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Abstract

Ethanol adsorption on CaO (001) surface at low coverage is studied using Density
Functional Theory (DFT) calculations with van der Waals corrections. We investigated
the CaO surface in its rock salt structure. The more favorable sites for C,HsOH
adsorption are on one (or two) Ca cations bonding the O atom from ethanol, while H
atom bond to surface oxygens with an adsorption energy of -1.12 (-1.14) eV. The
distance of ethanol to surface is in the range of 2.3-2.5 A. The molecule presents a
strong elongation of the adsorbed O-H group being 53% (51%) larger that its molecular
distance. Bond order analysis shows that distances and BO are similar for Ca-Oyjecule
and Ca-Ogyaee. A charge transfer occurs from O atom of the 2" layer to Ca ions at 1%
layer and the molecular O atom gain some charge, while H loses charge towards surface

oxygen and from this to the rest of the surface.

Keywords: Calcium oxide, CaO, DFT, First principles, Ethanol, C;H;OH.

1. Introduction

Calcium oxide is one of the most studied heterogeneous catalyst for the production of
biodiesel because of its chemical properties as well as for the high yields (98%) that
could be obtained when is used. Even more, it can be produced from waste renewable
sources'. Several works have addressed its use in the presence of methanol %, The use
of renewable alcohols, such as ethanol or butanol is crucial to run a renewable and bio-

based process. Among those work, Avhad et al.” reported that the optimum reaction



conditions, to get the maximum conversion within 2h, for ethanolysis of avocado oil
using glycerol enriched CaO catalyst is 75°C, 9:1 molar ratio of ethanol to oil, and 7%
catalyst amount with respect to weight of the oil. These conditions allowed a yield of
80%. Also, Avhad et al.!° carried on the alcoholysis reaction of jojoba oil to produce
jojobyl alcohols and biodiesel. The maximum jojoba oil conversion of 96.11% was
registered after 1800 min of transesterification reaction performed at 85°C using a molar
ratio of 10:1, 12wt.% catalyst amount and 350 rpm stirring intensity. Jasen and
Marchetti!! have shown that when working with some solid catalyst the adsorption of
the alcohol is the limiting reaction step, therefore, the understanding of this interaction
is crucial to have a better knowledge of the process itself and their possible
optimization. These results were corroborated by Avhad et al.>!%. A remarkably
enhancing of biodiesel yield from palm oil upon abalone shell derived CaO catalysts
treated by ethanol was reported by Chen et al.!? once treated with ethanol, the modified
CaO (M-CaO) catalyst exhibited an increased catalytic activity mainly due to the high
surface area, increased specific basicity and decreased crystalline size compared to the

unmodified oxide.

Experimental studies of the reaction of ethanol over a series of oxides including
CaO, has been investigated by Idriss. The main reaction product in all cases was

acetaldehyde, with secondary products acetone and ethyl acetate!3.

Being the role of ethanol of importance in biodiesel production using CaO-based
catalyst, it could be beneficial to know at molecular level what is the role of this alcohol
on the catalyst surface, however direct measurements are rather difficult to implement.
One possible way to address this problem is the use of applied quantum chemistry
methods on a well-defined catalysts surface. To model the surface, is important to know

about the crystal and electronic properties of both the CaO bulk and surfaces.

There are several works that have used density functional theory (DFT) to study
CaO. Mankefors et al.'* performed ab initio calculations and showed the expected trend
of increasing polarity for the alkaline earth oxides MgO, CaO and SrO to be reversed,
with MgO being the most ionic substance and SrO the most covalent one. Broqvist!?
investigated the structural and energetic surface properties of the alkaline earth metal

oxides MgO, CaO, SrO, and BaO. In particular, structural distortions (relaxation and



rumpling) and surface energies were studied for the (100) and (110) surfaces. Baumeier
et al.'é presented a comparative ab initio study of the atomic and electronic structure of
MgO, CaO, SrO, and BaO and their relaxed (001) surfaces. Duan et al.!” performed a
systematic study of the ground- and metastable-state properties of II-VI oxides in
wurtzite (h-MgO), zincblende and rocksalt structures using first-principles calculations.
Dadsetani et al.!® performed a complete theoretical analysis of optical properties of
calcium mono chalcogenide compounds CaX (X = O, S,Se and Te) in NaCl crystal
structure using the FP-LAPW. Mishra et al.!® and Sharma et al.?? analyzed the electronic
structure and bonding of CaO through Compton spectroscopy and CRYSTAL
calculations. Ponce et al.?! studied by first-principles and experimental characterization
the electronic and optical properties of CaS and CaO. The bulk ionization potentials
and band alignments from three-dimensional periodic calculations as demonstrated on
rocksalt oxides, including CaO were calculated by Logsdail et al.?2. First-principles
calculations for electronic and optical properties under pressure effect of MgO, SrO and
CaO compounds in the cubic structure, using a FP-LAPW method based on have been
reported by Labidi et al.>3. Recently, Kurky et al.?* and Abdus Salam et al.?® reported
studies about the crystal and electronic structure of CaO using DFT.

Regarding CaO surfaces, there are some experimental and theoretical studies
related to its crystal and electronic structure. Prutton et al.?¢ determined by LEED the
structure of the (100) surface of UHV cleaved CaO at room temperature. The structural
and electronic properties of the (100) surface and bulk of alkaline-earth metal oxides
MgO, CaO, SrO and BaO have been studied using DFT calculations?’. The opposite
rumpling of the MgO and CaO (100) surfaces was analyzed using DFT methosds?®.
Logsdail et al.?® performed a systematic investigation of (100) surfaces for rocksalt-
structured group 2 metal oxides, namely MgO, CaO, SrO and BaO, using GGA and

Hybrid-DFT exchange-correlation functionals.

To the best of our knowledge, the theoretical studies about ethanol reactions on
CaO are rather scarce. There are however, some studies on other alkaline surfaces. A
cluster approach at DFT level was performed on a perfect MgO (100) surface, and also
on topologic surface defects of MgO, including terrace, edge and corner sites*® Authors
found the weakened alcohol OH group always oriented so that its oxygen atom is linked

to a Mg cation and the H atom to a surface O anion. The effect of promoters (M=Cu,
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Ag, Zn, Zr) on aldol condensation reaction based on MgO surface in the process of
ethanol to 1, 3-butadiene was theoretically studied by Dong et al.3!, Hayashi et al.>? and

Taifan et al.33.

Calatayud et al.>* and Calatayud® reported two interesting theoretical studies on
the role of surface basicity and Lewis acidity on the etherification of glycerol over
alkaline earth metal oxides (MO surfaces with M=Mg, Ca, Sr or Ba). These authors
found that the interactions have an exothermic character, that is, the more basic the
alkaline earth metal oxide, the more exothermic is the adsorption process and higher the
dissociation extent. The glycol molecule deprotonates to form surface alkoxy groups
bound to the metal sites. The extent of such deprotonation was also correlated to the

basicity of the oxide.

The aim of the present work is to model the ethanol adsorption on the most stable
CaO surface, the (001). To do this we use density functional methods, including van der
Waals (vdW) corrections that allow us to search for the most stable adsorption sites. We
also analyze the electronic structure (DOS) and bonding (overlap population (OP) and
bond order (BO)) of both the adsorbed species and the oxide surface. We also expect to

shed light on the role of ethanol as controlling reaction step during biodiesel production.

2. Computational Method

First principles calculations based on spin polarized Density Functional Theory (DFT)
were performed using the Vienna Ab-initio Simulation Package (VASP), which
employs a plane-wave basis set and a periodic supercell method?%37. We used Blochl
projector augmented wave (PAW) approach to describe the core valence interaction3%3%.
The Perdew-Burke-Ernzerhof functional within the generalized gradient approximation
was used to describe the exchange-correlation interactions (PBE-GGA)*'. The
electronic wave functions were expanded on plane wave basis with a cut off energy of
800 eV for both metal oxide surfaces, treating 2p 3s (Mg), 3s 3p 4s (Ca), 2s 2p (O)
orbitals as valence states. Geometry optimizations were obtained by minimizing the
total energy using a conjugated gradient algorithm to relax ions until it converged
within 10 eV and the forces on each ion were less than 0.01 eV/A. The Grimme DFT-

D2 method was adopted to consider the van der Waals interactions (vdW), which is
4



optimized for several DFT functional*!. We have also tested our calculations with the
dDsC dispersion correction which produces a difference in the total energy of less than
2.5 % when compared with DFT-D2. The bulk geometry of CaO was converged with
21x21x21 kpoints in a Monkhorst Pack grid*?. In this work we study the adsorption of
ethanol molecule on the perfect stoichiometric (001) surface of CaO. The systems were
modeled by a slab with a vacuum layer about 30 A thick and three-dimensional periodic
boundary conditions. The ethanol equilibrium geometry was examined in a large cell of
20x20x20 A3 periodic box. When considering ethanol adsorption on CaO (001) surface
at low coverage (1/10 ML), the molecule-surface distances were fully optimized
allowing to relax the first three layers of the oxide slab until reaching a 0.1 meV
convergence in the total energy, the two remaining layers (bulk like) were kept fixed.
We tried several initial configurations for ethanol approaching the surface from
different groups including the OH, the methyl with parallel or perpendicular orientations

to the surface.
The adsorption energy (E.q4) was calculated using the equation:
Eads = ETotal(C2HSOH/CaO) - ESlab(CaO) N EMolec(CZHSOH) (1)

where Erq, is the total energy of CaO(001) surface after ethanol adsorption, Eg,y, is the
total energy of the CaO(001) surface, and Eyje. 1S the total energy of the isolated
ethanol molecule. Since we use Grimme DFT-D2 method to considered the long-range
interactions, the corrected energies in the equation (1) are the summation of the
convectional DFT energy (Epgr), and an additional energy term that accounts the for

dispersive interactions (E,qw). Then:

Eads = EDFT—ads + EvdW—ads (2)

In order to understand the Ethanol/CaO electronic interactions and bonding, we
used the concept of Density of States (DOS) and Bond Order (BO). Additionally, we
computed the electronic charges on atoms using Bader analysis and BO*# as
implemented in the Density Derived Electrostatic and Chemical (DDEC6) method*-48.
This partitioning scheme involves spherical averaging of the atomic electron densities.
In this method, the dressed exchange hole approach is employed to compute the
DDEC6-based bond orders (BOs) that can be regarded as quantitative descriptors,

reflecting the strength of the chemical bonds. The DDEC6 methodology assigns atomic
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electron and spin distributions to each atom in a chemical system. This approach
provides a number of important advantages over other available methods because (1) it
avoids the assumption of a constant BO to electron density overlap, (2) does not require
the use of the method-dependent first-order density matrix, (3) does not use the
bonding/antibonding orbital occupancies which fail for longer bonds, and (4) avoids the

computationally expensive exchange-correlation hole partitioning approach.

3. Results and Discussions

3.1. The CaO bulk

The calculated lattice parameter for CaO in the NaCl-type (B1) structure (space group:
Fm-3m) was 4.84 A this value is in good agreement with other previous theoretical
works (4.83 A2749, 4.82 A3%) and experimental data (4.62 A%, 4.8105 AS'). The
obtained band gap matches previous theoretical results (3.39 eV?4, 3.7 eV'>13) however
it is much lower than the experimental value (7.1 eV'62). This is not surprising
considering that eigenvalues within DFT formally not correspond to excitation energies,

which generally not describe well the bandgap.

Figure 1 shows the total (a) and projected DOS curves (b and c) for CaO bulk. It
can be seen that the major contribution to the occupied states comes from Ca 3p and the
oxygen s and p states (see Figure 1a). For the Ca cation (Ca 3p) the peak appears around
-18.5 eV (see Figure 1b) which is closer to the O 2s peak ( 5 eV of distance). Figure 1c
show that there is a small O 2s peak at the bottom (around -15 eV) separated by a large
inter-anionic valence gap (about 14 eV) from the O 2p based states at the top of the

valence bands (maximum at -1 eV).
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Figure 1: DOS curves for bulk of CaO (a) Total, (b) projected on Ca atoms and (c)

projected on O atoms.
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The origin, energy position and width of peaks match those reported in several

previous theoretical works for CaO in its rock salt structure!3:16.18.25.27.53,

Regarding the Bader charge analysis our calculations show that Ca and O atoms

have a charge of 1.48(+) and O 1.47(-) respectively. These results are similar to that

reported by Mankefors (+£1.28 for Ca and O atoms)!4.

3.2. The CaO (001) surface geometry and electronic structure



The most stable surface of rocksalt type compounds is the nonpolar (001) surface,
which is expected because in close packed bulk like structure the planes with lower
miller index are the more probable>>. Regarding the size of the slab, several tests has
been performed. Fan et al.’’ report that a 3x3 CaO (001) five-layer slab model with a
periodic structure is enough to describe this CaO surface with acceptable values of
physical and chemistry properties. Broqgvist et al.'> concluded that four layers slab it is
enough. We decided to use a five layer slab (Figure 2a) and a 4x4 size supercell (Figure
2b) containing 80 Ca and 80 O atoms, to avoid any further interaction with the adsorbed

ethanol and its periodic replication.

(a) (b)

[001] [110]

1=> [110]

Figure 2: Schematic front (a) and top view (b) of slab model for Ethanol/CaO(001).

After relaxation we found a surface contraction of 3.8%. This result in in
agreement with that reported by Prutton et. al.?® These authors obtain a small inward
relaxation of 1% (experimentally measured by LEED), and a computed surface

contraction of 3% of the interlayer spacing (from theoretical point of view).

Figure 3 shows the surface DOS curves for the outmost layer of CaO(001)
surface. The oxygen electrons spill out into the vacuum region causes the narrowing of
the O 2p valence band on the surface compared to that in bulk, about 0.3eV (0.2eV1)
and leads to an upward shift of the semi-core O 2s states?’. The semi-core p states of
surface cations shift toward lower energies 2’ and broaden in approximately 1.5 eV. In

our case we also detected the broadening of Ca atom p-states from 1.02eV in the bulk to

8



1.17eV in the surface. This DOS curves behavior agreed with many previous results
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Figure 3: DOS curves for CaO(001) surface. Only the outmost layer is considered for the plot.

3.3. Ethanol Adsorption

From all initial configurations tested for ethanol adsorption on the surface, we found
that the two most stable final configuration are those with the ethanol adsorbed through
the OH group on a Ca-Ca bridge site (configuration 1, see Figure 4) and on atop Ca
atom site (configuration 2, see Figure 5). The adsorption energies are -1.14 and -1.12 eV

for configuration 1 and configuration 2, respectively.

In both cases the hydrogen, H, from the OH alcohol group is bonded to an O
anion from the surface (labeled O1 Figures 4 and 5). To the best of our knowledge,
there is no theoretical studies of Ethanol/CaO(001), in the following we will compare
with other alkaline oxides and other molecules with the OH group. Branda et al.’®
computed adsorption energies range -0.83/-1.80 eV for ethanol and methanol adsorbed
on topological defects of MgO (001). In the case of Ethylene glycol over CaO (001),
Calatayud?’ reported an adsorption energy of -1.34 ¢V with two -OH groups interacting
simultaneously. For the adsorption of water over a CaO (001) surface, Yang et al.>® and
Carrasco et al.® reported values of 0.8eV/1.036 eV and -0.8 eV, respectively. Fujimori
et al.®! computed an adsorption energy value of -1.09 eV in the case of D,0. A direct
comparison is not possible, because water only generates a bond between the hydrogen

and the oxygen from the surface and there is no ethoxy-Ca bond there.



Figure 4: Schematic Perspective view (a) and Zoom of perspective view (b) after ethanol is
adsorbed in Configuration 1. Only most affected atoms and bonds are showed.

Figure S: Schematic Perspective view (a) and Zoom of perspective view (b) after ethanol is
adsorbed in Configuration 2. Only most affected atoms and bonds are showed.

Table 1 shown that the Hm atom from ethanol, bonded to the nearest
surface oxygen (Hm-O1) forming a strong bond of about 1.02 A length (Similar to the

molecular Om-Hm bond distances before the adsorption, that is 0.97 A). This value is
10



close to that of 1.05 A recently reported from DFT calculations in the case of water
adsorption on the same surface’® and to previous works; 0.951 A®2,0.97 A 6.
TABLE 1 — Distances (A) and distance percentage change with respect to de clean surface

(Dist. %A) of C,HsOH and CaO before and after adsorption. The label of atoms are showed in
Figures 4 and 5.

Config. 1 Config. 2
Bond Dist. Dist. Dist. Dist. Dist.
Before After %A After %AT
C,H;sOH
Om-Hm 0.97 1.49 53 1.47 51
Om-Cl1 1.43 1.39 -3 1.39 -3
C2-C2 1.51 1.53 1 1.53 1
CaO(001)
Cal-Ol1 2.42 2.67 10 2.73 12
Cal-02 2.42 2.45 1 2.46 1
Cal-O3 2.33 2.42 3 2.47 6
Cal-Ca2 3.42 3.44 <1 3.55 3
Ca2-01 2.42 2.68 10 2.57 6
Ca2-02 2.42 2.43 <1 - -
Ca2-04 2.33 2.45 5 - -
O1-Ca7 2.33 2.32 <1 2.34 <1
C,HsOH /CaO(001)
Om-Cal - 2.5 2.32
Om-Ca2 - 2.48
Hm-O1 - 1.02 1.04

The molecular distance Om-Hm after adsorption, is elongated from 0.97 A in free
ethanol molecule to 1.49 A (1.47 A) when is adsorbed in configuration 1(configuration
1). Our computed value is also very close to those reported by Yang et al.>° (1.47 A) for
water and Calatayud3® (1.64 A) for ethylene glycol. Considering the distances for the
bond between molecular oxygen (Om) and Ca surface atoms, we found a value of 2.50
A (2.48 A) for Om-Cal(for Om-Ca2) and 2.32 A for Om-Cal for configuration 1 and 2,
respectively. These values are in good agreement, with CaOyg, distance (range between
2.3 and 2.9 A) in the case of ethylene glycol®S and the Ca-Oyq: distance (2.44 A) in the

case of water adsorption®3.

The most important changes in distances are computed for the Om-Hm bond (in

both configurations) with modifications of about 53% (51%), while the Om-C bond is

11



somewhat contracted (3%). Considering the CaO surface, Ca and O atoms mainly
affected are those involved in the bonding with ethanol with changes between 10 to

12%.

It is worth mentioning that the calculated geometries (for both configurations) are
coincident with those predicted from kinetic consideration by Idriss'3. This author
elucidates that upon adsorption, the Om-Hm bond of ethanol dissociates heterolytically

to yield an ethoxide and a hydrogen linked to a negatively charged surface.

3.3.1 Electronic structure and bonding of ethanol on CaO (001)

The DOS curves show similar behavior in both adsorbed ethanol configurations. For
this reason Figure 6 shows only the DOS curves of CaO(001) after ethanol adsorption in
configuration 2. The adsorbed ethanol Projected DOS curve shows peaks at -0.07 eV (-
0.05 eV in vacuum), -0.63 eV, -2.45 eV and -19.91eV eV (-19.22 eV in vacuum) (see
Figure 6, curve in light blue). There is also a strong hybridization at the energy range of
(0, -2.54 eV) that coming mainly from surface O 2p states, while at (-18.65, -19.93 eV)
the contribution is from Ca 3p states. Also, it can be seen that after interaction, the
ethanol become stabilized and its molecular states are shifted to lower energies with
respect to the vacuum states (-0.05, -19.22eV). This stabilization was also reported for

methanol on PtCo surface® and ethilenglycol on CaO3*33,

Figures 7 and 8 present the projected DOS curves for most affected atoms in the
bonding interactions: Om, Hm, Cal and O1 (the atoms identification come form in
Figures 5). The Om atom PDOS peaks are shifted to lower energies from -19.22 to -
19.87 eV and from -0.05 to -0.28 eV (compare Figure 7a with b). It can be seen, in
Figure 7c and d, that PDOS of Cal atom present a decrease in intensity and a
contribution at -19.87 eV coming from the interaction with Om atom. Figure 8 show
that Hm states interacts mainly with O1 s states between -15.3 and -14.3 eV, which is
evident from the absence of this states after adsorption. Also, an important H based peak
can be found at -2.48 eV in the region of Ol 2p states. The Hm states are stabilized
from -19.22 eV to -19.87 eV because its interaction with Ca 3p based states (see Figure
8b and Figure 7d). It can be observed that the most hybridized region is located at the

12



energy range of (-0.15 eV, -2.7 eV) where three peaks from Hm atom PDOS show an
important decrease in intensity (-0.05 eV, -1.76 eV and 2.56 eV).
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Figure 6: Total DOS of C,HsOH/CaO(001) (solid black line). The Projected DOS of adsorbed
ethanol in configuration 2 is also included (shaded in light blue). The bars on top are the
molecular states of C,HsOH in vacuum. The light blue axe corresponds to the energy values of
PDOS, while the black axes correspond to TDOS.
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Figure 7: Projected DOS curves on Om atom before (a) and after (b); Cal atom before (c) and
after (d) C,HsOH adsorption on CaO(001) in Configuration 2.

Table 2 summarize the BO for the ethanol-CaO interactions. The results presented in
this table agree with the previous discussion. The hydrogen from the OH group
(ethanol) bonds with the nearest oxygen from the CaO surface, with a BO value of
0.7198 which is close to the value for O-H in the ethanol molecule in vacuum (0.8760).
The Om-Hm and O1-Hm distances before and after adsorption are 0.97 A and 1.02 A,

respectively (see Table 1).
14
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Figure 8: Projected DOS curves on Hm atom before (a) and after (b); O1 atom before (c¢) and
after (d) C,HsOH adsorption on CaO(001) in Configuration 2.

The oxygen atom from the ethanol OH group bonds with two, or one, Ca atom
from the surface for configuration 1 or 2, respectively. The distances of these bonds are
2.5 and 2.48 A (configuration 1) and 2.32 A (configuration 2) (see Table 1), the BO are
0.1618 and 0.1855, and 0.2654, respectively. The value of distance and BO for the Ca-O

15



interactions on the surface (2.42 A and 0.2763) are similar, except for the atoms closer

to ethanol molecule.

TABLE 2 - Bond Order and BO percentage change with respect to de clean surface (BO %A) of
selected bonds before and after C,HsOH adsorption.

Config. 1 Config. 2
Bond BO BO BO BO BO
Before After % A After % A
C,H;OH
Om-Hm 0.8760 0.2587 -71 0.2681 -70
Om-Cl1 1.1124 1.2829 15 1.2885 15
C1-C2 1.0468 1.0103 -4 1.0181 -3
CaO(001)

Cal-Ol1 0.2763 0.1205 -57 0.1002 -64
Cal-02 0.2763 0.2296 -17 0.2345 -16
Cal-O3 0.2707 0.2335 -14 0.2124 -22
Cal-Ca2 0.0222 0.0179 -20 0.0148 -34
Ca2-01 0.2776 0.1171 -58 0.1595 -43
Ca2-02 0.2776 0.2447 -12 - -
Ca2-04 0.2729 0.2191 -20 - -
O1-Ca7 0.2970 0.2634 -12 0.2538 -15
C,H;OH /Ca0O(001)
Om-Cal 0.1618 0.2654
Om-Ca2 0.1855 <<
Hm-O1 0.7198 0.7084

The most important weakening is taking place among O1-Ca2, Cal-Ca2 and Ol1-
Cal with a decrease on the BO of -58% (-43%), -20% (-34%), -57% (-64%) for
configuration 1 (configuration 2). The interactions with the remaining neighbors have a
weakening of about 12%. There is also some decrease in BO with the second layer
neighbors, such as O1-Ca7, Cal-O3, Ca2-0O4 with values of -12% (-15%), -14% (-22%)

and -20% for configuration 1 (configuration 2).

The bond order of the Hm-O1 bond is just smaller than that of the Hm-Om bond,
and this is attributed mainly to the higher ionicity of the Hm-O1 bond with respect to
the Hm-Om bond. A similar behavior was reported for water/CaO(001)%2,
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Table 3 presents Bader charges analysis. We can see that the charges on the
adsorbed hydrogen (Hm—O1) are slightly lower than those of hydrogen in the molecule
(Hm-Om) (in agreement with BO analysis). That is not surprising because the O1 atom
is immersed in the surface crystal structure. Charges on the adsorbed oxygen (Om) are

larger than those on the surface oxygen (O1). Similar results were obtained for H,O on
Ca09%2.

TABLE 3 - Total Bader’s charge of selected atoms before and after adsorption.
( Dif.= After-Before --> (+) win e-, (=) lost e- )
Config. 1 Config. 2
Atom Before  After Dif. After  Dif.

(e-) (e-) (e-) ()  (e)

Om -1.07 -1.24 +0.17 -1.22  +0.15
Hm +0.55 +0.60  -0.05 +0.59 -0.04
Cl +0.45 +0.53 -0.08 +0.53 -0.08
Cal +1.47 +1.50 -0.03 +1.51 -0.04
Ca2 +1.47 +1.51 -0.04 - -
01 -1.47 -1.43 -0.04 -1.43  -0.04
02 -1.47 -1.45 -0.02 - -
03 (21 layer) 144 146 +0.02 145 +0.01
04 (2" layer) -1.44 -1.45  +0.01 - -

Ca7 (2" layer) +146  +148  -0.02 +1.48  -0.02

The molecular oxygen (Om from ethanol) is the specie that present the major
change in charge (2%) during the adsorption process, become more negatively charged.
This change can be observed clearly in Figure 9, where the iso-surface after the
adsorption shows bigger density change around the Om atom. It can be seen (Table 3)
that Ca atom from the outmost layer of the surface transfer some additional charge to
the Om atom (Cal and Ca2 atoms in configuration 1, Cal atom in configuration 2).
Even more, oxygens from the second layer of the surface are transferring charge to the
calcium on the surface (see O3 and O4 atoms for configuration 1 and O3 atom for

configuration 2).

On the other hand, the oxygen from the surface (O1), that is bonded with the
hydrogen (Hm) is losing some charge (0.05¢) while the oxygen from ethanol (Om) gain
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some charge (0.17¢). The Hm atom, is transferring charge to the O1 atom, this charge
flow towards the Ca atom from the second layer and then is redistributed to the oxygen

in the slab.

[001]

[110]

[110]

Figure 9: Charge distribution view around ethanol adsorbed in Configuration 1(a) and
Configuration 2 (b) The magenta color indicates positive charge and blue indicates negative
charge.

Figure 9 shows the electron density distribution of ethanol adsorbed on both
configurations. The charge density difference (Ap) iso-surface is calculated using the

following expression:
Ap = p(C,HsOH/CaO) — p(C,HsOH) — p(CaO) (2)

where p(CaO) is the charge density of the relaxed surface and p(C,HsOH) is that one of
the adsorbed molecule. In this figure, it can be seen that the transferred charge between
the adsorbate and substrate is consistent with Bader difference charge and previous BO
analysis. From Table 3, the charge transfer occur from C1, Hm, Cal and Ca2 atoms to
Om. The isosurface plots shows the mayor changes in the cited atoms being the violet

lobes on Hm indicative of losing electron density while cyan lobes on Om of gaining
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electron density. Only the OHm group in the ethanol molecule present substantial
changes in the electron density, the rest of the molecule almost no change. The
electronic density after the adsorption is re-distributed over the blue iso-surface, among

atoms that are now bond to each other such as Om-Cag,,cc and Hm-O1.

Conclusions

We investigated the ethanol adsorption on CaO (001) surface without defects. The most
stable adsorption sites include the interaction of O atom from ethanol molecule with one
or two Ca cations from the surface. The H atom from molecule interact with an oxygen
anion from the surface. In both cases, the adsorption energy falls in the chemisorption
range. The molecule is adsorbed at 2.32 A over the surface and presents an important
elongation for the R-OH group. The O-H distance increase about 54% (51%), from 0.97
to 1.49 A (1.47 A) for configuration 1 (configuration 2). Its BO decrease 71% (70%) for
configuration 1 (configuration 2) while the molecule is still non dissociated. The major
BO change in the surface is 57% (64%) for Ca-O directly bonded to ethanol for
configuration 1 (configuration 2). The DOS shows a stabilization of ethanol states after
adsorption. Because the interaction with oxygen from ethanol, Ca cations from the
surface lose electron charge while O from ethanol gain some charge and also receives
some electron density from C1 and H. Ethanol adsorption on CaO produce a
modification on charge distribution on the molecule and the surface favoring the
breakage of the O-H bond from the alcohol thus generating a CH3;-CH," specie that
could then interact with the oil to produce the transesterification during the biodiesel
synthesis. Experimental data indicate that this interaction seems to be decreasing the
energy barrier for the forward reaction for the transformation of tri, di and
monoglycerides as well as fatty acids into biodiesel. The computation of reaction energy

barriers will be the subject of future theoretical investigations.
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Highlights

e The more favorable sites for C,HsOH adsorption are on one (or two) Ca cations
bonding the O atom from ethanol, while H atom bond to surface oxygens

e The distance of ethanol to surface is in the range of 2.3-2.5 A while the
adsorption energy is -1.12 (-1.14) eV for one or two Ca bonded.

e A strong elongation of the adsorbed O-H group being 53% (51%) larger that its
molecular distance.

e Bond order analysis shows that distances and BO are similar for Ca-Ogjecule and
Ca-Ogyrface-

e A charge transfer occurs from O atom of the 2" layer to Ca ions at 1%t layer and
the molecular O atom gain some charge, while H loses charge towards surface

oxygen.
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