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A series of mixtures of MgO/CaO with different Mg/Ca molar ratios (between 3 and 15), as well as the cor-
responding pure oxides, was prepared by the coprecipitation method in a basic medium and subsequent
calcination. Their textural and structural characterization was carried out by using XRD, FT-IR, SEM and
N, sorption at 77 K. The alkalinity was studied by CO,-TPD and catalytic decomposition of 2-propanol. The
MgCa oxides obtained after calcination at 1073 K exhibit X-ray diffraction patterns with clearly visible sig-
nals corresponding to crystalline CaO and MgO. Textural properties are improved by the presence of Mg,
with the porosity increased and the particle sizes decreased with respect to pure CaO. FT-IR spectroscopy
reveals the presence of surface carbonate. These catalysts are active in the transesterification of ethyl
butyrate with methanol at 333 K and atmospheric pressure, a model reaction to evaluate the potential of
these basic catalysts in triglycerides transesterification for biodiesel production. The highest activity was
found for a Mg:Ca molar ratio of 3, with conversion close to 60%, whereas MgO was inactive. Moreover,
lixiviation of the active phase was not observed thus excluding the contribution of the homogeneous

catalysis to the studied transesterification process.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

There is an increasing worldwide concern for environmen-
tal protection and for the conservation of non-renewable natural
resources. For this reason the possibility of developing alternative
energy sources to replace traditional fossil fuels has been receiving
a great interest in the last few decades [1].

Biodiesel, defined as the monoalkyl esters of fatty acids, is
produced from renewable sources by transesterification of the
triglycerides (TGs) of fatty acids present in vegetable oils (e.g., rape-
seed, sunflower or soybean oil) with methanol to form the methyl
esters of fatty acids (FAME) [2-4]. Industrially, biodiesel is produced
by homogeneous catalysis in the presence of basic species. How-
ever, the removal of the base after the reaction is a major problem
since purification of the ester phase is subsequently necessary.

The use of a solid base catalyst in a heterogeneous process offers
several advantages including the elimination of a quenching step
(and the concomitant generation of basic water waste) to isolate the
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products, and the opportunity to operate in a continuous process
[5,6].

As reviewed by Pinto et al. [7], a large number of heterogeneous
catalysts have been reported in the literature, including enzymes
[8], zeolites [9], guanidines heterogenized on organic polymers [10]
and alkaline metal compounds [11]. Classic heterogeneous basic
catalysts, which contain either Lewis or Brensted basic sites, have
been most extensively tested for the transesterification reactions
of triglycerides, mainly alkaline earth metal oxides, hydroxides and
alkoxides [12-15].

The effect of experimental parameters on the structural and tex-
tural characteristics of metal oxides has been extensively studied
as either catalysts or catalyst supports [16], and they have showed
good activity in transesterification reactions [13,17-21].

Basic metal oxides, formed with alkaline or alkaline earth metals
are usually carbonated in air and hence inert. Only after a high tem-
perature treatment to obtain a carbonate-free metal oxide surface
the strong alkalinity will be observed [22]. It is also established that
MgO/CaO0 oxides exhibit stronger alkalinity than pure MgO [23,24].
These oxides have recently been applied to the study of transes-
terification of rapeseed oil for the purpose of biodiesel production
[25].
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Concerning the application of heterogeneous catalysts to
biodiesel production, in spite of the numerous research papers
already reported, much work is still necessary to extend the use of
heterogeneous catalysis. Although some of these catalysts exhibit
an excellent catalytic behavior, they do so at the expense of high
temperatures and pressures. Moreover, some solid bases, showing
good catalytic activity, are most probably catalyzing transester-
ification reactions through a homogeneous molecular pathway
rather than a truly heterogeneous one, due to their non-negligible
solubility in alcohols. Therefore, studies on the reusability and
regeneration of the catalysts are necessary in order to estimate the
potential of a specific catalyst for commercial application.

In this study, we have synthesized and characterized a series of
MgCa oxides samples with different Mg/Ca molar ratios. Physical
characterizations were done by powder X-ray diffraction, scan-
ning electron microscopy, FT-IR and N, adsorption-desorption
isotherms. The alkalinity of our samples was evaluated by two
methods: CO, temperature-programmed desorption and the probe
reaction of 2-propanol decomposition. Finally, their activity in the
transesterification reaction of ethyl butyrate with methanol (test
model to evaluate the possibility of using these materials for future
biodiesel production) was experimentally evaluated in the liquid
phase.

2. Experimental
2.1. Catalyst preparation

A series of MgO/CaO samples with different Mg/Ca molar ratios
(between 3 and 15) was prepared by the co-precipitation method
and subsequent calcination of the precursors. These were obtained
by slowly adding a 2M aqueous solution of the corresponding
metal nitrates to an aqueous solution containing Na, CO3 and NaOH
(OH~ /(Mg +Ca) molar ratio of 0.3). The gel was kept under vigor-
ous stirring at 338 K for 1 day. Finally, the solids were filtered, dried
at 333 K and calcined at 1073 K. The samples were labeled MgCax,
being x the Mg/Ca molar ratio.

2.2. Catalyst characterization

2.2.1. Physical characterization

Powder X-ray diffraction (XRD) patterns were recorded on
a Siemens D5000 diffractometer using Cu Ko radiation and a
graphite monochromator. Scanning electron micrographs (SEM)
were obtained by using a JEOL SM 840 electron microscope. Sam-
ples were placed over an aluminium drum and covered with a gold
film using a JEOL JFC 1100 ion sputter. The FT-IR spectra of the
samples were recorded as KBr disks in the wavenumbers region of
400-4000 cm~! with a Shimadzu model 8300 FT-IR spectrometer.
Nitrogen adsorption-desorption isotherms at 77 K were obtained
using an automatic Micromeritics ASAP 2020 apparatus, after out-
gassing the samples at 473K and 1 x 10~2 Pa overnight. Pore size
distributions were calculated by the Cranston and Inkley method
for cylindrical pores [26].

2.2.2. Alkalinity characterization

To evaluate the alkalinity of our samples two methods
were used: the catalytic decomposition of 2-propanol and CO,
temperature-programmed desorption. In the catalytic decompo-
sition of 2-propanol, a fixed-bed tubular glass reactor working at
atmospheric pressure was used for a solids charge of 30 mg with-
out dilution (0.2-0.3 mm particle size). Samples were pretreated at
1073 K under helium flow for 3 h (60 mLmin~1!). 2-Propanol was fed
into the reactor by flowing He (dried through a molecular sieve, flow
rate 25 mLmin~!) through a saturator-condenser at 303 K, which

gave a constant 2-propanol flow of 7.5vol%. The reaction prod-
ucts were analyzed by an on-line gas chromatograph (Shimadzu
GC-14A) provided with an FID and a fused silica capillary column
SPB1.

We also studied the alkalinity of our samples by temperature-
programmed desorption using CO, as probe molecule. Samples
(100 mg) were pretreated under a helium stream at 1073K for 1h
(20Kmin~1, 100 mLmin~1). Then, the temperature was decreased
to 373K, and a flow of pure CO, (50 mLmin~!) was subsequently
introduced into the reactor during 1h. The TPD of CO, was car-
ried out between 373 and 1073 K under a helium flow (10 K min~—1,
30mLmin~'), and CO, was detected by an on-line gas chromato-
graph (Shimadzu GC-14A) provided with a TCD, after passing by an
ice-NaCl trap to eliminate any trace of water.

2.3. Catalyst activity in the transesterification of ethyl butyrate
with methanol

The catalytic activity was evaluated using the transesterification
of ethyl butyrate (Aldrich) with methanol (ultra pure, Alfa Aesar).
The transesterification reaction was performed in a glass bath reac-
tor with a water-cooled condenser. The experimental conditions
were: reaction temperature of 333K, inert atmosphere (nitrogen),
stirring rate of 1250 rpm and 1 h reaction time. Prior to the reac-
tion, the catalysts were activated at 1073 K for 1h (heating rate,
10K/min) under He flow. After cooling, the catalyst was added to
the reaction mixture keeping the He flow. The reaction was stopped
by submerging the reactor in an ice bath. The catalyst was sepa-
rated by filtration, and the reaction products were analyzed in a
gas chromatograph (Shimadzu GC-14A) equipped with an FID and
a capillary silica fused SPB1 column.

Finally, the degree of lixiviation of our CaO/MgO samples was
evaluated by contacting the catalyst with methanol under the same
experimental conditions as used in the transesterification process,
except for the presence of ethyl butyrate. After 1 h of reaction, the
catalyst was quickly removed by filtration, and methanol was mixed
with the necessary volume of ethyl butyrate, and the mixture was
maintained at 333 Kfor 1 h, under inert atmosphere. If catalysts had
been lixiviated, conversion would be observed due to the homoge-
neous contribution.

3. Results and discussion
3.1. Characterization of materials

Powder X-ray diffraction patterns of the samples after calcina-
tion at 1073 K are presented in Fig. 1. It may be observed in Fig. 1a
that for the samples that are only filtered, washed with water and
calcined, a low intensity peak at 30.2° indicates the undesirable
presence of sodium carbonates. Because of this, we decided to add
an additional washing step using deionized water for 24 h, before
the calcination. As seen in Fig. 1b, this washing step allows remov-
ing the undesirable compounds previously detected. The typical
peaks of cubic CaO (32.3°,37.5° and 54.0°) and hexagonal MgO (37.0
and 43.0) are still kept after this washing step. The low intensity
peak at 29.4° reveals the presence of calcium carbonate as calcite
in the samples containing Ca as normally observed [27]. The reflec-
tion at43° of MgCa oxides indicates the presence of well crystallized
MgO in these samples. As expected, by increasing the Mg/Ca molar
ratio, the X-ray signals associated with MgO become more intense,
and concomitantly those of CaO decrease. Moreover, the crystalline
phases present in the MgCa oxides correspond to pure oxides, and
no new crystalline phase attributable to the formation of mixed
MgCa oxide could be detected, mainly due to the different ionic
radii of the Ca2* and MgZ* ions.



M.C.G. Albuquerque et al. / Journal of Molecular Catalysis A: Chemical 300 (2009) 19-24 21

(a) 7]
— Ca0
=1 LT
5_‘; =t
2 ] MgCa3
£ MgCa9
g MgCa15
D W AU WS
i A mes o
T 3 T ¥ T s T T
20 30 40 50 60
20(=)
(b) T
i Ca0
— ‘ MgCa3
3
o
& MgCa9
2 - | A‘ J | D4
L
£
a MgCa15
A J\l A S
| H L MgO

20 30 40 50 60
26(°)

Fig. 1. Powder X-ray diffraction patterns of MgCa oxides after calcination at 1073 K.
(a) One washing step; (b) washed with deionized water for 24 h.

FT-IR spectroscopy was employed to characterize the MgCa
oxides, in order to detect the presence of surface species which
are difficult to detect by other techniques (Fig. 2). The spectrum of
MgO barely shows the presence of carbonate, whereas the MgCa
oxides exhibit an intense and broad band in the 1400-1600 cm~!
region revealing the existence of mono and bidentate carbonates.
The intense bands of carbonate indicate that, although calcium
carbonate is barely detected by XRD, the surface of this family of
catalysts shows a high degree of carbonation. In the spectra of the
catalysts with a high calcium content a peak at 3640 cm~!, which
can be assigned to the voy of surface hydroxyl groups (Ca-OH), is
also observed. On the other hand, physisorbed water is observed in
the FT-IR spectra of all catalysts (bands at 3470 and 1660cm™1).

The pore size distributions of the samples exhibit a maximum
centered at 10 nm (see Fig. 3). The values of the BET surface area of
MgCa samples range between 12 and 15m? g~! and pore volumes
are close to 0.08 cm3 g~ (Table 1). However, the textural properties
(Sger and pore volume) slightly ameliorate by increasing the Mg/Ca
molar ratio. As shown in Fig. 4, typical SEM images of the MgCa
metal oxides catalysts show dense particles with a heterogeneous
distribution of particle sizes.

For the alkalinity studies using the catalytic decomposition of
2-propanol, the reaction products can provide information about
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Fig. 2. FT-IR spectra of MgCa catalysts.
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Fig. 3. Pore size distributions.

the nature of the reaction sites: the formation of propylene (from
dehydration of 2-propanol) is related to the presence of acid cen-
ters, whereas the formation of acetone (from dehydrogenation) is
related to the presence of basic centers. The alkalinity of this family
of metal oxides was evaluated by using this catalytic test at 623 K,
and the results summarized in Table 2 indicate that the selectivity
for acetone is 100% for all oxides tested while 2-propanol conver-
sion increases slightly with the Mg/Ca molar ratio in the mixtures.
Moreover, the activity of the MgCa oxides is higher than that of the
pure oxides.

The curves for the alkalinity studies using the CO, temperature-
programmed desorption are displayed in Fig. 5. In all cases, a broad

Table 1

Textural properties of the materials.

Sample Sper (M? g 1) Vp? (cm3g1)
Cao 1.2 0.002

MgCa3 12.8 0.075

MgCa9 13.2 0.077
MgCal5 14.7 0.084

MgO 15.7 0.094

2 Vp at P[Py =0.95.
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Fig. 4. SEM micrographs of different metal oxides.

desorption band is observed between 700 and 900K, which inten-
sity and temperature depend on the CaO content. Pure calcium
oxide shows a very intense desorption band at 902 K, whereas the
other catalysts present more complex spectra where two desorp-
tion steps can be distinguished. According to Di Serio et al. [21],
the very broad desorption band extending from 400 to 700 K could
be assigned to the interaction of CO, with basic sites of weak and
medium strengths, mainly associated with Mg2*-02- pairs. There
is a narrow band appearing between 700 and 850K, showing well
defined desorption peaks. This can be associated to Ca2*-02~ pairs,
for which the basic strength is very high. It is observed that this
alkalinity increases with increasing CaO content in the mixture.

3.2. Catalytic activity in the transesterification reaction

This set of MgCa oxides was tested for the transesterification of
ethyl butyrate with methanol. Parameters such as activation tem-
perature, amount of catalyst, methanol:ethyl butyrate molar ratio
and reaction temperature were studied to achieve the maximum
catalytic activity.

Table 2
Alkalinity studies using catalytic decomposition of 2-propanol.

Catalyst Conversion (wt.%) Selectivity to acetone (wt.%)
MgO 15.0 100

MgCal5 25.7 100

MgCa9 21.7 100

MgCa3 20.3 100

CaO 10.5 96.5

Reaction temperature: 623 K; 30mg of catalyst; total flow rate (He/2-propanol):
25mLmin~'; 2-propanol flow of 7.5 vol%.

We have evaluated all samples under similar experimental con-
ditions (activation temperature =1073 K, stirring rate=1250rpm,
amount of catalyst=62mg, methanol:ethyl butyrate molar
ratio=4:1, reaction temperature=333K, reaction time=1h). The
ethyl butyrate conversion values are listed in Table 3, indicating
that the conversion values increase with CaO content in the
mixture, up to the Mg:Ca molar ratio of 3. This agrees with the
trend recently reported by Yan et al. [25] for the transesterification
of rapeseed oil with supported CaO/MgO catalysts. It may be also
observed that MgCa3 is the sample with the highest concen-
tration of strong basic centres among the mixtures (see Fig. 5).
On these strong basic sites, methoxide ions can be generated
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Fig.5. Temperature-programmed desorption profiles of CO, over the series of MgCa
catalysts.
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Table 3
Conversion in the transesterification of ethyl butyrate with methanol.

Catalyst Conversion (wt.%)
MgO 0

MgCal5 20.2

MgCa9 32.0

MgCa3 43.5

Cao 32.1

Activation ~ temperature=1073K, stirring rate=1250rpm, amount of

catalyst=62 mg, methanol:ethyl butyrate molar ratio=4:1, reaction tempera-
ture =333 K, reaction time=1h.

from methanol and may be responsible for the transesterifica-
tion of ethyl butyrate previously adsorbed on the surface of the
catalyst.

In this type of reaction it is important to evaluate the catalysts
against lixiviation in the reaction medium. The presence of catalysts
in solution implies a contribution of the homogeneous reaction,
which requires additional steps of washing and purification of the
biodiesel fraction. Therefore, as a key aspect of the present study,
the degree of lixiviation of the MgCa catalysts was evaluated. Some
recent studies [27,28] show that a fraction of bulk calcium oxide is
dissolved in the methanolic solution, and the objective of prepar-
ing MgCa oxides is to try to stabilize the active phase to avoid this
process. For the lixiviation studies, first we confirmed experimen-
tally that pure MgO was not soluble. Then we observed that for the
different mixed MgCa catalyst samples the conversion values were
negligible in all cases, thus confirming the stability of the active
phase against lixiviation.

Finally, the behavior of the most active catalyst, MgCa3,
was compared with NaOH dissolved in methanol, under similar
experimental conditions (activation temperature=1073K, stir-
ring rate=1250rpm, amount of catalyst=62 mg, methanol:ethyl
butyrate molar ratio=4:1, reaction temperature =333 K, reaction
time=3h). In Fig. 6, it can be observed that the heterogeneous
catalyst needs a period of only 180 min to reach conversions of
approximately 60 wt.%, which is promising when we observe that,
in similar conditions, the homogeneous process yields conversions
around 80 wt.%, as expected from thermodynamic equilibrium cal-
culations for this reaction. It is possible that the presence of organic
species on our catalyst samples would hinder the access of reac-
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Fig. 6. Conversion versus time for NaOH dissolved in methanol (A) and using
MgCa3 catalyst (¢). Experimental conditions: activation temperature = 1073 K, stir-
ring rate=1250rpm, amount of catalyst =124 mg, methanol:ethyl butyrate molar
ratio=4:1, reaction temperature = 333 K, reaction time =3 h. Dashed line represents
the equilibrium conversion.

tants to the active sites, thus limiting the maximum conversion
which could be attained under the experimental conditions used
in the present work. Indeed, the chemical analyses (CHN) of spent
MgCax catalysts (PerkinElmer 2400 CHN) after the transesterifica-
tion reaction of ethyl butyrate with methanol (carefully avoiding
the contact of catalysts with air in order to prevent the reaction with
CO,) have detected the presence of C and H on the catalysts. This
drawback would not be observed when a homogeneous reaction is
employed.

4. Conclusions

In the present study, MgCa metal oxide catalysts with different
Mg/Ca molar ratios were synthesized, characterized and tested as
basic catalysts in ethyl butyrate transesterification with methanol
for the synthesis of methyl esters, such as those present in biodiesel.

This family of basic catalysts is stable against lixiviation in
methanol. The catalysts showed increasing conversion in the trans-
esterification of ethyl butyrate with methanol with increasing CaO
content in the mixture, up to the Mg:Ca molar ratio of 3. This
can be attributed to the presence of strong basic sites on the sur-
face, mainly associated to Ca2*-02~ pairs, and a surface area much
higher than that of pure CaO.

Therefore, this family of metal oxides base catalysts shows very
promising activity for biodiesel production, under a pure heteroge-
neous catalytic process. As advantages for heterogeneous processes
in biodiesel production, the solid catalyst can be easily recuperated
by filtration, and it is not necessary to use neutralisation and purifi-
cation steps. Moreover, the conversion values could be improved
by using a higher methanol:ester molar ratio and increasing the
amount of catalysts.
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