereas the most electronegative oxides
f Table 1 were weakly or moderately basic (CO2 desorption temper-
ture at 350–400 K or ≈450 K), low-electronegativity oxides (MgO
nd Y2O3), presented an additional high-temperature desorption
eak (≈550 K) arising from CO2 adsorbed on stronger basic sites.

The catalyst acidic properties were determined by TPD of NH3,
ig. 7. Acid site densities (na) calculated by integration of the NH3
PD profiles of Fig. 7 are reported in Table 1. As expected, the
a values increased with increasing the catalyst electronegativ-

ty, Fig. 6. The strength of the catalyst acid sites also followed
he electronegativity trend, as indicated in the NH3 TPD curves

y the high-temperature peak (≈580 K) found on the most elec-
ronegative solids such as Nb2O5, Al2O3 and ZrO2. The other oxides
resented essentially a single low-temperature desorption peak at
bout 400 K which revealed they are weakly or mildly acidic mate-
ials. The total NH3 evolved from the stronger basic catalysts such
Fig. 6. Initial MG formation rate (r0
MG) and total acid (na) and base (nb) site densi-

ties as a function of oxide electronegativity [T = 493 K; Gly/FAME = 4.5 (molar ratio);
Wcat/n0

FAME = 30 g/mol; particle size: 177–250 �m; stirring rate = 700 RPM].

as MgO and Y2O3 probably includes NH3 adsorption and decompo-
sition on acid–base pairs that gives rise to species such as M-NH2

−

(M = Mg2+ or Y3+).

3.2.2. Effect of the catalyst acid–base properties on

monoglyceride synthesis

The different single oxides of Table 1 were tested in the methyl
oleate glycerolysis reaction. All the oxides produced exclusively
monoglycerides and diglycerides during the 8-h experiments at
493 K. Fig. 8 presents the FAME conversions and glyceride yields
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Fig. 7. TPD of NH3 on different oxides.

s a function of reaction time where is clearly shown that basic
xides such as MgO, Y2O3 and CeO2 converted more than 90% of
AME in less than 8 h. In contrast, acidic oxides such as Al2O3, ZrO2
nd Nb2O5 were less active for MG synthesis than basic oxides.

From the data of Fig. 8 we determined the initial MG formation
ate (r0

MG, mmol/gh) by calculating the initial slopes of the MG yield
urves according to

0
MG = n0

FAME
Wcat

[
dYMG

dt

]
t=0

,

here Wcat is the catalyst weight and n is the molar amount of
AME initially loaded in the reactor. The r0

MG values were plotted as
function of the oxide electronegativity in Fig. 6 as well as those

f nb and na; a good correlation was found between the catalytic
ctivity and the base site density what confirms that glycerolysis of
ethyl oleate is promoted on basic sites.

Fig. 8. FAME conversion and glyceride yields on dif
Fig. 9. TPD of CO2 of MgO catalysts activated at different calcination temperatures.

3.3. Identification of the active site

In order to get insight into the chemical nature of the basic site
responsible for the glycerolysis activity, several additional experi-
ments were carried out using a series of MgO catalysts treated at
different calcination temperatures. The surface areas of MgO cal-
cined at 623, 673, 773 and 873 K were 258, 183, 189 and 169 m2/g,
respectively.

Fig. 9 shows the TPD of CO2 obtained for these MgO samples. Not
only the total base site density (nb) but also the strength distribution
changed by increasing the calcination temperature as indicated by
the different shapes of the TPD traces.

In Fig. 10, the MG initial formation rates (r0
MG) as well as the nb
values are plotted as a function of the MgO calcination tempera-
ture. In agreement with the results of Fig. 6 obtained for several
acid–base catalysts, a good correlation was observed between the
initial activity and the base site density of the different MgO

ferent oxides. Reaction conditions as in Fig. 6.
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ig. 10. Effect of the MgO calcination temperature on the initial MG formation rate
r0

MG) and on the base site density distribution. Reaction conditions as in Fig. 6.

amples. The r0
MG and nb curves of Fig. 10 present both a maximum

t 673 K.
The FTIR analysis of CO2 adsorbed at room temperature and

vacuated at 298, 373, 473 and 573 K was carried out on MgO
reated at different calcination temperatures. Fig. 11 presents the
O2 FTIR spectra obtained after CO2 evacuation at 373 K. Overlap-
ing broad infrared bands were observed in the 1700–1200 cm−1

egion, confirming catalyst surface heterogeneity and formation of
ifferent carbonate species. In a previous work [19] we investi-
ated the chemical nature of the adsorbed species on similar MgO
nd MgO-based catalysts by using FTIR of CO and identified at
2
east three different CO2 adsorption species: unidentate carbon-
te, bidentate carbonate and bicarbonate. Unidentate carbonate
ormation requires isolated surface O2− ions, i.e., low-coordination
nions, such as those present in corners or edges and exhibits a sym-

ig. 11. FTIR spectra of CO2 adsorbed species on MgO catalysts activated at different
alcination temperatures [CO2 adsorption at room temperature and evacuation at
73 K; B.C: bidentate carbonate; U.C: unidentate carbonate].
ng Journal 161 (2010) 346–354 353

metric O–C–O stretching at 1360–1400 cm−1 and an asymmetric
O–C–O stretching at 1510–1560 cm−1. Bidentate carbonate forms
on Lewis acid–Brønsted base pairs (M–O pair site, M = metal cation)
and shows a symmetric O–C–O stretching at 1320–1340 cm−1 and
an asymmetric O–C–O stretching at 1610–1650 cm−1. Bicarbon-
ate species formation involves surface hydroxyl groups and shows
a C–OH bending mode at 1220 cm−1 as well as symmetric and
asymmetric O–C–O stretching bands at 1480 cm−1 and 1650 cm−1,
respectively [20,21].

The bicarbonate species disappeared after evacuation at 373 K
due to the weak basic nature of the surface OH− groups of MgO.
Contrarily, unidentate and bidentate carbonates remained on the
surface even after evacuation at 573 K, but the unidentate species
were more difficult to remove by evacuation at high temperatures.
Thus, we determined the following base strength order for these
surface oxygen species: low coordination O2− anions > oxygen in
Mg2+–O2− pairs > OH− groups.

All the MgO catalysts of Fig. 11 exhibited unidentate and
bidentate carbonate species but the higher band intensity of the
unidentate carbonates suggests that the surface of the MgO cata-
lysts contain mainly strongly basic low coordination oxygen anions.
Clearly, as the calcination temperature increased the band inten-
sity corresponding to CO2 species retained on the strongest base
sites (unidentate carbonate species) decreased more notoriously
than that of the bidentate species. This result indicates surface
smoothing after increasing the severity of the thermal treatment
causing elimination of surface defects such as corners or edges
where strongly basic oxygen anions are located.

Based on the identification of the surface oxygen species by
IR, the contribution of weak (OH− groups), medium (oxygen in
Mg2+–O2− pairs) and strong (low coordination O2− anions) base
sites to the total base site density (nb) was measured by decon-
volution of the TPD curves of Fig. 9 using Gaussian functions. The
deconvolution results were plotted in Fig. 10 as a function of the cal-
cination temperature showing that the number of strong base sites
presented a maximum at 673 K whereas the number of medium-
strength and weak base sites remained almost constant. These
results show that the catalytic performance of MgO treated at dif-
ferent calcination temperatures (r0

MG values in Fig. 10) is essentially
related to the change in the number of strong base sites.

In summary, it is inferred that the heterogeneously catalyzed
monoglyceride synthesis on MgO is mainly promoted on strong
base sites such as the low coordination oxygen anions.

4. Conclusions

The liquid-phase glyceryl monooleate (monoglyceride) synthe-
sis by glycerolysis of methyl oleate is efficiently carried out on solid
base catalysts such as MgO, Y2O3 and CeO2. Therefore, solid bases
offer an alternative technology to the current commercial processes
that use environmentally unfriendly liquid bases.

The heterogeneously catalyzed monoglyceride synthesis is a
four-phase reaction that may be conducted in kinetic control regime
provided that appropriate operative conditions are used, namely:
relatively high stirring rates (500–700 rpm) and mean catalyst par-
ticle sizes of up to 250 �m.

Monoglyceride yields of ≈73–77% are obtained on MgO using
reaction temperatures in the range of 493–523 K and glyc-
erol/methyl oleate ratios of 2 or higher. These monoglyceride yields
are higher than those typically obtained via the homogeneously
catalyzed process (40–60%). Diglycerides are the only byproducts

formed by a consecutive transesterification step.

The glycerolysis reaction on MgO takes place on strong base sites
such as the coordinatively unsaturated oxygen anions. Single oxides
with higher electronegativity than MgO are less efficient to promote
the reaction.
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