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Calcium diglyceroxide has been reported as a very active phase in the transesterification of triglycerides
with methanol for biodiesel production. This work reports on the determination of the crystal structure of
Ca diglyceroxide by Patterson-based direct methods from synchrotron X-ray powder diffraction (XRD)
data in combination with characterisation by Differential Thermal Analysis-Thermogravimetry (DTA-

TG), Scanning Electron Microscopy (SEM) and X-ray Photoelectron and Fourier Transform-Infrared spec-
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troscopies (XPS and FT-IR). Its crystal structure is formed by molecular tetramers held together by a com-
plex H-bond network. Both the XRD structural determination and the O1s XPS core level indicate the
presence of a basic non-protonated O~ anion at the surface of Ca diglyceroxide. Along with the presence
of surface lipophilic CHyk units, this O~ anion may be the origin of this molecule’s high activity relative to

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The synthesis of a calcium glyceroxide was first reported by
Griin and Bockish [1], who obtained the triglyceroxide phase,
whereas Wheeler in 1931 described the preparation of calcium
mono- and diglyceroxides by heating calcium oxide with excess
glycerol at 60 and 110 °C, respectively [2], demonstrating that
these two glyceroxides can be interconverted at a suitable temper-
ature. Later, Fujii and Kondo undertook the study of the CaO-glyc-
erol system from approximately 10 to 150 °C, aiming to clarify the
identity of the different calcium glyceroxide phases and their ther-
mal stabilities [3]. Additionally, calcium glyceroxide has been dem-
onstrated to be an active phase in the transesterification of
triglycerides of vegetable oils with low-molecular-weight alcohols
(methanol and ethanol) to produce biodiesel.

Calcium oxide (CaO) is one of the most promising solid basic
catalysts for the production of biodiesel [4-7]. At the beginning
of the transesterification, calcium oxide is the active phase. How-
ever, once glycerol is produced as a by-product of the reaction, it
reacts with CaO producing, calcium diglyceroxide (CaD):

Cao + 2C3H803 — Ca(C3H7O3)2 + Hzo
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Kouzu et al. [8,9] verified that this compound is the active phase
of the collected catalyst rather than other unknown calcium com-
pounds present as minor constituents. CaD prepared as a reference
sample was proven to be as active as the catalyst recovered after
the transesterification process. They found that glycerol was more
reactive with CaO than methanol, as the immersion of CaO in
methanol reflux in the presence of glycerol only produced CaD.
To facilitate the handling of the solid base catalyst, Kouzu et al. rec-
ommended the previous conversion of CaO into CaD by immersion
in a methanol solution of glycerol [8].

Further support of the hypothesis that CaD is the active phase
comes from the work of Lopez Granados et al. [10], who demon-
strated that the activity of Ca oxide can be increased by creating
Ca glyceroxide sites at the surface of Ca oxide. Different synthetic
strategies were used to create progressively higher numbers of
Ca glyceroxide surface sites by the utilisation of increasingly large
amounts of either diglycerides or monoglycerides or glycerol. A
relationship between the prevalence of Ca glyceroxide surface sites
and the improvement of the reaction rate was observed. Beyond a
certain point, no improvement was achieved, indicating that the
surface becomes fully covered by Ca glyceroxide species.

Despite the importance of CaD as the active phase for biodiesel
production in the presence of CaO and although the synthesis of
calcium glyceroxides has been known since 1910 [1], to our knowl-
edge, no structural information about these compounds has been
published. The purpose of this paper is to present a detailed study


http://dx.doi.org/10.1016/j.jcat.2012.12.016
mailto:aurelio@uma.es
mailto:mlgranados@icp.csic.es
http://dx.doi.org/10.1016/j.jcat.2012.12.016
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat

L. Leén-Reina et al./Journal of Catalysis 300 (2013) 30-36 31

of the CaD crystal structure to provide a possible explanation of its
outstanding catalytic activity. For this purpose, synchrotron X-ray
powder diffraction data have been collected to solve its crystal
structure following an ab initio procedure. The use of this high-res-
olution radiation has been essential to its determination due to the
complexity of the structure, with a unit cell volume close to
4000 A3 and light atoms as main components.

2. Experimental section
2.1. Synthesis of calcium diglyceroxide

Fresh CaO was obtained by the calcination of CaCO3 (Sigma-Al-
drich, >99.5%) under dry air at 800°C for 2 h (heating rate
10°Cmin~') in a quartz reactor. Next, 500 mg of this fresh CaO
was poured directly into a flask containing 100 mL of MeOH and
35 mL of glycerol. To avoid exposure to ambient air in this step,
the flask had been previously flushed with a N, flow to remove
the ambient air therein and the CaO was directly incorporated
from the reactor in which CaCO3; had been calcined. These precau-
tions were taken to prevent the carbonation and hydration of the
fresh CaO with the CO, and H,O present in ambient air. Once
CaO was poured over the methanol-glycerol mixture, the flask
was hermetically closed to prevent contact with ambient air. Next,
this mixture was heated at 50 °C and left under agitation overnight.
Initially, the CaO solid dissolved slowly into the mixture. After few
minutes, some turbidity was visible and a pale yellow solid gradu-
ally became apparent and more concentrated. This solid was recov-
ered by filtration and washed twice with methanol. The solid was
stored under nitrogen to prevent extensive carbonation and
hydration.

2.2. Transesterification of sunflower oil with methanol

The catalytic performance of the solid prepared (CaD) was eval-
uated in the methanolysis of sunflower oil. The recovered solid was
added to a 500 mL bolted closure autoclave reactor from Autoclave
Engineers (with a magnet-driven agitator and a thermostatically
controlled heating jacket) containing 135 mL of methanol (Schar-
lau, Reag. Ph. Eur. >99.8% GC, H,0 < 0.005%). Considering that
approximately 1 mg CaOeq mL™" is solubilised in mixtures metha-
nol-glycerol at 60°C [11] and that we started from 500 mg of
Ca0, it can be estimated that the reaction was performed with
approximately 0.7 wt.% catalyst (referenced to the oil mass em-
ployed). The reaction started when 220 mL of sunflower oil (meth-
anol/oil molar ratio of 14) preheated at 60 °C was added to the
methanol and catalyst mixture under vigorous agitation
(1000 rpm). The reaction was conducted at 60 °C under autogenous
pressure.

The catalytic behaviour of CaD was compared with that of CaO.
To this end, 500 mg of fresh CaO (obtained by the calcination of
CaC0s3) (0.23 wt.% of catalyst referred to the oil mass) was tested
in the methanolysis of sunflower oil following the procedure de-
scribed above.

Aliquots for sampling analysis were neutralised with a slight
excess of 0.1 M HCl to stop the reaction, and the resulting solution
was washed with dichloromethane. This washing step with HCIl
and dichloromethane was performed twice. The alcohol phase
(water, glycerol, methanol, HCl, and CaCl,) was separated from
the ester phase (glycerides, dichloromethane, and methyl esters)
by decantation, and the residual dichloromethane in the methyl es-
ters phase was removed by evaporation at 80 °C. Once the methyl
esters were purified, quantitative analysis was carried out follow-
ing a procedure described elsewhere [4]. Briefly, the fatty acid
methyl esters (FAMEs) content was determined in accordance with

the European regulated procedure EN 14103 using a gas chromato-
graph (Agilent 6890GC) connected to a flame ionisation detector
(FID) equipped with an HP INNOwax capillary column.

2.3. Characterisation techniques

Elemental analyses (C, H, N) were conducted using a Perkin-ElI-
mer 240 analyser. Thermogravimetric and Differential Thermal
Analysis (TGA and DTA) data were recorded on a SDT-Q600 ana-
lyser from TA instruments. The temperature was varied from room
temperature to 1000 °C at a heating rate of 10 °C min~!. The mea-
surements were carried out on a sample in an open platinum cru-
cible under air flow. Scanning electron micrographs (SEM) were
obtained using a JEOL SM 840. The sample was placed over an alu-
minium drum and covered with a gold film using a JEOL Ion Sput-
ter JFC 1100.

X-ray photoelectron spectroscopy (XPS) studies were per-
formed with a Physical Electronics PHI 5700 spectrometer
equipped with a hemispherical electron analyser (model 80-
365B) and a Mg Ko (1253.6 eV) X-ray source. High-resolution spec-
tra were recorded at a 45° take-off angle by a concentric hemi-
spherical analyser operating in the constant pass energy mode at
29.35 eV using a 720-mm-diameter analysis area. Charge referenc-
ing was performed against adventitious carbon (C 1s 284.8 eV). The
pressure in the analysis chamber was kept below 5-1076 Pa. PHI
ACCESS ESCA-V6.0 F software was used for the data acquisition
and analysis. A Shirley-type background was subtracted from the
signals. The recorded spectra were always fitted using Gauss-Lor-
entz curves to accurately determine the binding energy of the dif-
ferent element core levels.

The Fourier transform infrared (FTIR) spectra were recorded at
room temperature at a resolution of 4 cm~! with a Nicolet 5700
Fourier transform spectrophotometer equipped with an Hg-Cd-
Te cryodetector working in the range of 4000-650 cm™'. For the
glycerol spectrum, KBr was impregnated with glycerol and the
mixture was loaded into the cup of a DRIFT accessory. The DRIFT
spectrum was taken as the spectrum of glycerol. Further details
are given in Ref. [10]. In the case of CaD, it was mixed with KBr
and used to make a self-supported wafer. In this case, the IR spec-
trum of the wafer was recorded in transmittance mode.

A high-resolution powder pattern of CaD was collected on the
ESRF ID31 powder diffractometer (Grenoble, France) (A=
0.2998 A). The Debye-Scherrer configuration was used, with the
sample loaded in a rotating borosilicate glass capillary of 1.0 mm
diameter. The overall measuring time was selected as ~100 min
to obtain good statistics over the angular range of 2.3-17° (in
20). The data from the multianalyser Si(111) stage were norma-
lised and binned into 0.003° step sizes using local software.

3. Results and discussion
3.1. Catalytic behaviour

The catalytic performance of the prepared solid was tested in
the methanolysis of sunflower oil. Its activity was compared with
that obtained by the same amount of CaO (500 mg) used for pre-
paring the CaD. Fig. 1 displays the kinetics of the reaction with both
catalysts. The prepared solid was much more active than CaO,
achieving a biodiesel yield above 80 wt.% after 2 h of time-on-
stream, whereas that for CaO was ca. 20%. After 5h, the FAME
yields of both solids were close to the equilibrium value, which
was reached asymptotically. The curve representing CaO is sig-
moid, which indicates an induction period during the reaction:
the reaction rate is quite small initially, but after ca. 90 min, the
rate increases remarkably. As the reaction progresses and glycerol
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Fig. 1. Kinetics of the methanolysis of sunflower oil with (@) Ca diglyceroxide
(0.7 wt.% referred to the oil mass) and (m) CaO (0.2 wt.% referred to the oil mass)
(methanol/oil molar ratio = 14, 60 °C, autogenous pressure, 1000 rpm).

is formed, CaO is transformed into the more active diglyceroxide,
after which the rate increases. However, when using CaD, the
induction period is eliminated. These data agree well with those
reported elsewhere [9,10].

3.2. General characterisation

Fig. 2 shows an SEM image of the Ca(C3H;03), particles with
sizes ranging between 1 and 5 pum exhibiting the typical tablet
shape of CaD. The thermal evolution of these particles includes
two weight losses, as shown in Fig. 3. The first mass loss takes
place with a strong exothermic effect between 160 and 425 °C
and corresponds to the decomposition of the glyceroxide anions
to give calcite. The observed mass loss, 54.7%, is in good agreement
with the calculated one, 55.0%. The second weight loss, between
650 and 800 °C, is attributed to the decarbonation process to give
CaO. The total weight loss corresponding to decomposition and
decarbonation is 73.1%, in agreement with the calculated 74.8%.
The formation of CaD was further confirmed by chemical analysis,
which gave a carbon content of 31.4% and a hydrogen content of
6.2% H, which are very close to the values expected from stoichi-
ometry (32.4% and 6.3%, respectively).

The IR spectra of glycerol and CaD are presented in Fig. 4, and
the main bands are summarised in Table 1 The DRIFT spectrum
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Fig. 2. SEM micrograph of calcium diglyceroxide.
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Fig. 4. IR spectra of glycerol (below) and calcium diglyceroxide (above).

Table 1
Assignment and wavenumbers (cm~!) of the main
mode and for Ca diglyceroxide in transmittance mode.

bands for glycerol in DRIFT

Compound Glycerol Ca glycexsqxide

Vo_u in C-O-H 3335 3641

v (C-H) 2938, 2881 2927, 2883\2841

(C-H), (C-0-H) 1459, 1421, 1332, 1469, 1448,\429, 1380, 1315,
bending modes 1219, 990, 920 1267, 1231, 1004, 951, 919

v (C-0) 1108, 1035 1138, 1080

v (C-C) 855 870

of glycerol shows the following characteristic bands: 3335 cm™’,
assigned to the O-H stretching vibrations from H-bpnded liquid
glycerol molecules; 2938 and 2881 cm™!, assigned to §-H stretch-
ing vibrations; and 1108 and 1035 cm™!, assigned
stretching vibration of secondary and terminal alcohol
nally, the C-O-H bending modes are observed between {460 and
850 cm~'. A more detailed discussion on the latter assignments
is given elsewhere [12-15].

The IR spectrum of solid CaD is quite different from that of glyc-
erol (Fig. 4). The shift in the band positions and the superior\band
resolution are clear indicators of the formation of highly crysta]line
CaD. These changes in the position of the bands with respect to
those observed in pure alcohol have also been reported in other
alkoxides, such as Na methoxide, Na ethoxide and Na propoxide
[16], although some new bands may also arise from new neigh
bourhoods. Thus, the band at 3641 cm™!, absent in the glycero
spectrum, can be attributed to the OH stretching vibration of the
C-OH groups of glyceroxide units bonded to the calcium atoms.
The bands at 2927, 2833, and 2841 cm™! are associated with the
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C-H stretching vibration and are slightly shifted with respect to
pure glycerol. A similar situation was observed for the bands as-
signed to the various bending modes of C-H bonds (1469, 1448,
1429, 1267, 1231, 1004, 951, and 919 cm™!), C-O-H bending
modes (1380 and 1315 cm™!), and the stretching mode of C-O
bonds (1138 and 1080 cm ') of glyceroxide units. However, the
possible contribution of water physisorbed on the surface of the
solid cannot be discarded, based on the broad bands observed at
3164 and 1666 cm™ .

3.3. Structural and surface studies

The synchrotron X-ray diffraction powder pattern of CaD was
indexed with DICVOLO6 [17], and integral systematic extinctions
confirmed an F-centred orthorhombic space group. No additional
systematic extinctions were observed. The integrated intensities
were extracted with DAjust [18] and introduced in the Patterson-
function direct-methods program XLENS [19] assuming the non-
centrosymmetric space group F222 (#22). The number of large
and weak E values actively used was 154 and 471, respectively.
The best XLENS solution showed all the atomic positions except
those of three carbon atoms of one glyceroxide group, which were
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Fig. 5. Observed (crosses), calculated (solid line), and difference plots for the final
Rietveld refinement of calcium diglyceroxide, Ca(C3H;03),. The vertical bars
highlight permitted Bragg peak positions.

localised on a difference Fourier map. The final model was obtained
by restrained Rietveld refinements [20] with GSAS [21,22]. The soft
constrains applied to the glyceroxide groups were C-C [1.50(1) A]
and C-OH [1.40(1) A], and the final weight was 15. No attempts
to locate the H atoms were carried out due to the limited quality
of the powder data. A common atomic displacement parameter
for each atomic type was refined. Final Rietveld residuals were
Ryp=0.080, Rp=0.063, and Rr=0.065 for 563 reflections, 7349
data points, 18 restraints, and 75 refined parameters. Other crystal-
lographic data for Ca(C3H;03), are as follows: a=21.3356(1)A,
b=13.53610(9) A, c=13.35806(8) A, V=3857.82(6) A>, 16 chemi-
cal formulas per unit cell (Z), and pcac = 1.433 gcm 3. The final
Rietveld plot is shown in Fig. 5. The crystal structure information
has been deposited at the CCDC with the reference code #828033.

The X-ray diffraction study shows that the crystal structure of
CaD may be described as a set of molecular calcium tetramers
interlinked through a singular H-bond network. The point group
symmetry of each isolated Cas(C3H,0s3)s tetramer is 222 (Fig. 6A).
Neighbouring tetramers are related by F lattice symmetry opera-
tions; consequently, there are four tetramers in the unit cell
according to the F222 space group symmetry (Fig. 6B). Inside each
tetrameric unit, Ca?* ions form tetrahedral clusters. As seen in
Fig. 6A, the coordination polyhedron of Ca?* is a pentagonal bipyr-
amid with Ca-O bond distances ranging from 2.370(6) to
2.579(5) A (Table 2). Each tetramer contains two types of symme-
try-independent glyceroxide anions. One type is the chelation of a
single Ca?* ion through the O1 and 02 oxygen atoms. The remain-
ing oxygen atom (03) of glyceroxide points towards the outside of
the tetramer (see Fig. 6). The second type of glyceroxide anion
comprises one oxygen atom (05) bound to three Ca?* atoms of a
unique cluster; however, the two remaining oxygen atoms (04
and 06) are each bound to only one Ca®*. The existence of tetra-
mers in CaD strongly suggests that the simplest calcium repeat
unit found in CaO (a tetrahedron with Ca ions at the vertices) is
preserved during the CaD synthesis by replacing the 0%~ ligands
by the O~ ions of glyceroxide.

According to the XPS results (Fig. 7), the Ca 2p region exhibits
two symmetric bands at 346.8 and 350.3 eV corresponding to the
typical doublet, Ca 2ps/, and Ca 2p;; components, with a separa-
tion of 3.5 eV. The Ca 2ps; value appears at lower binding energies
than those assigned to CaO/calcite (347.1-347.7 eV) [23,24], thus
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Fig. 6. (A) Molecular structure of the Ca(CsH,03), tetramer with atoms labelled. (B) View of the packing in the unit cell with expanded contacts to better visualise the H bonds
(in cyan), with O3 atoms in blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2
Selected bond distances (A) and balance of bond valences (lower values in vu) for Ca(C3H;05),.
Atom Ca (H1) (H2) (H3) (H4) (H6) Sc P
o1 2.506(5)
0.26 0.50 (2x) 0.21 0.97
02 2.579(5)
0.22 0.75 0.97
03 -
0.25 0.50 (2x) 0.26 1.01
04 2.510(7)
0.26 0.79 1.05
05 2.370(6); 2.388(5); 2.485(5)
0.36; 0.34; 0.27 0.97
06 2.446(6)
0.30 0.74 1.04
S P 2 1 1 1 1

2 Bond valence sum of all cationic contributions to each oxygen atom.
> Bond valence sum of all anionic contributions to each cation.
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Fig. 7. XPS Ca 2p core level spectrum of calcium diglyceroxide.

indicating that the interactions between Ca?* and glyceroxide ions
are weaker. This finding is reasonable because the increase in coor-
dination number (from 6 in CaO/calcite to 7 in calcium diglycerox-
ide) implies a Ca-0 bond strength reduction.

In CaD, hydrogen bonds play a determinant role. The most prob-
able hydrogen bonds are listed in Table 3 and visualised in Fig. 6B.
There are two very strong H-bonds, one involving two O1 atoms of
the same tetramer and a second involving O3 atoms belonging to
neighbouring tetramers. The other H-bonds that stabilise the
resulting packing of the tetramers involve the oxygen atoms 01,
02, 04 and 06 of a tetramer with the atoms 01, 04 and 03 of adja-
cent tetramers. Notice that O5 is not involved in the formation of
H-bonds. The corresponding balance of bond valences is described
in Table 2, assuming that all C-O bonds are single bonds. For
calcium, bond valences were estimated from the individual Ca-O

Table 3

Probable hydrogen bonds in calcium diglyceroxide. For clarity, assumed protons have
been added in parentheses. The ESDs of O---O lengths are given in parentheses. The
bond valences for the O-H bonds were derived from Fig. 5 in Lippincott and Schroeder
[27].

H bond Length in A Bond valence in vu
01-(H1)-01 2.41(1) 0.50
02-(H2)---03 2.61(1) 0.75
03-(H3)-03 2.44(1) 0.50
04-(H4)--.01 2.70(1) 0.79
06-(H6)---03 2.59(1) 0.74

distances d; by the expression v;=Kc, di exp(—pca d;), where
DPca=3.13 is taken from Rius and Plana [25] and Allmann [26]
and Kc, is fitted to the individual coordination polyhedron to sat-
isfy the charge of Ca®*. The bond valences for H atoms are listed
in Table 3 and were estimated from the O---O distances derived
from Fig. 5 according to Lippincott and Schroeder [27]. As ob-
served, for each atom, the summation of the bond valences agrees
well with the corresponding charge of the element.

As previously mentioned, the bulk structure of CaD may be ex-
plained as a collection of tetramer units held together by a system
of H-bonds. Low-nuclearity Ca-based molecular systems are extre-
mely rare [28]. The coordination of Ca®* by anionic ligands, such as
carboxylates, phosphonates and sulphonates, almost invariably re-
sults in coordination polymers (1D, 2D or 3D) due its variable coor-
dination number and geometry [29,30].

On the other hand, CaD is interesting for its catalytic behaviour,
which mainly depends on its surface structure. To determine the
probable surface structure and the mechanism favouring catalysis,
knowledge of the bulk structure will be combined with surface
X-ray photoelectron measurements of the O 1s region and IR
results.

Fig. 8 represents the (100) surface obtained by interrupting the
crystal structure through the outwards-pointing O3 atoms, that is,
by breaking the symmetrical H bonds corresponding to
03.---03=2.44 A shown in the deeper layer. The strong H-bond
interactions between two O3 atoms of neighbouring tetramers
necessitate that only every other oxygen atom can be a -OH group,
whereas the other must correspond to O~ to preserve charge neu-
trality. Surface characterisation by XPS (Fig. 9) yields an asymmet-
rical O 1s signal that can be deconvoluted into two components at
531.4 and 532.7 eV, with respective areas of 18.5% and 81.5%,
which should be assigned to O~ and OH™ groups [31], respectively.
These values agree well with the existence of 1 outer O~ in front of
5 outer OH™ based on the structural data (17% and 83%, respec-
tively). Considering that the surface density of O~ sites is
0.55 sites nm? (assuming that (100) face is predominantly ex-
posed), the specific surface area of CaD is 1.2 m?/g (as determined
by N, adsorption) and the FAME yield at 30 min. was 22%, the TOF
number of CaD for FAME production has been estimated as ca.
55s~1. This value is comparatively larger than others published
for CaO/Al,05 catalysts at 50 °C (0.028 and 0.012 s~! for 60 and
80 Ca0 wt.%, respectively) [32] or for KF/Mg0-La,03 catalysts at
65 °C (0.033s7!) [33]. CaD presents a much faster reaction rate
than other basic catalysts; it possesses a low surface area and
low basic sites surface densities; consequently, its TOF number
must be quite large.

The base-catalysed transesterification mechanism for homoge-
neous reactions is well-established. In contrast, the mechanism
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Fig. 8. Tetramer packing of calcium diglyceroxide along the (100) surface with O3 atoms in blue. The tentative transesterification mechanisms of triglyceride molecules are
also given. Dot lines correspond to possible H-bond interactions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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Fig. 9. XPS O 1s core level spectrum of calcium diglyceroxide.

for basic sites at the surface of solid catalysts remains controver-
sial. Two main mechanisms have been proposed: the Langmuir-
Hinselwood (LH) mechanism and Eley-Rideal (ER) mechanism
[34-36]. Disregarding the exact nature of the mechanism, both
have the following common features: (i) methanol is first chemi-
sorbed and activated by surface basic sites, forming a methoxide
nucleophile, and (ii) the triglyceride molecule must approach the
surface to either react with the activated methoxide species (ER)
or to be chemisorbed on a surface site close to that of methoxide
species for subsequent reaction with it (LH). Considering these lat-
ter requirements and the surface features of CaD disclosed by the
structural study, the superior catalytic activity of CaD can be ex-
plained as follows (Fig. 8). Thus, the abstraction of a proton from
methanol can be accomplished by interaction of a methanol mole-
cule with two O3 oxygen atoms belonging to adjacent tetramers. It
must be remembered that only one 03 atom of the two O3 atoms

of neighbouring tetramers is protonated (O3—H---03) as conse-
quence of the strong H-bond between them. This fact may increase
the affinity of this non-protonated oxygen atom for the OH hydro-
gen of the methanol molecule favouring the formation of the meth-
oxide anion. At the same time, the further release of this proton by
transference to the diglyceride molecule is also favoured to pre-
serve the electron neutrality in CaD. Moreover, the approximation
of methanol molecules to the CaD surfaces would be stabilised by
H-bond interactions between the oxygen atom of the methanol
with the hydroxyl groups 02 and 06 or O1 and 04, depending on
the surface exposed (see Fig. 8).

On the other hand, the large, very hydrophobic triglyceride mol-
ecules can approach the CaD surface because of the special orien-
tation of the two adjacent glyceroxide units that interact with
the Ca?* ions through the O1 and 02 atoms and expose their lipo-
phobic CH, units outward. This arrangement facilitates the ap-
proach of the fatty acid units and the attack of the methoxide
ions to the carbonyl groups of the approaching triglyceride mole-
cule. The same can be applied to the formation by a sequential pro-
cess of diglycerides, monoglycerides and glycerol with the
consequent formation of methyl esters. Therefore, the high activity
of CaD in the transesterification of triglycerides when compared to
that of CaO can be explained by the particular interaction between
glyceroxide and calcium ions, which creates a surface with hydro-
phobic and hydrophilic sites and a hydrogen bond network favour-
ing the approaching of methanol and triglyceride molecules.

When using CaO, the methanol molecules can easily approach
its polar surface, thus forming methoxide ions and decreasing the
accessibility of the more hydrophobic triglycerides molecules.
Once CaD is formed because of the progress of the reaction, the
existence of hydrophobic and hydrophilic sites favours the meth-
anolysis process.

4. Conclusions

We report here the structural and catalytic features of calcium
diglyceroxide, Ca(C3H;03),, the active phase in biodiesel produc-
tion when calcium oxide is used as a solid catalyst. Other tech-
niques, such as Differential Thermal Analysis-Thermogravimetry
(DTA-TG), Scanning Electron Microscopy (SEM) and Fourier
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Transform-Infrared spectroscopy (FT-IR) spectroscopy have been
employed for the full characterisation of the solid. Based on the
crystallographic and characterisation data, a plausible explanation
has been proposed to account for the high catalytic activity of cal-
cium diglyceroxide relative to CaO. The crystal structure of calcium
diglyceroxide is comprised of isolated tetramers, Ca4(C3H;03)g,
which are held together by a complex H-bond network. When
the Ca diglyceroxide crystal structure is interrupted at the surface,
non-protonated O atoms are exposed. This finding has also been
corroborated by X-ray Photoelectron spectroscopy (XPS) of the O
1s core level. These basic oxygen anions, absent in CaO, can easily
abstract an H atom from the OH group in methanol, yielding a sur-
face methoxide anion. The rest of the mechanism proceeds as
established: the nucleophilic methoxide species attacks one of
the carbonyl groups of an approaching triglyceride molecule to cre-
ate the diglyceride molecule. This process occurs sequentially with
the formation of monoglycerides and glycerol. Lipophilic CHy units
of the glyceroxide anions pointing away from the surface also fa-
vour the approach of the triglyceride molecule, with long lipophilic
fatty acid chains, to the adsorbed methoxide species.
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