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Abstract

The selective synthesis of phytosterol esters from natural sterols and methyl esters was investigated on new grounds by a chemical process
using basic solids that are reusable, active, and more selective than the currently used homogeneous catalysts (e.g., alkali hydroxides, carbonates).
Various lanthanum oxides with different synthesis procedures and varying specific surface areas were tested. The catalytic performance of the
new solids and, more specifically, the ability of La2O3 oxides in increasing phytosterol ester selectivity, was correlated with their acido-basic
properties, which were fully characterized by infrared spectroscopy. All La2O3 oxides involved surface carbonate species with different structural
states and strengths, as revealed by propyne adsorption. The selectivity to phytosterol ester varied from 90 to 96%, confirming that the side reaction
of dehydration of β-sitosterol was strongly inhibited. The phytosterol ester yield could reach 89% and was related to the basic strength of the
carbonate species. The lower the carbonate basicity, the higher the phytosterol ester yield. Moreover, IR spectra of catalysts diluted in KBr powder
showed that the higher the intensity of unidentate carbonate bands, the higher the yield. It was concluded that the synthesis of phytosterol esters
from fatty methyl esters and sitosterols in the presence of La2O3 catalysts requires ionic carbonate species of medium basic strength.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Basic solid materials are of great importance in heteroge-
neous catalysis if the nature, quantity, distribution, and strength
of the basic sites can be monitored so as to yield active centers
well adapted to a particular catalytic reaction. The character-
ization of these sites requires specific techniques, such as IR
spectroscopy of adsorbed probe molecules, as well as gravimet-
ric and calorimetric adsorption of CO2.

In numerous chemical reactions starting from alcohols, es-
ters, or acids, strong mineral or organic bases (e.g., KOH,
NaOEt) are currently used [1–4], but the corrosive character
of homogeneous catalysts and the difficulty in separating them
from the reaction medium make them less well suited for envi-
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ronmentally friendly catalytic processes. Moreover, such strong
bases also can favor the formation of byproducts as a con-
sequence of dehydration, polymerization, oxidation, and other
side reactions, resulting in decreased selectivity toward the de-
sired compounds. As an example, transesterification reactions
using solid base catalysts provide an attractive alternative by
avoiding these drawbacks, because they are easily recovered
(through simple filtration) and recycled.

Phytosterol esters are useful in food applications [5] and in
other areas, such as cosmetics [6]. Pouilloux et al. [7] have pre-
viously shown that basic solids, such as magnesium or zinc
oxides, can be advantageously used in the transesterification of
sitosterols with fatty methyl esters in the absence of any sol-
vent. A phytosterol ester yield >75% was obtained, despite the
fact that acid sites, also present on MgO in high amounts along
with the strong basic sites, favor the formation of stigmastadi-
enes through a dehydration side reaction.
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Fig. 1. Reaction scheme for phytosterol esters selective synthesis.
The aim of this work was to study the synthesis of phytos-
terol esters through the transesterification of β-sitosterol with
methyl dodecanoate (Fig. 1) in the presence of less conventional
basic solid catalysts, such as lanthanum oxides prepared using
different synthetic routes and involving variable specific sur-
face areas. Lanthanum oxide has found numerous applications
in environmental chemistry and exhibits interesting versatility
in catalytic reactions. As a recent example, lanthanum oxide
was used to catalyze the reduction of NO by methane in the
presence of oxygen [8,9]. Most of the studies dealing with catal-
ysis over rare earth oxides have found that the basic character of
such materials was an important factor in determining the reac-
tion mechanism. The fact that the basic character of lanthanum
oxide depends markedly on its structural or textural properties,
which are in turn sensitive to its synthesis and pretreatment con-
ditions, have justified numerous studies devoted exclusively to
less conventional preparation routes that eventually yield rare
earth oxide materials with specific properties. For instance, La-
combe et al. [10] derived a relationship between the morphol-
ogy and catalytic performance of La2O3 for the methane oxida-
tive coupling reaction. The basic character of La oxides is much
better demonstrated by the calorimetric adsorption of CO2 re-
ported by Auroux and Gervasini [11] or Veldurthy et al. [12].
The catalytic properties for well-established base-catalyzed re-
actions, such as Michael [13] and transesterification [14] re-
actions, are also known. Lanthanum oxide is well known to
be very sensitive to water and to atmospheric CO2, leading
to its bulk hydroxylation and/or the formation of various su-
perficial carbonate species [15]. As shown by Klingenberg et
al. [16], the surface chemistry of commercial lanthanum car-
bonate and oxide powders was shown to be greatly influenced
by the pretreatment conditions (e.g., calcination, exposure to
water) that define the final surface state of the materials. Tur-
cotte et al. [17] have shown that IR spectroscopy can discrim-
inate between three different polymeric forms of La2O2CO3,
thereby suggesting that IR is the most efficient technique for
characterizing the structure of carbonate-like species.

The main purpose of the present study was to evaluate the
ability of La2O3 oxides prepared using the so-called “self-
combustion” method to increase the catalytic performance (ac-
tivity and selectivity) for the synthesis of phytosterol esters in
comparison with more conventional basic solids currently used
and, in a further step, to identify the active species and their
basic strength. La2O3 acid–base properties were studied by IR
spectroscopy by using pyridine (surface acidity) and propyne
(surface basicity) as probe molecules.
Table 1
Specific surface area of lanthanum oxides and their initial rate during the syn-
thesis of phytosterol esters from methyl dodecanoate and β-sitosterol

Catalyst a SBET
(m2 g−1)

Activityb

(mmol h−1 g−1)

Sample 1 68 39
Sample 2 1 32
Sample 3 3 50
Sample 4 40 55

a Samples 1 to 3 were supplied by Rhodia and sample 4 was prepared by the
self combustion method.

b Temperature 513 K, reaction time 7 h, DN2 = 15 mL min−1, ester/sterol
molar ratio = 1, catalyst = 2.2 wt%.

2. Experimental

2.1. Catalyst preparation

Lanthanum oxide (herewith referred as sample 4) was pre-
pared by the self-combustion method [18]. Glycine (H2NCH2–
CO2H) was used as the ignition promoter and was added to
an aqueous solution of lanthanum nitrate (NO−

3 /NH2 molar ra-
tio = 1). The resulting solution was slowly evaporated until a
vitreous gel was obtained. The latter was heated up to 523 K,
the temperature at which the ignition reaction occurs. This rapid
exothermic reaction resulted in formation of a white powdery
solid. Three other commercial lanthanum oxides supplied by
Rhodia (samples 1, 2, and 3) exhibiting different specific sur-
face areas (Table 1) were used for comparison.

2.2. Characterization

La2O3 samples were characterized by powder X-ray diffrac-
tion using a Bruker D5005 diffractometer with monochroma-
tized CuKα radiation (λ = 1.5418 Å) at 40 kV and 30 mA.
The diffraction patterns were recorded in the 2θ value range of
10–90◦ at a rate of 0.04◦ s−1 and a step size of 2 s. The BET
surface areas were determined by adsorption–desorption of ni-
trogen on a Micromeritics Flowsorb II 2300 apparatus at 77 K.
Before each experiment, the samples were degassed under He
at 623 K for 30 min before adsorption of nitrogen using 30%
N2/Ar as the adsorbate.

2.3. IR spectroscopy

IR spectra were recorded on a Nicolet Nexus spectrometer
with a spectral resolution of 4 cm−1. Samples were pressed as
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self-supported wafers. Discs of 10 mg cm−2 were prepared and
treated directly in the cell. The samples were first evacuated up
to 623 K (10.8 K min−1) then treated under 100 Torr of oxygen
for 30 min before being evacuated for another 30 min at 623 K
and then up to 873 K (8.3 K min−1). At the latter temperature,
the samples were further treated under 100 Torr of oxygen for
1 h, then evacuated for 30 min. Probe molecules (pyridine and
propyne) were introduced on the activated samples at room tem-
perature. To analyze the structure of lanthanum oxycarbonates,
spectra were recorded on wafers containing sample powder di-
luted in KBr.

2.4. Catalytic tests

The transesterification of β-sitosterol with methyl dode-
canoate was carried out at atmospheric pressure under a nitro-
gen flow in a Pyrex reactor equipped with a mechanical stirrer.
First, 7.7 × 10−3 mol of sterol (3.2 g) and 7.7 × 10−3 mol
of methyl dodecanoate (1.64 g) were heated to 513 K, then
125 mg of catalyst (2.2 wt%) were added to the mixture (start-
ing time of the reaction). The analysis of the reaction products
was performed on a gas chromatograph equipped with a flame
ionization detector and an on-column injector with flowing N2
as carrier gas. The percentage of each compound was deter-
mined using hexadecane as an internal standard. The conver-
sions of methyl dodecanoate and β-sitosterol were followed as
functions of the time on stream of the microsamples withdrawn
periodically and evaluated with respect to the initial and final
contents of fatty methyl ester and free sterol in the solution.

3. Results and discussion

3.1. Catalyst characterization

The XRD pattern obtained for lanthanum oxide as prepared
by the self-combustion method (sample 4) showed only the dif-
fraction lines expected for La2O3, which are broadened due to
the very small particle size. No other diffraction lines due to
possible residual La nitrate were visible, confirming that the
autoignition temperature of the homogeneous intermediate ma-
terial (which combusts to generate the final powder) was fully
achieved. It has been reported [18] that the self-combustion
temperature of an intermediate product formed from lanthanum
nitrate hydrate is about 473 K, which can be easily achieved
on a heating plate. This was also confirmed by achieving the
self-combustion reaction using a thermoanalytical instrument
(TG-DTA trace not shown).

A closer look at the diffraction pattern, along with thermal
analysis and preliminary IR characterization data, indicated the
presence of residual carbonate species inside this product. In
fact, surface carbonate species were detected in both sample 4
and in the samples supplied by Rhodia (samples 1–3). It is
well known that rare earth oxides, particularly La2O3, undergo
rapid (partial) carbonation through reacting with atmospheric
carbon dioxide. This effect can be even more pronounced when
La2O3 is synthesized by autoignition, because combustion of
the amino acid generates CO2 in situ.
The specific surface area of the various lanthanum oxides
is given in Table 1. The surface area of sample 4 was rela-
tively high (40 m2 g−1), in line with the synthesis procedure
yielding a fine metal oxide powder with high specific surface
area, due to short reaction time and low synthesis temperature.
Two of the other three commercial La2O3 oxides exhibited very
low surface areas, whereas sample 1 had the highest surface
value reported for that compound (68 m2 g−1). To prepare a
high-surface area La2O3 via the autoignition process, we se-
lected two lanthanum precursor salts (acetate and sulphate); we
also studied other combustible/soluble metal salt ratios using
La nitrate. The best product was generally obtained when the
glycine-to-anion molar ratio was adjusted to produce the largest
bulk volume of powder. However, whatever the experimental
conditions, we could never prepare lanthanum oxide with sur-
face area >40 m2 g−1. In this study, the favorable conditions
for generating La2O3 are typically a glycine-to-anion ratio of 1
with lanthanum nitrate hydrate as a precursor salt.

3.2. IR characterization of La2O3 samples

The effect of activation on IR spectra of various lanthanum
oxides catalysts is reported on Fig. 2. Before activation, the
IR spectrum of samples 1–3 in the ν(OH) range displayed two
bands at 3595 and 3452 cm−1 (Fig. 2A). According to Mekhe-
mer [19] and Laachir et al. [20], the band at 3595 cm−1 is due
to tridentate OH groups linked to La3+ cations. The band at
3452 cm−1 is assigned to the ν(OH) vibration mode of adsorbed
water. The corresponding δ(OH) bending mode is observed at
1630 cm−1 [21,22]. For sample 4, a broad massif assigned to
hydrogen-bonded water was observed over the range of the OH
group stretching modes.

In all spectra, at lower wavenumbers, strong bands were
present in the ν(OCO) vibration range (1200–1650 cm−1). In
agreement with previous studies [23], these bands are assigned
to carbonate species. However, because of excessively high in-
tensity (leading to saturation of the detector), these bands could
not be analyzed in detail. Fig. 2B shows the IR spectra of lan-
thanum oxide samples activated at 873 K under oxygen. In this
case, activation resulted in the total removal of adsorbed water
but did not lead to complete elimination of carbonate groups,
as was reported previously [24]. The removal of part of car-
bonate species allowed us to conclude that the CO2−

3 groups in
the various samples had different structures, as demonstrated
by the different IR bands shown in Fig. 2B. It is known that
lanthanum cations easily form carbonate-like species such as
La(OH)(CO3) [25]. Thermal treatments lead to a partial trans-
formation of these species to oxy-carbonate (La2O2CO3) and
finally to La2O3. These decompositions require temperatures
of 773–973 K to generate La2O2CO3 and 1073 K or above to
form the oxide [16]. An important result is that this final step is
reversible in CO2-containing atmospheres [17].

In a previous work, Turcotte et al. [17] found three differ-
ent polymeric forms of La2O2CO3, distinguished by their IR
spectra: tetragonal type I, monoclinic type Ia, and hexagonal
type II phases. The corresponding IR spectra in the ν(OCO) vi-
bration range often display a complex band structure due to the
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(A) (B)

Fig. 2. Effect of activation temperature on IR spectra of samples 1 to 4: (A) samples before activation; (B) samples after activation at 873 K under oxygen.
presence of the different polymeric forms currently present on
the La2O3 surface, which is also expected in our case. A “free”
carbonate, corresponding to a symmetric structure, is charac-
terized by a doubly degenerated asymmetric stretching band at
∼1415–1450 cm−1. It has been considered that the �ν3 split-
ting of this degenerated ν3 vibration should selectively charac-
terize each species structure [26]. According to the literature
[17,27], the splitting of the ν3 mode is far more pronounced for
the carbonate structures I and Ia with respect to that commonly
observed for mineral carbonates (type II). In our case, after the
thermal treatment at 873 K under O2, only the most stable car-
bonate species were present on the surface of lanthanum oxides.
The sharp bands at 1471 and 1465 cm−1 observed on spec-
tra of samples 1 and 3 characterize these carbonates, and the
narrow �ν3 interval between these frequencies suggest that we
indeed are dealing with mineral (hexagonal) type II La2O2CO3

species. Sample 2 showed a similar band at 1478 cm−1, sub-
stantially weaker than for the other two compounds, revealing
the presence of traces of carbonates of the same species. Poly-
dentate carbonates were also observed, especially on sample 1
(bands at 1519 and 1382 cm−1). Interestingly, sample 4 showed
only bands assigned to polydentate carbonates at 1466 and
1382 cm−1. The corresponding ν1 and π (CO3) modes for all
the carbonates were observed at 1080 cm−1 (more intense on
sample 4) and around 850 cm−1 (all samples), respectively. In
addition, sample 1 revealed combination bands of La–O funda-
mental vibrational modes at around 940–920 cm−1. This broad
band was far more pronounced on this catalyst due to its rela-
tively high specific surface area.

This preliminary IR characterization of the various lan-
thanum oxycarbonate solids indicates the presence of very dif-
ferent surface and structural states, auguring different catalytic
behaviors. Varying the specific surface area even within the
same synthesis procedure also strongly modified the chemical
and superficial states of the materials. Finally, this preliminary
screening did not allow us to detect the other, more labile car-
bonate species that had disappeared at the activation temper-
atures and that could potentially play a major role as active
(basic) species during the catalysis done at lower temperatures.
Thus, additional investigations were necessary, as reported be-
low.

3.3. Selective synthesis of phytosterol esters

3.3.1. Influence of specific surface area on catalytic activity
and IR characterization of KBr-diluted samples

The initial rates of methyl dodecanoate transesterification
with β-sitosterol in the presence of the various La2O3 sam-
ples are presented in Table 1. Surprisingly, no direct correlation
could be found between the surface area (SBET) of the sam-
ples and the catalytic activity extrapolated at zero conversion.
Comparison of samples 1 and 2, which have very different sur-
face areas (SBET of 68 and 1 m2 g−1, respectively), indicates
a negligible effect of SBET on the catalytic performance, with
similar initial reaction rates. These unexpected results suggest
that the main parameter affecting the activities can be related to
the acid–base properties of the samples and, more specifically,
to the nature of the active basic sites of the various lanthanum
oxides, which is different, as confirmed by the preliminary IR
characterization.

We achieved a more in-depth investigation of the basic prop-
erties of the different samples by diluting the powders into
KBr pellets (1 wt%). Besides preventing the detector saturation,
this technique proved more efficient for analyzing all carbon-
ate species originally present on the surface before evacuation.
Indeed, a severe thermal treatment (873 K under O2) would
inevitably result in the removal of the less stable carbonate
species (often the most reactive), thereby preventing identifica-
tion of their structure (symmetry), a parameter that dramatically
influences reactivity. The KBr dilution method should accu-
rately identify the most active species under (spectral) condi-
tions similar to those encountered during catalytic tests (513 K).

Spectra in the 1700–1200 cm−1 range of the four samples di-
luted in KBr, presented in Fig. 3, confirm that these catalysts in-
volve differently structured carbonate species. Compared with
Fig. 2B, Fig. 3 shows that the thermal treatment had a more
pronounced effect on samples 1 and 4. In these solids, two
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(A) (B)

Fig. 3. Main IR decomposition peaks in the ν3(OCO) range (KBr pellets). (∗) mineral carbonates type II, La2O2CO3.
sets of bands, at 1455–1384 and at 1515–1361 cm−1, were re-
solved. The differences between the band positions in Figs. 2
and 3 are not surprising; the high-temperature treatment in an
oxidizing atmosphere carried out before obtaining the spectra
certainly strongly modified the carbonates. Hydrogen carbon-
ates, as well as unidentate and bidentate species, were removed,
whereas polydentate entities may have changed their coordina-
tion and symmetry, as already observed on parent compounds
[28]. Moreover, we cannot discard the hypothesis that the spec-
tra observed in Fig. 3 were affected by distortion phenom-
ena due to the sample mixing with KBr [29]. Nevertheless,
a tentative interpretation of the observed species can be formu-
lated.

IR spectra of adsorbed carbonates are characterized by the
loss of D3h symmetry, which leads to the splitting of the de-
generate asymmetric ν3(OCO) mode. The possibility that the
�ν3 splitting is specific to a given carbonate species structure
has been considered; its value was about 100 cm−1 for uniden-
tate species, 300 cm−1 for bidentate species, and 400 cm−1 for
bridging species. Unidentate carbonates are currently less stable
than bidentates [27]. If a carbonate species shows a strong resis-
tance to thermal treatment and exhibits rather low �ν3 splitting,
it likely corresponds to a polydentate structure [27]. On the ba-
sis of such principles and empirical observations, as well as
a comparison of the thermal stability of the different species,
we assigned the bands at 1455–1384 and 1515–1361 cm−1 to
polydentate and bidentate carbonates, respectively (Fig. 3 and
Table 2). After thermal treatment, the bidentate species were
partly removed and transformed into other species detected af-
ter high-temperature evacuation (Fig. 2) [27,28], as discussed
earlier.
Table 2
Infrared study of basic properties of various lanthanum oxy-carbonate samples

Propyne
adsorptiona

ν(C≡C)
(cm−1)

CO2−
3 assignments (cm−1)b

Mineralsc Unidentate
carbonates

Bidentate
carbonates

Polydentate
carbonates

Sample 1 2116 1515 + 1361 1455 + 1384
(Δ = 154) (Δ = 71)

Sample 2 2117 1499 + 1382
(Δ = 117)

Sample 3 2118 1465 1499 + 1382
(Δ = 117)

Sample 4 2115 1515 + 1361 1455 + 1384
(Δ = 154) (Δ = 71)

a Propyne adsorption on La2O3 catalysts activated at 373 K.
b Carbonate species assignments on samples diluted in KBr powder.
c Mineral carbonates type II, La2O2CO3 [13].

The aforementioned criteria allowed us to attribute the car-
bonate bands present in each sample. The results are summa-
rized in Table 2.

After deconvolution of the main peaks occurring in the
1300–1700 cm−1 range (KBr spectra, Fig. 3), we can see that
the higher the intensity (proportional to the number of sites) of
the bands at 1499 and 1382 cm−1, the higher the phytosterol es-
ter yield, independent of the initial rates of the samples. These
two bands, probably corresponding to unidentate carbonates,
were the most intense in the case of samples 2 and 3, for which
the reaction yields were 86 and 89.2%, respectively. In sam-
ples 1 and 4, these bands were probably hidden by the biden-
tate and polydentate bands. This result suggests that unidentate
carbonate species were the predominant active species in the se-
lective synthesis of phytosterol esters. Conversely, polydentate
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Fig. 4. Sterol conversion as a function of time on stream over various La2O3 oxides: (2) sample 1, (F) sample 2, (Q) sample 3, (!) sample 4.
and bidentate carbonate species, essentially present on the two
other samples and characterized by IR bands at 1455–1384 and
1515–1361 cm−1, respectively, were presumably less active for
this reaction.

3.3.2. Catalytic performance of the different La2O3 oxides
Transesterification of the fatty methyl ester with β-sitosterol

carried out in the presence of lanthanum oxides led to very
high values for the conversion of the ester and sterol and for
the selectivity to sterol esters (�90%). Contrary to what was
observed for MgO (sterol ester selectivity of 80%) [7], this sug-
gests that the strength of the active basic sites of the various
La2O3 samples was a determining factor, adapted to the for-
mation of phytosterol ester, the desired product. Indeed, the
selectivity to phytosterol ester varied from 89 to 96%, confirm-
ing that the side reaction of dehydration of β-sitosterol was
substantially limited (formation of side products not exceed-
ing 10%). Thus, the competition between the transesterification
reaction and the dehydration of the sterol was highly restricted.

As already mentioned, the most active sample was not the
lanthanum oxide with the highest specific surface area (Fig. 4,
Table 1), but rather the oxide prepared by the self-combustion
method, sample 4 (40 m2 g−1), and also sample 3 (3 m2 g−1).
This latter sample also was the most selective to phytosterol es-
ter. The high conversion and selectivity values displayed by the
various La2O3 samples explain an increased yield of phytos-
terol ester (�83%) compared with other basic oxide catalysts
used previously.

Note that for all samples, the selectivity to phytosterol ester
was total at zero conversion (at the beginning of the reaction)
and decreased slightly continuously as a function of time, down
to ∼90% (formation of stigmasta-3,5-diene). This means that
this side reaction (degradation of reactants) is favored by acid
sites that are progressively generated onto the catalyst surface
during the reaction. Indeed, the synthesis of phytosterol es-
ters from sterols and fatty methyl esters was accompanied by
the formation of methanol. Dehydration of MeOH at 513 K
promoted the creation of Brønsted acidity, which was responsi-
ble for the formation of dienes by dehydration of β-sitosterol.
The absence of Brønsted acid sites on the surface of the vari-
ous lanthanum oxides was confirmed by adsorption of pyridine
and lutidine, which more accurately probes weak Brønsted acid
sites.

Pyridine adsorption could be appropriate for checking the
coordinative unsaturation of lanthanum at the sample surface.
IR spectroscopy of adsorbed pyridine was used to determine the
acid type and to probe the acid strength of La2O3 samples. Pyri-
dine was adsorbed on lanthanum oxides and further evacuated
at room temperature. The adsorption led to the appearance of IR
bands at 1618, 1593, 1574, 1486, and 1440 cm−1, all assigned
to pyridine coordinated to Lewis acid sites. It is well known
that the position and the multiplicity of the ν8a ring vibration of
chemisorbed pyridine (1579 cm−1 in the liquid phase) is related
to the strength and the number of the different types of Lewis
acid sites [30]. According to various studies [31–35], the occur-
rence of the ν8a mode at two different frequency values (1618
and 1593 cm−1) indicates that the Lewis acid sites belong to
two different populations with different acidity strengths. As
already reported for other oxides [36], the spectra of pyridine
chemisorbed on the lanthanum oxide can be interpreted by con-
sidering that two types of species are formed, corresponding
to La3+ in different structural environments (e.g., defects, cor-
ners), characterized by the ν8a bands at 1618 and 1593 cm−1.

Whereas the strength of LAS on lanthanum oxide was ana-
lyzed from the position of pyridine ν8a absorption bands, their
quantification was measured from the area of the ν19b band at
about 1440 cm−1, using its molar extinction coefficient (ε =
1.5 µmol−1 cm [37]). The total amount of LAS was determined
taking into account the area of this band measured after evac-
uation, so as to eliminate physisorbed and H-bonded pyridine
(Table 3). These results show that the lower the specific sur-
face area, the higher the Lewis acid site concentration. Finally,
from these results, it appears that the amount of Lewis acid sites
present on lanthanum oxides was relatively low, even though
pyridine was adsorbed after activating the samples at high tem-
perature. Therefore, under normal reaction conditions, these
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Fig. 5. IR spectra of propyne adsorbed at room temperature (2 Torr at equilibrium) on La2O3 samples evacuated at 873 K (dotted line: gas phase). Insert spectra:
ν(C≡C) region of propyne adsorbed on La2O3 evacuated at 373 K.
Table 3
Lewis acidity of lanthanum oxide catalysts determined from ν19b pyridine ad-
sorption

Sample 1 Sample 2 Sample 3 La2O3 (self
combustion)

Area of the band
near 1440 cm−1

1.21 0.11 0.14 0.42

n (µmol g−1)a 40.3 3.7 4.7 14.0

SBET (m2 g−1) 68 1 3 40

C (µmol m2) 0.6 3.7 1.6 0.4

a A = εl(n/Sl) = (εn)/S with ε = 1.5 µmol−1 cm [31], where A, ε, S, n

and l denote respectively the absorbance, the integrated molar absorption coef-
ficient, the disc surface, the amount of pyridine adsorbed and the disc thickness.

sites should be occupied by carbonates, and thus they should not
have any catalytic efficiency. This explains the high selectivity
of lanthanum-based materials and the relative weaker perfor-
mances of samples 1 and 4, which had the highest concentration
of Lewis acid sites and the lowest selectivities.

3.3.3. Correlation between the catalytic performances and the
basicity of the La2O3 oxides

IR probing of the strength of surface basic sites was car-
ried out by propyne adsorption. As shown by Huber and
Knözinger [38] and Mordenti et al. [39], propyne behaves as
a C–H acid, which should undergo interaction with basic oxy-
gen centers via H bonding. According to Knözinger and Hu-
ber [40] and Michalska et al. [41], C–H acids can be used as
probe molecules for basic properties using the H-bonding shift
method. The H-bonding stretching frequency can allow rank-
ing of the basic strengths of the La2O3 series, because the red
shift expected for the C–H stretching mode of adsorbed propyne
depends on the basic site strength. Propyne interaction with a
surface was studied first by Uvarova et al. [42], who suggested
that red shifts indicate the formation of H bonds with frame-
work oxygen atoms. According to Thomasson et al. [43], this
σ -complex leads, in the ν(≡CH) stretching vibration range, to
the formation of broad bands. Additional bands also could be
detected that have been attributed to a π -complex formed be-
tween a coordinatively unsaturated cation and the triple bond of
propyne. Huber and Knözinger [38] showed that such interac-
tion led to a sharp band on MgO at about 3280 cm−1.

Fig. 5 shows, in the ν(≡CH) and ν(C≡C) range, IR spectra
of adsorbed species (difference spectra) formed after adsorp-
tion of 2 Torr of propyne on lanthanum-based oxides activated
at 873 K under oxygen. As expected, propyne adsorption in the
ν(≡CH) range led to the formation of rather broad bands. The
ν(CH3) and 2δ(CH3) frequency modes were not shifted rela-
tive to gaseous CH3–C≡CH, indicating that the methyl group
of propyne was not perturbed by the adsorption. Adsorption
of propyne at room temperature revealed the formation of a
new ν(OH) band at 3625 cm−1 on the different samples, sug-
gesting partial dissociation of the probe due to the presence of
Lewis acid–base pairs [41]. In the ν(≡CH) stretching vibration
region, two broad bands at 3250 and 3140 cm−1, red-shifted
with respect to the gas-phase frequency (3334 cm−1) by 84 and
194 cm−1, respectively, can be seen in Fig. 5. The occurrence of
two different ν(≡CH) frequency values argues for two different
molecular adsorption modes. The ν(C≡C) stretching mode cor-
responding to these (propyne-La2O3 surface) complexes were
observed at 2114 and 2046 cm−1 (sample 1), showing red shifts
with respect to the gas-phase frequency of 27 and 98 cm−1

(Fig. 5). Evacuation preferentially gave rise to the decrease of
the ν(≡CH) broad band at about 3250 cm−1, coupled with the
vanishing of the 2115 cm−1 ν(C≡C) band.
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Fig. 6. Possible structures of CH3–C≡CH adsorbed on lanthanum oxide.

These results clearly demonstrate the presence of two differ-
ent adsorbed species on lanthanum oxides. Uvarova et al. [42]
suggested that a red shift was consistent with the H-bonding
interaction and that the decreased ν(CH) values reflected the
basic strength of the adsorption sites. In the scheme showing
three possible complexes of propyne interacting with the La2O3
surface, given in Fig. 6, the strongly held propyne is oriented
perpendicularly to the surface (type II), is bonded to basic oxy-
gens, and displays bands at 3140 and 2046 cm−1, whereas the
weakly held propyne (type II) is thought to be adsorbed onto
carbonate-like surface species (bands at 3250 and 2115 cm−1),
likely also in interaction with surface hydroxyls. Finally, a more
complete evacuation gave rise to the total elimination of stretch-
ing ν(≡CH) vibrations, whereas the ν(C≡C) stretching mode
had shifted from 2046 to 2044 cm−1 and the band observed
at 3625 cm−1 was not eliminated. The fact that the ν(C≡C)
vibration was observed with no corresponding ν(≡CH) fre-
quency values, coupled with a new ν(OH) band observed at
3625 cm−1, confirms the dissociative adsorption of propyne
(type I in Fig. 6). Note that the high-temperature treatment (with
partial removal of carbonate species) seemed to favor propyne
adsorption on basic oxygens.

To obtain more information on the basic strength of car-
bonate surface species, propyne also was adsorbed on samples
evacuated at 373 K, to avoid an overly extended surface recon-
struction, but while reducing the amount of physisorbed water
on the sample. The IR spectra are presented in the insert of
Fig. 5 and reported in Table 2. Propyne adsorption led to the ap-
pearance of ν(C≡C) bands at 2115, 2116, 2117, and 2118 cm−1

on samples 4, 1, 2, and 3, respectively. This result demonstrates
that all samples involve carbonate species of slightly differ-
ent strength. The corresponding spectra show that the lower
the ν(C≡C) vibration, the higher its carbonate species basic-
ity. The shift expected for the ν(C≡C) propyne stretching mode
is depending on the nature of the adsorption sites and its basic
strength, indicating that this molecule is a sensitive probe of the
basic properties of carbonate species. This difference in basic
strength of carbonates species can be directly related to the cat-
alytic efficiency of the lanthanum oxide samples, as shown in
Fig. 7. Indeed, the maximum yield obtained for the lanthanum
oxide catalysts increased with decreasing carbonate basicity.

As observed in sample 4, overly strong basic sites are not the
most active species in the synthesis of phytosterol esters. This
means that this reaction requires carbonate species of medium
basic strength with a rather ionic character but limited stabil-
ity (unidentate species), as was observed for sample 3. We can
imagine that the catalytic scheme represented in Fig. 1 corre-
Fig. 7. Correlation between ν(C≡C) and the maximum yield obtained for the
lanthanum oxide catalysts: (1) sample 1, (E) sample 2, (P) sample 3, (!)
sample 4.

Scheme 1. Schematic representation of a unidentate carbonate on a lanthanum
oxide surface.

sponds to an interaction between the sterol molecule H-bonded
to the surface carbonates and the methyl ester via the –COO
function. In fact, the unidentate carbonate can be considered
merely as a CO2 molecule chemically bound to a surface, as
presented on Scheme 1. Despite the high basicity of the coor-
dination site (an “on top” oxygen over a cation), giving rise to
a highly symmetric molecular configuration with a pronounced
ionic character, the stability of the complex is very limited due
to the lack of coordination [27], therefore favoring catalytic ex-
change. Conversely, polydentate carbonates have a high intrin-
sic stability and thus a weak reactivity toward other molecules.
Of course, the lability of unidentate species favors the forma-
tion of coordinatively unsaturated La3+ cations, which act as
dehydration sites, thereby justifying the lower selectivity for
sample 4 (self-combustion La2O3) and sample 1.

Finally, the number of basic active sites determined from
the total area of the IR propyne bands can be correlated with
the activity at zero conversion for all catalysts. Fig. 8 reveals
perfect correlation between the initial reaction rate and the to-
tal area of the IR bands. The higher the number of carbonate
species, the higher the activity determined at zero conversion.
On the other hand, because both samples 3 and 4 exhibit the
highest (but similar) number of active sites, whereas their corre-
sponding yield of phytosterol ester is different (89.2 and 82.6%,
respectively), we can conclude that the strength of the carbonate
species is also an important parameter to consider for this cat-
alytic reaction. Consequently, the most competitive catalyst in
the transesterification of fatty methyl esters with sterols should
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Fig. 8. Correlation between the total area of carbonate IR bands and the activity
at zero conversion of lanthanum oxide catalysts: (1) sample 1, (E) sample 2,
(P) sample 3, (!) sample 4.

involve quite ionic carbonate species (e.g., unidentate) with a
medium basic strength.

4. Conclusion

The synthesis of phytosterol esters from transesterification
of a fatty methyl ester (dodecanoate) with β-sitosterol was car-
ried out in the presence of basic solid catalysts, such as lan-
thanum oxides, differing in terms of synthesis procedure and
specific surface area. These basic oxides proved particularly
active and selective to phytosterol esters compared with mag-
nesium oxide or zinc oxide, which were reported previously.
The competition between the transesterification reaction and
the side reaction of dehydration of sterol was strongly inhib-
ited, resulting in phytosterol ester selectivity of 90–96%. The
high conversion and selectivity values displayed by the vari-
ous La2O3 samples led to an increased phytosterol ester yield
(�83%) compared with that of other basic oxide catalysts used
previously.

The acid–base properties (i.e., nature, number, and strength
of active sites) of La2O3 were characterized by IR spectroscopy,
which revealed the presence of residual carbonate species inside
all of the solids. Lanthanum oxide is well known to be very sen-
sitive to CO2 contained in the ambient atmosphere, leading to
partial surface carbonation. After activation of the catalysts at
873 K under O2, very different surface and structural states of
the carbonate-like species were observed by IR spectroscopy,
suggesting different basic and catalytic characteristics of the
samples. This was substantiated by the fact that no direct re-
lationship between the surface area of the samples and their
activity at zero conversion could be derived. Because the cat-
alytic reaction was performed at a relatively low temperature
(513 K), all samples were diluted into KBr before the nature of
the different carbonate species was characterized. Unidentate,
bidentate, polydentate, and mineral carbonates were observed
in this La2O3 series, and their strengths were determined by
propyne adsorption.
Propyne was shown to be a good molecule for probing the
basic properties of all of the lanthanum oxycarbonates, because
the shift expected for the ν(C≡C) stretching mode depends on
the adsorption sites and their basic strength. Propyne adsorp-
tion on samples evacuated at 373 K provided more information
on the basic strength of the carbonate species. The fact that
ν(C≡C) vibrations were observed at different wavenumbers in-
dicated a ranking of the basic strength of the surface carbonates
species of the lanthanum oxycarbonate samples. The lower the
basicity of carbonates, the higher the phytosterol ester yield.
Moreover, a thorough spectral characterization of KBr-diluted
samples indicated that the higher the intensity of unidentate car-
bonate bands (1499 and 1382 cm−1), the higher the sterol ester
yield. These results allowed us to propose a tentative mechanis-
tic explanation based on unidentate carbonate species as active
sites.

To conclude, the synthesis of phytosterol esters from natural
sterols and methyl esters performed in the presence of La2O3
catalysts required ionic carbonate species (e.g., unidentate) of
medium basic strength.
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