The adsorption of ethyl formate on CaO: a DFT study
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Abstract

Ethyl formate adsorption on CaO (001) is analyzed using Density Functional
Theory (DFT) with Van der Waals corrections, implemented through the Vi-
enna ab Initio Simulation Package (VASP). Our calculations reveals a possible
adsorption site at low coverage with adsorption energy of —1.21eV, which is
more stable than ethanol and less stable than formic acid. Both molecular oxy-
gens bond to two Ca atoms and the C methyl bonds to a surface oxygen. The
analysis of the electronic structure and bonding show a stabilization of ethyl
formate as a result of a shift in its states to lower energies, with respect to the
gas phase. A relaxed molecular geometry is obtained after adsorption with no
dissociation detected. There is a charge transfer (0.20 e) from the adsorbate to
the surface. At the same time, H-C (formate) experiences a charge decrease of
0.16 e. The Ca-O in the surface mostly shows a decrease in bond order after
adsorption.
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1. Introduction

Due to the need for reduction in greenhouse gas emissions, several new tech-

nological solutions are being considered as substitutes for petroleum-based fuels.
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In addition, international agreements have been made to reduce these emissions
to zero by 2050 [1, 2].

Among all the different possibilities for new fuels, biodiesel is a key element
as a substitute for diesel, with special interest for heavy-duty engines [3, 4].
Biodiesel is a renewable fuel that is produced from vegetable oils, animal fats, or
recycled cooking oils in the presence of an alcohol and a catalysts [5-7]. Despite
its promising environmental benefits, the current state of biodiesel production
faces several challenges. One of the main concerns is competition with food
crops for land and resources [8], which could potentially lead to food shortages
and increased food prices. This concern is particularly relevant in developing
countries, where food security is a major issue. Another challenge is ensuring
the sustainability of biodiesel production, as the expansion of palm oil planta-
tions for biodiesel has been associated with deforestation and habitat loss for
endangered species [9]. Finally, biodiesel production can be heavily influenced
by fluctuations in the price of petroleum diesel, which can make it difficult to
predict profitability and investment returns [10].

Moreover, the use of certain feedstocks for biodiesel production, such as palm
oil, contributes to deforestation and habitat loss for endangered species [9]. The
high water and energy requirements of some biodiesel production processes are
also a concern, as they potentially undermine the environmental benefits of
biodiesel [10].

Catalysis is an essential component of biodiesel production, as it enables
the transesterification of vegetable oils or animal fats with an alcohol to pro-
duce fatty acid alkyl esters (FAAEs). However, the use of certain catalysts can
be associated with several problems that must be addressed to optimize the
production process. One of the most widely used catalysts is sodium hydrox-
ide (NaOH), which is effective and inexpensive [11]. However, NaOH requires
careful handling, as it is a strong alkali that can cause severe burns and eye
damage. In addition, the disposal of waste materials containing NaOH can pose
environmental hazards [11]. Another commonly used catalyst is potassium hy-

droxide (KOH), which is also effective and can produce high yields of FAMEs



[11]. However, KOH is more expensive than NaOH, and its production can be
energy-intensive. Other catalysts that have been investigated for biodiesel pro-
duction include sulfuric acid, which can lead to corrosion and is hazardous to
handle, and enzymes, which can be expensive and may require specific condi-
tions to function effectively [11].

Due to the high demands of washing and purification from the homoge-
neous catalyst, heterogeneous catalysts are gaining more and more relevance,
especially those that are being produced from renewable sources such as CaO.
This catalyst is an alternative that has shown promise for use in biodiesel pro-
duction. CaO is derived from a relatively abundant and inexpensive material
(calcium carbonate) and can be easily regenerated and reused. Studies have
shown that CaO can produce high yields of FAMEs from various feedstocks,
including waste cooking oil, palm oil, and jatropha oil [12]. CaO has also been
found to have several advantages over traditional catalysts such as sodium hy-
droxide and potassium hydroxide, including lower toxicity and reduced waste
generation. Sanchez et al. [13] studied the transformation of jojoba oil using
Calcium Oxide (CaO) derived from mussel shells, achieving a yield of 95%. Even
though this yield is high, the reaction time was long as well (10 hours), and the
alcohol used was methanol, which is typically produced from petroleum. To
improve the process, Sanchez et al. [14] carried out the same reactions at a
higher pressure. This permitted the yields to increase slightly to 96.3%, with a
considerable reduction in the reaction time, from 10 to 5 hours.

Some work has been done on the analysis of DF'T of biodiesel production [15],
however, for this work the authors used an acid homogenous catalyst. Similarly,
Li et al. [16] carried out calculations with DFT over heterogeneous catalysts;
however, it was not to produce biodiesel but for the upgrading of bio-oils into
second-generation biofuels. Similarly, Mao et al. [17] studied the migration
of acyl groups when producing biodiesel; this was carried out to understand
the migration of fatty acid chains within the triglyceride’s molecule and not
the production of biofuel itself. Other research works can also be found in the

literature where DFT has been used to evaluate biodiesel reactions, such as



biodiesel oxidation/autoxidation [18, 19], and hydrogen-biodiesel interactions
[20], among others.

To the best of our knowledge, glycerol-related interaction on CaO or rock
salt basic solids is not well studied and therefore not fully understood [21, 22].
Orazi et al. [23] carried out a study using DFT modeling to analyze the in-
teraction of the smallest fatty acid to understand the interactions of the acid
functional group with the surface; this work has shown that the adsorption of
the acid happens via the acid O-H bond, and this is the bond that breaks due
to energy density. Similarly, Bechthold et al. [24] used DFT models to study
the interaction of the ethyl group with the surface, showing that the adsorp-
tion could happen in two different locations, but in both cases, the O-H group
of the alcohol is where the charge density will redistribute in such a way that
this is the bond that will break. In this work, the ethyl formate molecule was
studied using DFT over a CaO surface to understand its behavior and chemical
interactions. The exposed surface studied was the (001) as previously reported
[23, 24]. A study of the electronic charge and energy density, as well as bond
length and strength, were carried out. Thus, understanding the adsorption be-
havior of ethylformate on the catalyst surface is essential for optimizing the
reaction conditions and controlling the amount of solvent used in the reaction.
By studying the adsorption kinetics and thermodynamics of ethylformate on
the catalyst surface, researchers can gain insights into the mechanisms of the

reaction and develop strategies to improve its efficiency and selectivity.

2. Computational Method

First-principles calculations based on spin-polarized DFT were performed
using the Vienna Ab-initio Simulation Package (VASP) [25-27] to solve the
Kohn-Sham equations with periodic boundary conditions. Core electrons were
described by Bléchl projector augmented-wave (PAW) pseudopotentials [28, 29]
while valence electrons were expanded from a plane-wave basis set with a kinetic

energy cutoff of 800 eV. The exchange-correlation interactions were represented



through the Perdew—Burke—Ernzerhof functional with the generalized gradient
approximation (GGA-PBE)[30]. Van der Waals interactions were accounted
through DFT-D2 method by Grimme [31] with the following Cs, Ry values for
each element considered: H (0.14, 1.0001), C (1.75, 1.452), O (0.70, 1.342),
Ca (10.80, 1.485) (in JnmSmol~' and A respectively). The sampling of the
Brillouin zone was done using the Monkhorst-Pack scheme [32] and a (7x 7 x 1)
grid for all the calculations. Full geometry optimization was achieved relaxing
ions through a conjugate gradient algorithm minimizing the system energy until
it converged within 10~* eV and the forces on each ion were less than 0.01 eV /A.

Ethyl formate adsorption at low coverage (= 1/8 ML) was simulated consid-
ering a 4 x 4 supercell with five layers, containing 80 Ca and 80 O atoms. The
vacuum considered for avoid interaction with replicated cells, was set to 30 A
(see Figure S1 for a full view of the supercell utilized for all the calculations). A
complete mapping over all the possible absorption sites of the CaO (001) surface
was performed, considering in each case three different initial positions for the
ethyl formate molecule (see Figures S2-S5 for all the tested configurations and
energy values obtained at each site). In all cases the ethyl formate and the first
four layers of the slab were relaxed. The selection of the CaO (001) surface as
in previous works [23, 24], is because it is experimentally reported as the most
stable.

The adsorption energy of the adsorbate over the CaO surface was calculated

as follows:
E.is = E(CaO + HCOOCH>CH3) — E(CaO) — E(HCOOCH,CHs) (1)

where the first term on the right-hand side represents the energy of the super-
cell with the adsorbed HCOOC H,C Hs molecule. The second term is the total
energy of the clean supercell (without the adsorbate) while the third term rep-
resents the energy of the ethyl formate molecule. To calculate the ethyl formate
energy, we placed the molecule in a cubic box with 20 A sides and performed a
I'-point calculation.

To understand the interactions between the ethyl formate and the CaO (001)



surface, we carried out a Density of States (DOS) analysis [33] to explore changes
in energy levels during the adsorption process. Charges redistribution of the pro-
cess was investigated through Bader analysis [34-36] while the change in bonds
strength was analyzed by computing the Bond Order (BO) as implemented in
the Density Derived Electrostatic and Chemical (DDEC6) method [37-40]

3. Results and discussion

3.1. CaO bulk and CaO (001)

In a recent study [23], we investigate the bulk properties of CaO through
an analysis of its bulk lattice constants and electronic structure. Our results
demonstrate a high degree of agreement between experimental data and com-
puted values of these properties. Specifically, our calculations yield a lattice
parameter of 4.84 A for CaO in the NaCl-type (B1) structure with a space
group of Fm-3 m, which is consistent with both theoretical works [21, 41, 42]
and experimental data reported [43, 44] in the literature.

In addition to analyzing the bulk lattice constants, we also investigate the
bonding scheme of the CaO (001) surface. Our results demonstrate again con-
sistency with previous experimental works reported in the literature, further

validating the accuracy of our computational approach.

3.2. Ethyl formate adsorption on CaO (001)

In this study, we examined the process of adsorption of ethyl formate on the
previously optimized CaO (001) surface [23]. To explore this process, we con-
ducted a comprehensive mapping of the possible adsorption sites on the surface.
For each site, we considered three different possibilities of approach between the
adsorbate (ethyl formate) and the surface, and we analyzed the resulting config-
urations in detail (refer to the supplementary material for additional information
of all the sites and configurations tested for this surface).

Our computational analysis of the adsorption process revealed a preferential

adsorption site for ethyl formate on the CaO (001) surface. Importantly, we



found that ethyl formate adsorbs on the surface without encountering an energy
barrier during the relaxation process, starting from C3HgO> in the gas phase.
Figure 1 provides a detailed representation of the adsorption site.

The computed adsorption energy for the minimum energy site found was
—1.21eV. This configuration was by far more energetically stable than those
obtained for the other tested sites, so the rest of the analysis will be carried out
on this configuration.

As a first step, we investigate the structural effect of the ethyl formate ad-
sorption on the CaO(001) surface. To that end, we analyze the bond lengths
of the atoms involved in the process, before and after the ethyl formate adsorp-
tion. The respective bond distances and bond distance percentage change are
summarized in Table 1. As can be seen in Figure 1, the adsorption of ethyl
formate occurs mainly through the interaction of the adsorbate with the Ca33,
035, Cab8, and Cab3 atoms of the CaO(001) surface. Regarding the adsorbate,
the bond distances that were most affected in the adsorption process were the
ones relative to the C3 atom, with an increase of 14.07% for the C3-O81 bond
and 6.56% for the C3-O82 bond. For the surface atoms, the bonds of the Ca
atoms that bond with the adsorbate and its first neighbors were found to be the
most affected. However, in no case was detected a variation greater than 10%
in bond length compared with the pristine surface.

In addition to analyzing changes in bond distances, the degree of partici-
pation of each atom in the adsorption process was determined through a Bond
Order (BO) analysis, which provides information about the strength of each
bond. The most relevant BO and percentage change in BO obtained for the
surface atoms and the adsorbate are summarized in Table 2.

Regarding the bonds of the adsorbate, it can be seen that the bond order
between C1 and O81 shows an increase of 8.33% compared to its initial value,
suggesting a tendency for the C1-O81 bond to become stronger. Additionally,
the bond orders between C3 and O81, and between C3 and O82 decrease by
42.97% and 22.96% respectively, indicating a weakening of these bonds. This

results indicate that the carbonyl group of ethyl formate is strongly interacting
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Figure 1: Different views of the ethyl formate adsorption site found on CaO (001):

(X
7\
e W4
..4\\
/"_‘_o,\
(X
V4 .\
\ V4
<\

VaN
N\

-
Ve
N\ V4
/. \/

V4

\. /.\

N\

V4

4
N\
CX
\ \
/ \\ /

o’

(a) magnification with atom labels, (b) top view, and (c) lateral view. Blue, red, black,

and grey spheres represent Ca, O, C, and H atoms, respectively.



Table 1: Distances of the bonds of the CaO (001) surface and ethyl formate, before
and after adsorption, along with the relative percentage change of the bonds (%A)

during the process. The labels of the atoms are shown in Figure 1.

Distances (A)

Group
Bond atoms After Before %A
C1 H1 1.11 1.10 0.91
C1 H2 1.10 1.10 0.00
c1 2 1.52 1.51 0.66
C1 081 1.43 1.46 -2.05
;Eotrfg;te c2 H3 1.10 1.10 0.00
C2 H4 1.10 1.10 0.00
c2 H5 1.10 1.10 0.00
C3 H6 1.14 1.11 2.70
c3 081 1.54 1.35 14.07
c3 082 1.30 1.22 6.56
c3 035 1.43 - -
Bonds
with 081 Cab3 2.74 - -
surface 081 Ca58 2.49 - -
082 Ca33 2.33 - -
Ca33 010 2.31 2.42 -4.55
Ca33 015 2.49 2.42 2.89
Ca33 030 2.47 2.42 2.07
Ca33 035 2.62 2.42 8.26
035 Ca38 2.45 2.42 1.24
035 Cab3 2.64 2.42 9.09
Surface 035 Cab58 2.51 2.42 3.72
Ca58 040 2.48 2.42 2.48
Cab8 055 2.45 2.42 1.24
Cab8 060 2.31 2.42 -4.55
Ca53 030 2.45 2.42 1.24
Ca53 050 2.32 2.42 -4.13
Ca53 055 2.51 2.42 3.72




Table 2: Bond order (BO) values obtanied for the bonds of the CaO (001) surface
and ethyl formate, before and after adsorption, along with the percentage change of

BO (%A) of each bond during the process. The labels of the atoms are shown in

Figure 1.

Group Bond order
Bond atoms After Before %A
C1 H1 0.85 0.84 1.19
C1 H2 0.82 0.84 -2.38
C1 2 1.05 1.08 -2.78
C1 081 1.04 0.96 8.33
E}‘fg;te C2 H3 0.93 0.92 1.09
2 H4 0.91 0.92 -1.09
2 H5 0.92 0.92 0.00
c3 H6 0.76 0.86 -11.63
c3 081 0.73 1.28 -42.97
c3 082 1.51 1.96 -22.96
c3 035 1.09 - -

Bonds

with 081 Cab3 0.07 - -
surface 081 Ca58 0.16 - -
082 Ca33 0.25 - -
Ca33 010 0.33 0.27 22.22
Ca33 015 0.23 0.28 -17.86
Ca33 030 0.23 0.28 -17.86
Ca33 035 0.12 0.27 -55.56
035 Ca38 0.19 0.28 -32.14
035 Ca53 0.13 0.28 -53.57
Surface 035 Ca58 0.17 0.28 -39.29
Cas8 040 0.24 0.28 -14.29
Ca58 055 0.24 0.28 -14.29
Cas8 060 0.33 0.27 22.22
Ca53 030 0.25 0.27 741
Ca53 050 0.33 0.28 17.86
Ca53 055 0.21 0.27 22.22
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with the CaO (001) surface, which may promote its dissociation.

As mentioned above, the binding with the CaO (001) surface is mainly
achieved through the development of bonds with the O35, Cab3, Cab8, and
Ca33 atoms on the surface, with the bond with the oxygen being the strongest.
Additionally, the O35 atom, experiences a decrease in the BO with all the neigh-
boring atoms of the surface, along with an elevation of 0.16 A. The C3-035
distance is 1.43 A, which lies in between C-O,,01ecular distance before adsorp-
tion. Also the O81-Cab8 (082-Ca33) bond distances between molecule and
surface are similar to those in the CaO clean surface (2.49-2.33 A vs 2.42 A).
The bond angles around C3 change from an sp2 hybridization before adsorption
to a distorted tetrahedral being C3-081-0O35: 100.62 °, C3-082-085: 115.3 °
and C3-081-082: 112.21 °.

Except the O35 atom, the remaining atoms on the surface involved in the
bond with ethyl formate do not exhibit a uniform behavior in terms of the
magnitude of the bonds. Specifically, the BO values between these atoms and
their first neighbors increase in some cases and decrease in others. This behavior
in the BO agrees with what was observed in the analysis of the bond lengths
for the surface atoms and indicates that the most affected surface atom in the
adsorption process turns out to be O35 with a clear tendency to form a bond
with the adsorbate at the cost of a significant decrease in the amount of binding

with the surface.

3.3. Electronic structure analysis

The electronic structure was analyzed to obtain more information about
the bonds formed between ethyl formate and the surface during the adsorption
process.

The total DOS of ethyl formate in the gas phase (before adsorption) is shown
in Figure 2 (a). The electronic structure of the adsorbate consists of well-defined
sharp peaks which extend into the range of -22 to 0 eV. The Figure 2 (b) displays
the total density of states for the CaO (001) surface before adsorption, while

in Figure 2 (c), the total DOS of the system after adsorption is shown. By
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comparing the figures, it can be seen that there is a hybridization of states near
the Fermi level and the -20 eV zone. These peaks are composed of s-type and
p-type states, as can be seen in the projected DOS (PDOS) for the adsorbate
in Figure 3 (a) and (e), respectively. After adsorption (Figure 3 (b) and (f)),
hybridization of s and p states is observed in both the vicinity of the Fermi
level and the -20 eV range. Furthermore, a slight shift towards lower energies is
detected for the s states, which is an indicator of the stabilization of said states
of the adsorbate.

The hybridization involves both the p and s states of the surface, as can be
seen by comparing Figure 3 (c-d) and (g-h). This indicates that both the s and
p states of the surfaces are involved in the binding with the adsorbate. The d-
states of the surface did not undergo significant modifications during adsorption;
as a result, they were not reported. It is important to note that neither the
surface nor the adsorbate exhibited an appreciable magnetic moment. This
is why, in all cases, only one spin orientation was plotted for the density of
states. The overall effect of the adsorption of ethylformate on the CaO electronic
configuration can be appreciated in more detail in Figure 4, where the density
of states is projected only onto the atoms involved in the adsorption process.
Comparing Figure 4 (a) and (b), we can appreciate how the formate states
become stabilized after adsorption (see peaks at -22 eV and near the Fermi
level). Figure 4 (c) and (d) present the changes in Ca and O atoms from CaO
(001) furface. There are several new peaks as a consequence of the adsorption
and a broadering of the Ca p states at -20 eV.

The Bader charge analysis for the atoms involved in the bonding of ethyl
formate with the CaO (001) surface is summarized in Table 3. The results re-
vealed a general behavior, the charge of the surface atoms experienced a slight
increase, while the adsorbate atoms exhibited a slight decrease in charge (indi-
cating a transfer of electrons from the surface to the adsorbate). The net charge
decrease in ethyl formate after adsorption is primarily attributed to variations
in the charges of the H6 and O82 atoms, with values of -0.16 e and -0.13 e,

respectively. In the case of the surface, the charge variation is mainly concen-
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Table 3: Total Bader charge before and after adsorption. A(e) = (after - before),

(+) win e, (=) lost e. The labels of the atoms are shown in Figure 1.

Group Atom After (e) Before (e) Ale)
H1 0.02 0.06 -0.04

H2 0.07 0.07 0.00

H3 0.05 0.05 0.00

H4 0.01 0.04 -0.03

Ethyl H5 0.02 0.03 -0.01
formate H6 -0.05 0.11 -0.16
C1 0.42 0.37 0.05

C2 -0.07 -0.04 -0.03

C3 1.48 1.50 -0.02

081 -1.04 -1.05 0.01

082 -1.27 -1.14 -0.13

Ca33 1.51 1.48 0.03

Ca38 1.48 1.48 0.00

Cab3 1.51 1.48 0.03

Cab8 1.50 1.48 0.02

Surface 030 -1.46 -1.48 0.02
035 -1.28 -1.48 0.20

050 -1.48 -1.48 0.00

055 -1.45 -1.48 0.03

060 -1.48 -1.48 0.00

trated in the O35 atoms, with a value of +0.20 e, while the variation observed
in other atoms involved in the adsorption did not exceed +0.03 e.

Beyond the general behavior of net charge transfer from the adsorbate to
the surface (electrons from the surface to the adsorbate), these results suggest
electronic redistribution due to the interaction between ethyl formate and the
CaO (001) surface, indicating the influence of the adsorption process on the
charge distributions.

Figure 5 presents the electron density charge difference of ethyl formate on

CaO (001). This difference Ap is calculated using the equation

16



Figure 5: Electron charge density difference plot of ethyl formate adsorbed on CaO

(001). The green color indicates positive charge while yellow indicates negative charge.

Ap = p(CaO + HCOOC H,C Hs) — p(CaO) — p(HCOOCH,CHs) — (2)

where p(CaO+HCOOC H;C Hs) represents the charge density of the entire sys-
tem in its most stable configuration, p(HCOOC HyC H3) represents the charge
density of isolated ethyl formate and p(CaO) represents the charge density of
the CaO (001) surface. This results are consistent with the Bader analysis, the
isosurfaces shown in Figure 5 highlight the major changes in the charge of the
atoms involved in the adsorption process. The green color indicates a loss of
charge, while yellow indicates a gain in charge density. It can be noted that
the main changes occurs around atoms 081, 082, C3, H6 (from the formate

molecule) and O35 (from the surface).

17



4. Conclusions

The adsorption of ethyl formate on CaO (001) is a favourable process with an
energy of —1.21eV that is higher (lower) than ethanol (formic acid) adsorption
—1.14eV(—2.38¢V). Among all tested sites and molecular configurations, we
found that the bond with the surface involves two molecular oxygens and three
Ca cations from the surface, and the C formate bonded to a surface oxygen.
The C3-Ogurface distance is 1.43 A, which is something in between C=0 and
C-O from the molecule (1.54 A and 1.30A respectively) which are elongated
after adsorption. There is a charge transfer (0.20¢) from the adsorbate to the
surface. At the same time, H-C (formate) experiences a decrease of 0.16 e
being the one with the greatest charge variation during the adsorption process.
C3 changes its hybridization from sp? in the isolated molecule to a distorted
tetrahedral bonded to three oxygens and one hydrogen. The molecule-surface
bond is achieved by an important decrease in Ca-O surface bonds order.

Therefore, the results in this work indicate and explain the favorable ad-
sorption of ethyl formate over the CaO surface, which in the future can be
further studied regarding thermodynamics and kinetics based models in order
to gain a deeper understanding of the optimization of this reaction for a better

performance of application.
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