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A B S T R A C T

Numerous studies have reported that the addition of glycerol at the onset of an oil transesterification reaction
with methanol, catalyzed by CaO, significantly accelerates the reaction. The role of glycerol, which is also a
reaction product, is not yet fully understood. The formation of glycerolate structures, in both solid and polymeric
forms, has been proposed to actively contribute to the reaction rate. In previous works, we have simulated the
formation of incipient OH and ethoxide species on the CaO during ethanol adsorption, and bidentate species
between formic acid and the surface. In the present work we have investigated, using DFT-based simulations, the
possible initial stages in the formation of glycerolate on CaO (001) surfaces. Our results indicate the bonding of
two OHs from glycerol with the surface. We also detected the possible rupture of these OHs by a strong decrease
in the bonding order (BO), up to 75%. At the same time, the formation of Oglycerol–Ca bonds and the decrease in
the BO of the surface Ca–O bonds of up to 61% are detected. A charge transfer from the surface to the molecule is
also observed. Additionally, a detailed analysis of the changes in the geometry and electronic structure of the
glycerol and the surface before and after adsorption is conducted.

1. Introduction

Traditional fossil fuels represent the predominant global energy
source extensively employed in industrial processes, electricity pro-
duction, and transportation around the world. Nevertheless, these re-
sources are non-renewable, experience rapid depletion, and are
responsible for greenhouse gas emissions, global warming, and acid
rain, among other negative environmental impacts. There are several
options to mitigate these issues, and among them, biodiesel stands out as
a primary candidate, offering an alternative to traditional diesel derived
from fossil sources [1,2]. This biofuel offers advantages like lower CO2
production, high combustion efficiency, inherent lubricity, biodegrad-
ability, and reduced sulfur content [1,2]. Biodiesel can be described as
long-chain fatty acid methyl esters (FAMEs) obtained from vegetable
oils or animal fats through a transesterification reaction, with glycerol
produced as a byproduct [3]. However, the production of high-purity
biodiesel at a low cost still presents significant challenges for the sci-
entific community and manufacturers [4]. For example, using conven-
tional edible oils as feedstock may increase prices and trigger a ’food vs.
fuel’ debate. As a response, various alternatives have been proposed,

including non-edible food crops, waste cooking oil, as well as algae and
microorganisms. [1,5].

Regarding the transesterification process, in the absence of catalysts,
high pressures, elevated temperatures, and extended reaction times, as
well as complex glycerol recovery procedures, are essential factors.
These elements contribute significantly to the overall cost, rendering the
process impractical for large-scale manufacturing [1,6]. In order to
avoid these issues, various catalysts are commonly employed in bio-
diesel production to accelerate the process and enhance the final prod-
uct yield. Consequently, several catalysts are commonly employed in
biodiesel production to accelerate the process and enhance the final
product yield. Likewise, it is important to highlight that an appropriate
catalyst must possess selectivity, stability, cost-effectiveness, and reus-
ability [7]. These agents can be classified into three main groups: ho-
mogeneous, heterogeneous, or enzymatic [1,8].

Homogeneous catalysts exist in the same phase as the reactants and
are widely used in biodiesel production. These catalysts can be classified
into acidic types, such as sulfonic, sulfuric, and hydrochloric acid, or
basic types, such as methoxides, sodium hydroxide, and potassium hy-
droxide, among others [8]. The choice between acidic and basic
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catalysts mainly depends on the concentration of free fatty acids (FFA)
in the raw materials. In this way, homogeneous catalysis in the trans-
esterification reaction presents several drawbacks. For example, acid
catalysis is usually slower than basic catalysis, requires elevated tem-
peratures, and, due to the acidic environment, the equipment used in the
process must be resistant to corrosion [6,8–10]. On the other hand, basic
catalysis usually leads to the formation of soap byproducts when the
concentration of FFA is higher than 1% [5,11]. Moreover, both reactions
involve hazardous reactants, posing risks to human health, and incur
high costs in the purification and separation process [9]. Finally, en-
zymes prove to be excellent catalysts in transesterification due to their
specificity, ability to function at moderate pH, temperatures, and pres-
sures, and the production of high-quality glycerol with minimal waste.
However, enzymes as catalysts come with elevated costs, extended re-
action times, and high concentration requirements [6,8].

In addressing these challenges, heterogeneous catalysts emerge as an
excellent alternative, offering advantages such as reusability, post-
reaction recovery, low cost, and environmental friendliness [12–14].
Several heterogeneous catalysts were studied over the years by different
researchers, among them, Calcium Oxide (CaO) showed an excellent
performance and is the most widely used in the transesterification
process [15–17]. Furthermore, CaO possesses a high number of active
sites and is cheap and abundant in nature. It can be obtained from
various low-cost sources such as eggshells, fish and chicken bones, and
clamshells, among others [18]. Concerning the CaO surface, the litera-
ture indicates that the (001) face is the most stable [19,20].

As previously mentioned, glycerol is a by-product of the trans-
esterification reaction, and several authors have reported the interaction
between this alcohol and the CaO surface. For example, Lopez-Granados
et al. [21] have demonstrated that a small amount of glycerol in the

initial mixture increases the reaction rate. In their study, the authors
concluded that the formation of active surface Ca glyceroxide species is
responsible for the improvement in the reaction. Moreover, Kouzu et al.
[22,23] have identified calcium diglyceroxide (CaD) as a solid catalyst
obtained after the biodiesel production process as a consequence of the
side reaction in which these compounds (CaO and glycerol) interact or
combine. Some studies have even pointed out that the formation of CaD
in the initial stages of the reaction promotes the creation of active sites
on the surface, enhancing the reaction rate and, consequently, the pro-
duction of FAMEs [24,25]. However, some researchers have suggested
that CaD is less active than CaO and may lead to leaching of calcium
from the surface, making it unsuitable for use as a heterogeneous cata-
lyst in the transesterification reaction [26].

In order to achieve a better knowledge of the process, several re-
searchers have studied biodiesel production through Density Functional
Theory (DFT) approaches. For example, Li et al. employed ab initio cal-
culations to explore the role of protons in the mechanism of acid-
catalyzed transesterification, finding optimal reaction paths and acti-
vation energies [27]. In addition, researchers have explored the
behavior of several organic compounds involved in biodiesel production
with metal oxide surfaces. For instance, computational methods were
employed to investigate the adsorption of ethanol and ethylene glycol
on CaO, revealing the formation of energetically favorable systems as a
result of the formation of new bonds [20,28]. To deepen our under-
standing of triglyceride reactions on heterogeneous catalysts, Bechthold
et al. investigated the interaction of formic acid and ethyl formate with
the CaO surface. In the former case, bidentate formate species were
observed, establishing bonds with two Ca atoms from the slab. In the
latter, ethyl formate developed new bonds between the oxygen and
carbon atoms of the molecule and the calcium and oxygen atoms of the

Fig. 1. (a) Lateral and Top view of the two adsorption sites found for glycerol over the CaO (001) surface. Blue, red, black, and gray spheres represent Ca, O, C, and H
atoms, respectively.
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slab, respectively. Strong adsorption energies were computed in both
cases [29,30].

In this study, we investigated the interaction between glycerol and

CaO (001) surface. Our goal was to elucidate the role of this polyalcohol
in the initial stages of the transesterification process by employing en-
ergetic, bonding, and charge transfer analyses. The formation of new
species between these compounds is crucial for identifying potential
active sites that enhance the rate of methanolysis and catalyze the

Fig. 2. Magnification of the two adsorption sites found for glycerol adsorption over CaO (001) with the labels utilized in the discussion of the results. Blue, red, black,
and gray spheres represent Ca, O, C, and H atoms, respectively.

Table 1
Bond distances, after and before, and the percentage change for glycerol
adsorption on site I. For surface atoms, only bond distances varying more than
8% are reported.

Group Bonded Atoms Bond Distances (Å)

Before After Difference %

Glycerol ​ ​ ​ ​
​ O82–H7 0.98 1.52 55.92
​ C2–O82 1.43 1.39 − 2.53
​ C2–H2 1.10 1.11 0.84
​ C2–H3 1.11 1.13 2.30
​ C2–C1 1.53 1.56 2.02
​ C1–H1 1.10 1.11 0.47
​ C1–O81 1.44 1.40 − 2.77
​ O81–H6 0.98 1.51 54.91
​ C1–C3 1.53 1.55 1.72
​ C3–H4 1.10 1.10 0.00
​ C3–H5 1.10 1.10 0.00
​ C3–O83 1.43 1.44 0.56
​ O83–H8 0.97 0.99 1.64
Surface ​ ​ ​ ​
​ Ca33–O30 2.42 2.71 11.79
​ Ca53–O30 2.42 2.68 10.59
​ Ca53–O35 2.42 2.70 11.48
New Bonds ​ ​ ​ ​
​ O82–Ca58 – 2.43 –
​ O82–Ca53 – 2.51 –
​ H7–O35 – 1.03 –
​ H6–O30 – 1.03 –
​ O81–Ca33 – 2.34 –

Table 2
Bond distances, after and before, and the percentage change for glycerol
adsorption on site II. For surface atoms, only bond distances varying more than
8% are reported.

Group Bonded Atoms Bond Distances (Å)

Before After Difference %

Glycerol ​ ​ ​ ​
​ O82–H7 0.98 0.99 0.91
​ C2–O82 1.43 1.43 0.00
​ C2–H2 1.10 1.10 0.00
​ C2–H3 1.11 1.11 0.00
​ C2–C1 1.53 1.54 0.61
​ C1–H1 1.10 1.11 0.94
​ C1–O81 1.44 1.40 − 3.43
​ O81–H6 0.98 1.60 63.86
​ C1–C3 1.53 1.57 2.74
​ C3–H4 1.10 1.10 0.00
​ C3–H5 1.10 1.11 0.25
​ C3–O83 1.43 1.42 − 0.96
​ O83–H8 0.97 1.07 10.07
Surface ​ ​ ​ ​
​ Ca48–O30 2.42 2.63 8.47
​ Ca53–O30 2.42 2.72 12.37
New Bonds ​ ​ ​ ​
​ O83–Ca48 – 2.38 –
​ O81–Ca53 – 2.26 –
​ H6–O50 – 1.02 –
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synthesis of biodiesel.

2. Theoretical methods

We have performed simulations based on density functional theory,
implemented through the Vienna Ab-initio Simulation Package (VASP)
which solves Kohn-Sham equations considering periodic boundary
conditions [31–33]. The core electrons of the elements considered in the
simulations were represented by the Bloch’s augmented wave approach
[34], while the valence electrons were represented by plane waves [35,
36] with a cutoff energy of 550 eV. The pseudopotentials were used with
the following valence electrons: Ca (4s2), O (2s2 2p4), C (2s2 2p2) and H
(1s1). For the exchange-correlation interactions, we consider the
Perdew-Burke-Ernzerhof functional with the generalized gradient

approximation. Van der Waals interactions were included through the
DFT-D3 method proposed by Grimme [37].

The Brioullin zone was sampled with a (7 × 7 × 1) grid with a
Monkhorst-Pack distribution scheme [38]. The simulations were per-
formed until the system reached convergence with a tolerance of 1 ×

10–4 eV in energy and 1× 10–3 eV/Å in force. To simulate the CaO (001)
surface, a supercell with 80 Ca and 80 O atoms were considered with a
vacuum distance of 30 Å to avoid interactions between the adsorbate
and the periodic replications of the surface. Over this supercell we
consider the glycerol adsorption at low coverage (≈1/6 ML), mapping
all possible adsorption sites and considering different initial approach
configurations for the glycerol towards the surface (for more details
about the supercell dimensions and the different adsorption sites
considered, see Supplementary Material).

The glycerol adsorption energy over the CaO (001) was determined
through

ΔEads = E(CaO + C3H8O3) − E(CaO) − E(C3H8O3) (1)

where the first term of the right side of the equation represents the en-
ergy (E) of the systemwith the adsorbate, the second term represents the
energy of the clean supercell (without the adsorbate) and the final term
is the energy of the glycerol molecule. To obtain the last term, we
consider the glycerol molecule inside a 20 Å sides cubic box and perform
a gamma point calculation.

After determining the locations of the most favourable adsorption
sites, we investigate the characteristics of the bonds with the surface. To
this end, we carry out various analyses. We investigate the orbitals
participating in the bond through the density of states (DOS) analysis
[39]. The net charge of the elements before and after adsorption was
investigated according to the Bader technique [40–42] where the bond
strength was explored through the bond order (BO) analysis [43–46].

3. Results and discussion

3.1. Glycerol adsorption on CaO (001)

Simulations of the adsorption of glycerol on the CaO (001) surface
reveal two possible adsorption sites, as depicted in the lateral and top
views of Fig. 1. For a better understanding and more clarity, Fig. 2 shows
the corresponding configuration magnifications, including the atom la-
bels. In the two geometries, the bonding with the surface is developed
mainly through the interaction between oxygen atoms of the adsorbate
with calcium atoms from the surface. The adsorption energies obtained
for both sites are very close, being − 2.24 eV for Site I and − 2.07 eV for
Site II, which is consistent with results obtained by Calatayud et al. [47].
The similarity in these two values is the reason for performing the
following analysis on both configurations.

The effect of glycerol adsorption on the bond distances for the sur-
face and molecule atoms is summarized in Table 1 and Table 2 for sites I
and II, respectively.

For the first geometry, we find that the main changes in the distances
of the adsorbate occur in the O82–H7 and O81–H6 bonds. After
adsorption, these two hydrogen atoms move away from glycerol to form
new bonds of 1.03 Å with the O atoms belonging to the surface. The
effect of the adsorption process on the rest of the molecule is less sig-
nificant, with shortenings of 2.53% and 2.77% computed for the
C2–O82 and C1–O81 bonds, respectively. Furthermore, new in-
teractions of the molecule with the CaO take place primarily through the
O81 and O82 atoms of the alcohol, which interact with three calcium
atoms at distances ranging from 2.34 Å to 2.15 Å. Regarding the surface,
the adsorption process introduces changes in the adsorbent, producing
stretches of up to 11.79% in the Ca – O bonds near the interaction site.

Concerning site II, the adsorption of glycerol mainly occurs through
the O83 and O81 atoms of the molecule with two calcium from the oxide
forming new Ca – O bonds of 2.26 Å and 2.38 Å respectively (see

Table 3
Bond Order, after, before, and the percentage change for glycerol adsorption on
site I.

Group Bonded Atoms Bond Order

Before After Difference %

Glycerol ​ ​ ​ ​
​ O82–H7 0.8388 0.2357 − 71.90
​ C2–O82 1.1679 1.3391 14.66
​ C2–H2 0.8410 0.8486 0.90
​ C2–H3 0.8504 0.8116 − 4.56
​ C2–C1 0.9134 0.8494 − 7.01
​ C1–H1 0.7925 0.8116 2.41
​ C1–O81 1.0448 1.2055 15.38
​ O81–H6 0.8417 0.2421 − 71.24
​ C1–C3 0.9237 0.8569 − 7.23
​ C3–H4 0.8436 0.8487 0.60
​ C3–H5 0.8634 0.8756 1.41
​ C3–O83 1.1426 1.1101 − 2.84
​ O83–H8 0.8568 0.7862 − 8.24
Surface ​ ​ ​ ​
​ Ca33–O30 0.2760 0.1069 − 61.27
​ Ca53–O30 0.2764 0.1253 − 54.67
New Bonds ​ ​ ​ ​
​ O82–Ca58 – 0.2094 –
​ O82–Ca53 – 0.1371 –
​ H7–O35 – 0.7143 –
​ H6–O30 – 0.7327 –
​ O81–Ca33 – 0.2478 –

Table 4
Bond Order, after, before, and the percentage change for glycerol adsorption on
site II.

Group Bonded Atoms Bond Order

Before After Difference %

Glycerol ​ ​ ​ ​
​ O82–H7 0.8388 0.8190 − 2.36
​ C2–O82 1.1679 1.1637 − 0.36
​ C2–H2 0.8410 0.8584 2.07
​ C2–H3 0.8504 0.8562 0.68
​ C2–C1 0.9134 0.8808 − 3.57
​ C1–H1 0.7925 0.8085 2.02
​ C1–O81 1.0448 1.2260 17.34
​ O81–H6 0.8417 0.2091 − 75.16
​ C1–C3 0.9237 0.8355 − 9.55
​ C3–H4 0.8436 0.8409 − 0.32
​ C3–H5 0.8634 0.8706 0.83
​ C3–O83 1.1426 1.1715 2.53
​ O83–H8 0.8568 0.6475 − 24.43
Surface ​ ​ ​ ​
​ Ca48–O30 0.2761 0.1435 − 48.03
​ Ca53–O30 0.2764 0.2189 − 20.80
New Bonds ​ ​ ​ ​
​ O83–Ca48 – 0.2097 –
​ O81–Ca53 – 0.2959 –
​ H6–O50 – 0.7487 –
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Fig. 3. Total DOS for glycerol and CaO (001) surface before and after the adsorption. The Fermi level is set at 0 eV.
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Fig. 4. PDOS onto p and s states for glycerol and the most involved atoms of the surface in the adsorption on Site I (Ca33, Ca53, Ca58, O30 and O35), before and after
adsorption. The Fermi level is set at 0 eV.
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Table 2). The main change in the molecule is observed for O81–H6,
where the H6 atom remains closer to the surface than the rest of the
molecule and forms a bond with an oxygen atom of the oxide, with a
distance of 1.02 Å. In the alcohol, another remarkable variation is
observed in the O83–H8 stretching, which increases by 10.07%. In a
similar manner to the previously analyzed configuration, the separation
between the atoms near the adsorption site on the surface experiences an
elongation, in this case up to 12.37%. It is important to highlight that in
none of the obtained configurations do the three oxygen atoms from
glycerol interact with the surface simultaneously. These results are in
good agreement with previous DFT studies in which glycerol was
adsorbed on oxide metal surfaces through two hydroxyl groups [48–51].

Considering that the transesterification reaction is carried out with a
methanol/triglyceride ratio greater than 10:1, it is important to think
about whether the excess of this alcohol interferes competitively with
the adsorption of glycerol on the catalyst surface. According to DFT
studies carried out by Li et al. [52,53], methanol preferentially binds via
its OH group on a Ca atom from the oxide surface, releasing an H and
forming a new Ca–Ometoxy bond. The absorption energy of this

process is − 1.33 eV, thus representing almost half of the value obtained
in the present work for the interaction between glycerol and CaO. Ac-
cording to our calculations, the polyalcohol adsorption is much more
stable on the surface when compared tomethanol. It is also interesting to
mention that Rohmann and Idriss found a similar behaviour for the
interaction of oxygenates on rutile TiO2 (110) [51]. These authors
report an adsorption energy for methanol of 1.55 eV and 2.68 eV in the
case of glycerol. Experimental studies match the preference of this
catalyst for glycerol. Kouzu et al. analysed CaO recovered after the
transesterification reaction using XDR, IR spectroscopy and 13C-NMR,
among other techniques [22,23]. The results revealed the presence of
Ca glyceroxide without finding any traces of the Ca-methoxide groups,
thus demonstrating that CaO is more reactive to glycerol compared to
methanol. Esipovich et al. [54] obtained similar results when they
synthesized Ca glyceroxide in the presence of an excess of methanol.
Their IR spectroscopy data demonstrated that glycerol displaced meth-
anol from the surface and formed a more stable compound.

Fig. 5. PDOS onto p and s states for glycerol and the most involved atoms of the surface in the adsorption on Site II (Ca48, Ca53, O50), before and after adsorption.
The Fermi level is set at 0 eV.
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3.2. Bonding analysis

The strength of the bonds, before and after adsorption, is analyzed by
calculating the bond order (BO). The most significant variations in this
measure are summarized in Table 3 and Table 4 for Site I and Site II,
respectively.

The obtained BO values of the glycerol bonds after adsorption on Site
I show a remarkable weakening of 71.24% and 71.90% for the H6–O81
and H7–O82 interactions, respectively. These results indicate that these
bonds are broken, which is consistent with the notable elongations re-
ported in Table 1. The other significant BO modification in the alcohol
after the geometric relaxation is observed in the C2–O82 bond, with a
14.66% increase. This change aligns well with the distance decrease
reported in Table 1, indicating a strengthening in this interaction.
Regarding the surface, weakenings of up to 61.27% are reported in the
Ca–O bonds near the adsorption site in agreement with the elongation
previously reported. Furthermore, the new Ca–Oglycerol and Ca–Osurface

bonds have similar distances and bond order (BO) values, indicating that
these new interactions can be considered stable.

On the other hand, for site II, the BO analysis shows a significant
decrease in the H6–O81 BO with a variation of − 75.16%, consistent
with the length increase previously reported, indicating a broken bond.
On the other hand, for this configuration, the strength of the O82–H7
bond remains relatively unchanged, while a (BO) change corresponding
to H8–O83 is observed with a variation of − 24.43%. However, this
value, along with the slight increase in bond length, suggests that the
bond does not break after adsorption. Regarding the surface, the Ca–O
interactions in the vicinity of the adsorption site experience a BO
reduction of up to 48%, consistent with the elongations reported in
Table 2. This weakening is significant, but less pronounced than that
reported for site I. Finally, the new bonds developed after the adsorption
process show BO values corresponding to stable interactions.

3.3. Electronic structure and Bader analysis

We have also analyzed the electronic structure of the system in order
to determine the orbitals involved in the adsorption process and the
characteristics of the new bonds developed. To that end, we have
calculated the Density of States (DOS) of the adsorbate and the surface,
before and after adsorption. Comparing the total DOS of the CaO (001)
surface before adsorption (Fig. 3b), with the system after adsorption
(Fig. 3c for Site I and 3d for Site II), we can appreciate the apparition of
small states in the range − 20 to 0 eV, as a result of the hybridization of
CaO states in that range. Due to the low coverage considered in our
simulation, in order to appreciate in more detail the orbitals that are
being modified on the adsorption process; we have projected the DOS
(PDOS) on the most relevant atoms and also on s and p states, for each
adsorption configuration. In Fig. 4 we can appreciate the PDOS for Site I.
We can observe that the effect of the adsorption on the s-states of
glycerol (Fig. 4a-d) is a hybridization of states around − 20 eV, while on
the p-states we can appreciate an increase of the states near the Fermi
level, giving a metallic character to the adsorbed molecule. The latter
can also be seen in the s-states but in a more subtle way. For the most
relevant atoms of the CaO(001) surface in the glycerol adsorption on Site
I (Ca33, Ca53, Ca58, O30 and O35- Fig. 4e-h), we can appreciate a shift
of the s-states tho lower energies, indicating a stabilization of such
states, while on the p-states we observe greater interaction, with a very
well defined hybridization of states, both on the − 20 eV zone, as close to
the Fermi level. This indicates that the s-states and p-states of the surface
are involved in the bonding of the glycerol to the surface. In Fig. 5 we
can appreciate the PDOS for site II. For the glycerol molecule (Fig. 5a-d),
the interaction with the surface has a similar effect on the atomic states
than in the case of Site I, that is to say, a hybridization of s-states around
− 20 eV, and an increase of p-states around Fermi level. On the other
hand, the PDOS for the surface atoms most involved in the adsorption
process on Site II (Ca48, Ca53, O50) reveals that also both s and p states
participate in the bonding of glycerol to the surface. We can again
appreciate a stabilization of the s-states as in the case of the former
adsorption site and a hybridization of p-states in the zone of − 20 eV and
around the Fermi level, being in this configuration slightly more intense
than in the case of Site I.

To complete the adsorption characterization, we have also calculated
the Bader charges of the system to demonstrate charge transfer between
the glycerol and the CaO(001) surface. The results are shown in Table 5
and Table 6 for Site I and Site II, respectively. For both sites, we detected
a small electron transfer from the surface to the glycerol molecule. For
Site I, the charge transfer is 0.35 e from the CaO (001) to the adsorbate,
while in the Site II configuration, this value is 0.30 e, also from the
surface to the adsorbed molecule. In order to have a better visualization
of the charge distribution after the adsorption, we show in Fig. 6 the
charge density difference (CDD) for both adsorption configurations,
calculated using the following equation:

Table 5
Bader net charges for Glycerol and most relevant surface atoms corresponding to
adsorption on Site I.

Group Bonded Atoms Charge (e)

Before After Difference

Glycerol ​ ​ ​ ​
​ C1 0.44 0.43 − 0.01
​ C2 0.44 0.43 − 0.01
​ C3 0.47 0.24 − 0.23
​ O81 − 1.11 − 1.14 − 0.03
​ O82 − 1.10 − 1.19 − 0.08
​ O83 − 1.14 − 0.98 0.16
​ H1 0.05 0.02 − 0.03
​ H2 0.06 0.04 − 0.02
​ H3 0.04 − 0.07 − 0.11
​ H4 0.06 0.03 − 0.02
​ H5 0.04 0.02 − 0.02
​ H6 0.59 0.61 0.02
​ H7 0.59 0.63 0.03
​ H8 0.59 0.58 − 0.01
Surface ​ ​ ​ ​
​ Ca33 1.49 1.51 0.02
​ Ca53 1.49 1.50 0.01
​ Ca58 1.49 1.53 0.03
​ O30 − 1.49 − 1.44 0.05
​ O35 − 1.49 − 1.45 0.04

Table 6
Bader net charges for Glycerol and most relevant surface atoms corresponding to
adsorption on site II.

Group Bonded Atoms Charge (e)

Before After Difference

Glycerol ​ ​ ​ ​
​ C1 0.44 0.54 0.11
​ C2 0.44 0.45 0.01
​ C3 0.47 0.44 − 0.03
​ O81 − 1.11 − 1.23 − 0.12
​ O82 − 1.10 − 1.15 − 0.05
​ O83 − 1.14 − 1.22 − 0.08
​ H1 0.05 − 0.01 − 0.06
​ H2 0.06 0.03 − 0.02
​ H3 0.04 0.00 − 0.04
​ H4 0.06 0.03 − 0.03
​ H5 0.04 0.00 − 0.04
​ H6 0.59 0.61 0.02
​ H7 0.59 0.59 0.00
​ H8 0.59 0.61 0.02
Surface ​ ​ ​ ​
​ Ca48 1.49 1.51 0.02
​ Ca53 1.49 1.50 0.01
​ O50 − 1.49 − 1.44 0.05
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Δρ = ρ (Glycerol /CaO) − ρ(CaO) − ρ (Glycerol)] (2)

Where ρ (Glycerol/CaO) and ρ (CaO) are the charge density of the
relaxed surfaces with and without adsorption respectively, and ρ
(Glycerol) is the total charge density of the relaxed alcohol. Our results
reveal a positive charge accumulation (orange regions) around the Ca
and O species belonging to the surface in the neighborhood of the
interaction site. Additionally, negative charge density can be observed
around the Glycerol O atoms near the CaO surface, suggesting electron
transfer from the surface to the adsorbate. These findings are consistent
with the charge transfer values reported in Tables 5 and 6.

4. Conclusions

The adsorption of glycerol in CaO(001) has been studied by DFT
calculations considering van der Waals corrections. Our work reveals a
potential initial stage in the formation of an active glycerolate species,
which binds to the surface while causing a substantial relaxation of the
surface’s bond order (up to 60%). During adsorption, surface Oglycer-

ol–Ca bonds form, while the Ca–O bonds of the solid deteriorate. The BO
of the OH bonds in glycerol decreases to the breaking point. Addition-
ally, the H atom from glycerol interacts with surface oxygen, forming
OH groups. The adsorption energy is − 2.24 (− 2.07), practically double

that of methanol with the same surface area. The analysis of the elec-
tronic structure indicates stabilization after adsorption with shifts to
lower energies with important participation of the s and p orbitals of
glycerol. Considering the charge distribution, a transfer from the surface
to the molecule of 0.35 (0.230)e is observed for the two most favorable
studied sites.
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