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ABSTRACT: The widespread concern about the burning of fossil
fuels and its effects on the environment has driven our research
efforts toward sustainable energy solutions. As a result, there is a
strong drive to improve the eco-friendly production of chemical
compounds sourced from renewable resources. Here, we report a
first-principle mechanistic study of the conversion of ethanol to
butanol using a hydroxyapatite (HAP) catalyst. Basically, we
combined density functional theory calculations, the unity bond
index-quadratic exponential potential approximation to analyze the
reaction mechanism, and microkinetic simulations to address the
influence of the kinetic parameters on the chemical distribution of
formed species on the HAP catalyst. From our calculations and
analyses, the sequence of elementary reaction steps follows the
Guerbet reaction pathway, which involves ethanol dehydrogenation, aldol condensation, and subsequent hydrogenation steps. The
results indicate that the bifunctional nature of the HAP surface is key to facilitate the initial dehydrogenation of ethanol and
subsequent C—C coupling via aldol condensation, determining reactions to the formation of C, species. Furthermore, microkinetic
analysis shows that butanol is the main product, with minimal formation of other C, byproducts. However, higher initial ethanol
coverages decrease the rate of conversion because of limited active sites. The conversion of the aldol intermediate is crucial for
efficient butanol production. These findings provide valuable information for the future development of HAP-based catalysts for
sustainable biofuel production.
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1. INTRODUCTION able, this material exhibits unique bifunctional properties that

can be adjusted by changing the surface distribution of acidic

Replacement of fossil fuels with renewable energy sources has
become essential for the transition to a low carbon economy.
To meet the challenge of addressing sustainability and energy
security goals, significant efforts have been made in catalyst
design and process develoipment to convert biomass into fuels
and high-value chemicals.' > Recently, biobutanol production
has emerged as a viable solution to accelerate the incorporation
of sustainable biofuels into the energy economy.” Biobutanol
has physicochemical properties similar to those of gasoline,
making it an attractive option for internal combustion engines
compared to other traditional fuels.”” In addition, it can be
obtained from a variety of biofeedstocks,™ thus promoting the
use of renewable resources and decreasing the dependence on
petroleum-based fuels.

Given the challenges encountered in the fermentation-based
production of butanol,'’ sustainable routes based on the
Guerbet chemistry have also been explored as an alternative
process to convert ethanol into butanol.'"'> A key advance-
ment in this field was the identification of hydroxyapatite
[HAP, Ca;o(PO,)s(OH),] as an effective catalyst for the
ethanol-to-butanol process.”'* In addition to being sustain-
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and basic sites, allowing the tuning of conversion and
selectivity.''® As a result, increasing importance has been
placed in describing the surface chemistry of HAP'” and its
impact on the elementary reactions that compose the ethanol
upgrading mechanism to butanol.'®

Consistently, it has been demonstrated that the Guerbet
mechanism consists of four main steps: (i) ethanol
dehydrogenation to acetaldehyde, (ii) aldol condensation
from two acetaldehyde molecules, (iii) crotonaldehyde
formation, and (iv) consecutive hydrogenation reactions to
form butanol.'® However, a clear understanding of the HAP
active sites involved in this process is still under debate. For
instance, both CaO/POff20 and POH/OH2"*? acidic—basic
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Figure 1. (a) Ball-and-stick representation of isolated gas-phase molecules used for the modeling of adsorption structure configurations. (b) A
schematic representation of a dissociation reaction considered in the mechanism. (c) Space-filling representation of adsorption configurations on a
2 X 2 surface unit cell used to evaluate elementary reactions. Color reference: blue, red, and light pink spheres represent Ca, O, and P atoms in the
substrate; brown, light green, and white spheres represent C, O, and H atoms in the molecules.

pairs have been suggested to be the active sites most
responsible for the aldol condensation step. Contrarily, recent
operando diffuse reflectance infrared Fourier transform spec-
troscopy measurements showed that the Ca**/OH™>* acidic—
basic pairs govern the carbon—carbon coupling reaction. For
the dehydrogenation of ethanol to acetaldehyde, different
acidic—basic pairs have been identified as active sites, such as
Ca—0" and Ca®*/OH™” species.

Because reaction rates depend on the surface chemistry of
the catalyst, understanding the nature of HAP acidic—basic
sites and their involvement in each elementary reaction plays
an important role in the design of improved HAP-based
catalysts. In this context, theoretical calculations can be useful
in rationalizing the structure—reactivity relationship that exists
in the catalytic valorization of ethanol on the HAP surface. In
this study, we report a mechanistic study based on density
functional theory (DFT) calculations to elucidate the reaction
network of butanol synthesis on the HAP(0001) surface from
an atomistic point of view. On the basis of the energetics of
reaction intermediates, activation barriers were used to
estimate kinetic properties and analyze how process parameters
could influence the overall reaction mechanism and the
distribution of formed species.

2. THEORETICAL APPROACH AND COMPUTATIONAL
DETAILS

2.1. Total Energy Calculations. Our total energy
calculations were performed within the spin-polarized
DFT*** framework, using the semilocal formulation proposed
by Perdew—Burke—Ernzerhof for the exchange—correlation
energy functional.”® To solve the Kohn—Sham equations,” we

used plane-wave basis sets and the frozen-core projector
augmented wave (PAW) method””*® to describe the
interaction among the core and valence electrons, as
implemented in the Vienna ab initio simulation package
(VASP), version 5.4.1.°7°° To improve the description of
nonlocal weak van der Waals interactions, we used the Grimme
D3 semiempirical correction,”’ which is widely used to
improve the description of adsorption processes.”” >*

To ensure the precision required to describe the adsorption
of molecular species on solid surfaces, all calculations used a
plane-wave cutoff energy of 489 eV, which exceeds the
maximum recommended plane-wave cutoft energy by 12.5%
considering all selected PAW projectors. To obtain equilibrium
structures, which play a crucial role in the quality of the results,
we used convergence thresholds of 107> eV for the total energy
and 0.025 eV A™! for the residual force components in each
atom. The integration of the Brillouin zone was carried out
using only the I'-point due to the size of the surface unit cell,
which is defined below.

2.2. Atomic Structure Configurations. As well described
in the literature, materials based on the HAP substrate exhibit a
complex distribution of surface species due to their
composition and structural arrangement.lg’35’36 Our modeling
of HAP was based on our previous experience using this
material as a catalyst. For example, by integrating experimental
and theoretical calculations, we previously investigated the
impact of synthesis conditions on the HAP surface and its
catalytic properties.”” Our findings demonstrated that the
choice of the stoichiometric HAP(0001) surface is suitable for
capturing its bifunctional properties and modeling ethanol
catalysis, aligning with both experimental observations and
theoretical predictions.
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To this end, in this study the stoichiometric termination
HAP(0001) was selected to model the HAP surface in this
study. We constructed a 1 X 1 surface unit cell based on the
hexagonal bulk structure of HAP,*® with dimensions of a, = b,
= 9.497 A, four formula units Cas(PO,);(OH) comprising a
total of 88 atoms, a thickness of 12.88 A, and a vacuum region
of 15 A. Because HAP catalysts exhibit bifunctional properties,
the screening process was performed taking into account the
existence of Ca’* ions and PO,’” groups interspersed on the
HAP(0001) surface. These chemical species act as positively
and negatively charged chemical environments, for example,
Lewis acidic and Lewis basic sites, respectively.'”

To search for the lowest-energy adsorption configurations,
we first generated a total of 30 distinct structures for each
adsorption system (molecule) considered in the reaction
mechanism. At this stage, the 1 X 1 surface unit cell was used
to allow exploration at a reasonable computational cost. Then,
after identifying the lowest energy configurations, each
adsorption system was reoptimized using a 2 X 2 surface
unit cell, as shown in Figure lc. This slab model has a total of
352 atoms and increased lattice parameters of a; = b, = 18.995
A, which minimizes the interaction between periodic images,
allowing the estimation of zero-coverage adsorption energies.
All adsorption structures were constructed by placing
adsorbates symmetrically on both sides of the slab in
equivalent positions, thus eliminating the need for dipole
corrections. Furthermore, the initial geometries of the isolated
gas-phase molecules, depicted in Figure 1a, were obtained from
the PubChem database® and subsequently optimized them
within a 20 A cubic box. Full optimization was carried out for
all investigated systems.

2.3. Estimation of Activation Energies. Recent literature
has highlighted the usefulness of the unity bond index-
quadratic exponential potential (UBI-QEP) approxima-
tion**™* in estimating activation energies for a proposed
reaction mechanism, thus offering valuable insights on
reactivity trends across different systems.**”*° Within this
approach, the activation energy of an elementary reaction is
primarily estimated by adsorption and gas-phase bond
dissociation energies, as described by

B = Yan ¢ 2%
Q, + Qy (1)

T

where AH,, the surface reaction enthalpy, is computed as
AHr:Q_AB—i_DAB_Q,A_Q.B (2)

The energy of dissociation of the gas-phase bond, D,
corresponds to the energy required to break the gas-phase
molecule AB into two separate fragments A and B, as
illustrated in Figure 1b. Meanwhile, Q.3 Qa, and Qg
correspond to the adsorption energies used to estimate the
strength of the interactions between these compounds and the
catalyst surface. For example, in the dissociation reaction
depicted in Figure lc, the adsorbate CH;CHCHCH,OH*
(crotyl alcohol) breaks into fragments CH;CHCHCH,O* +
H* on the HAP(0001) surface. Here, Q,5 corresponds to the
adsorption energy of the CH;CHCHCH,OH molecule, while
Qa and Qg correspond to the adsorption energies of
CH;CHCHCH,O and H fragments, respectively.

From this perspective, the adsorption energy Qg is
calculated as

1 AB/Sub Sub AB
Q—AB = E(Etot - Etot - 2Et0t (3)

where EAB/St g the total energy of the AB adsorbate, E3 g

the total energy of the clean HAP(0001) slab model, and Efy, is
the total energy of the AB molecule in the gas-phase. For the
adsorption energies Q, and Qg, the coadsorption effect was
considered to maintain the energetic consistency of the
reaction mechanism, e.g,, in the case of a dissociation reaction,
the resulting fragments are adsorbed at neighboring sites,
which influences their interaction strengths with the substrate.
Therefore, these parameters are defined as
Q—A = é(Etﬁ:—B/sub - Etff)t/sub - ZEQ:)
1

(4)

_ A+B/Sub A/Sub B
QB = E(Etot - Etot - 2Etot (5)
where EAB/St represents the total energy of the coadsorbed
system, E/S™ and EP/S®® are the total energies of the fragments
A and B separately adsorbed at the zero coverage limit, and Ef,

and Eg, denote the total energy of the A and B gas-phase
fragments, respectively. The terms % and 2 in eqs 3—5 arise

from placing adsorbates on both sides of the slab, according to
the procedures defined above.

Thermodynamic properties obtained directly from DFT
calculations are typically determined at a temperature of 0 K.
To incorporate temperature effects into our mechanistic
investigation, we considered the vibrational frequencies of
the adsorbate species to estimate these properties.*” Vibra-
tional frequency calculations were conducted using the
numerical finite difference method, with a convergence
threshold set at 107° €V for total energy. It should be noted
that small vibration frequencies significantly contribute to
entropy; therefore, any frequency modes below 50 cm™ were
adjusted to 50 cm™.*** The temperature of the reaction
system was set to the actual reaction temperature of 573.15 K.
All thermochemical properties were calculated using the
thermochemistry module available in the atomic simulation
environment software package.”® Further details regarding the
expression for activation energy and thermochemical correc-
tions can be found in the Supporting Information, specifically
in Sections S3 and S4.

2.4. Mechanistic Proposal. The proposed reaction
mechanism is based on well-established research, which
indicates that ethanol valorization on HAP-based catalysts
primarily follows a Guerbet coupling pathway.'>****>'=>* This
pathway is typically divided into four key reaction steps:

e Acetaldehyde formation via ethanol dehydrogenation;

e C—C coupling via aldol condensation;

e Crotonaldehyde formation via dehydration;

e Subsequent hydrogenation reactions leading to butanol
formation.

In this study, a total of 25 elementary reactions were
proposed to encompass the upgrade of ethanol to butanol on
the HAP(0001) surface. To provide a comprehensive
description, all elementary reactions are detailed in Table 1.
In our mechanistic investigation, the elementary reactions that
describe crotonaldehyde formation are designated as R; to Ry,
with a graphical representation provided in Figure 2. In
subsequent hydrogenation reactions, two potential reaction
pathways were considered: (i) butanol formation via crotyl
alcohol (reactions Rg to Ryg), and (ii) butanol formation via

https://doi.org/10.1021/acs.jpcc.4c03937
J. Phys. Chem. C XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c03937/suppl_file/jp4c03937_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c03937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C pubs.acs.org/JPCC
Table 1. Selected Series of Elementary Reactions on the k= A —E,
HAP(0001) Surface for Investigating Butanol Synthesis =aep RT (6)
through the Conversion of Ethanol
with the pre-exponential factor determined as*®
reaction pathway label elementary reaction
acetaldehyde R, CH;CH,0OH* + * 2 CH;CH,0* + H* ka ASi
formation A= T exp T
R, CH,CH,0* + * 2 CH,CHO* + H* (7)
1 £ kS ES Ed
enolate formation Ry CH,CHO™ +* = SHZSHO +H ) where k, is the Boltzmann’s constant, h is Planck’s constant,
. —
aldol condensation Ry Cg;f‘gggl;‘zcm + % = CH,CHO® + AS* is the entropy change from the reactant to the transition
3 . . . . .
R, CH,CHOHCH,CHO* + * = state complex, Ea. is the actlv.atlon energy, R is the universal gas
CH;CHOCH,CHO* + H* constant, and T is the reaction temperature.
crotonaldehyde Ry CH;CHOHCH,CHO* + * 2 For each elementary reaction labeled as R,, the reaction rate
formation CH,CHCH,CHO* + OH* is expressed as the sum of the forward and reverse reaction
R,  CH;CHCH,CHO* + * 2 rates defined as r;; and r;, respectively. For example, in the
CH,CHCHCHO* + H* . : g )
case of reaction R, the forward and reverse reaction rates are
crotyl alcohol Ry  CH;CHCHCHO* + CH;CH,OH* — .
formation CH,CHCHCH,OH* + CH,CHO* written as

R, CH,CHCHCH,0* + * 2
CH,CHCHCHO* + H*
R, CH,CHCHCH,OH* + * 2
CH,CHCHCH,0* + H*
R, CH,CHCHCHOH* + * 2
CH,CHCHCHO* + H*
R, CH,CHCHCH,OH* + * 2
CH,CHCHCHOH* + H*
CH,CH,CHCH,OH* + * 2
CH,CHCHCH,OH* + H*
R, CH,CH,CH,CH,OH* + * 2
CH,CH,CHCH,OH* + H*
R, CH,CHCH,CH,OH* + * 2
CH,CHCHCH,OH* + H*
R CH,CH,CH,CH,OH* + * 2
CH,CHCH,CH,0H* + H*
CH,CH,CHCHO* + * 2
CH,CHCHCHO* + H*
R CH,CH,CH,CHO* + * 2
CH,CH,CHCHO* + H*
R, CH,CHCH,CHO* + * 2
CH,CHCHCHO* + H*
R, CH,CH,CH,CHO* + * 2
CH,CHCH,CHO* + H*
CH,CH,CH,CH,O* + * 2
CH,CH,CH,CHO* + H*
R,, CH,CH,CH,CH,OH* + * 2
CH,CH,CH,CH,0* + H*
R,, CH,CH,CH,CHOH* + * 2
CH,CH,CH,CHO* + H*
R,, CH,CH,CH,CH,OH* + * 2
CH,CH,CH,CHOH* + H*
R, CH,CH,CH,CHO* + CH,CH,0H* —
CH,CH,CH,CH,0H* + CH,CHO*

butanol formation via  Rj3
crotyl alcohol

butyraldehyde Ry
formation

butanol formation via Ry,

butyraldehyde

butyraldehyde (reactions R;, to Rys). Visual representations of
these reaction steps are depicted in Figure 4.

2.5. Microkinetic Model Simulation. Microkinetic
simulation is a useful tool that can help in understanding
heterogeneous catalytic processes,”” allowing the determina-
tion of reaction rates for individual elementary reactions and
the coverage of intermediate species on the catalyst surface
under actual operating conditions.”> For the simulation of the
microkinetic model used in this study, we considered that all
adsorption sites are identical and can adsorb only one
adsorbate species at a time. Then, once the activation energies
for the proposed forward and reverse elementary reactions
were obtained using the UBI-QEP method described above,
the rate constants were assumed to have the Arrhenius form

nf= kl,fHCH3CHZOH*9* (8)

Ny = kl,rGCH3CH,_O*6H* 9)

where the quantities k;; and k;, correspond to the rate
constants of forward and reverse reactions, while 6; refers to
the surface coverage of the species j involved in the elementary
reaction R;. For the overall reaction mechanism, a total of 22
species are defined, including vacancy sites.

As a consequence of the reaction rate, the surface coverage
of each species j is affected over time. Therefore, we used the
reaction rate expressions to determine surface coverage of each

component in the form of a ordinary differential equation

d
59]* = Z yj,iri (10)
1

where v;; is the dimensionless stoichiometric coefficient of
species j in elementary reaction i. To obtain the steady-state
values of surface coverages, the entire set of ordinary
differential equations was numerically integrated using the
integrator subpackage available in the SciPy computing
library.”” Further details regarding the expression for forward
and reverse reaction rates, as well as the entire set of ordinary
differential equation can be found in the Supporting
Information, Section SS.

3. RESULTS AND DISCUSSION

In this study, a comprehensive sequence of elementary
reactions was proposed to evaluate butanol production
through the upgrading of ethanol on the HAP(0001) surface.
Here, our focus lies on the primary findings concerning the
reaction pathways. We delve into the physical—chemical
properties of the reaction intermediates and explore the
activation energies involved in the catalytic process. On the
basis of the estimated kinetic parameters, we also provided
valuable insights into the reaction mechanism from a
microkinetic perspective. To help in the discussion of our
results, Table 2 presents the activation energies for each
elementary reaction. Additionally, Figure 3 illustrates a free
energy diagram for the pathway in which ethanol is converted
to crotonaldehyde, as depicted in Figure 2. For supporting
analysis, the results of the gas-phase molecules and the
substrate slab model are provided in the Supporting
Information, Section S2. Furthermore, selected properties of
the adsorbed species are organized in Section S6.
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Figure 2. Proposed sequence of elementary reactions for obtaining crotonaldehyde on the HAP(0001) surface. The proposed reaction pathway
encompasses the acetaldehyde formation (R, and R,), the enolate formation (R;), the aldol condensation (R, and R;), and the crotonaldehyde

formation (R4 and R;). All reactions are detailed in Table 1.

3.1. Acetaldehyde Formation. In the Guerbet mecha-
nism, butanol synthesis is based on the formation of
acetaldehyde molecules through the dehydrogenation of
ethanol. Our theoretical findings indicate a nondissociative
adsorption of ethanol on the HAP(0001) surface. The most
energetically stable adsorption configuration of ethanol
(CH;CH,OH*) exhibits an adsorption free energy of —1.19
eV at 573.15 K. In this configuration, the adsorption is
primarily influenced by the hydroxyl group. An acidic site
(Ca’ ion) attracts the oxygen atom at a distance of 2.35 A,
while a neighboring basic site (PO,>” group) attracts the
hydrogen atom at a distance of 1.68 A. As a result, hydroxyl
O—H bond is elongated from 0.97 to 1.01 A.

In addition, the redistribution of charges resulting from the
interaction between the adsorbate and the substrate induces a
depletion of charges around the hydrogen atom (see the
analysis of electron density differences provided in the
Supporting Information, Section S6, Table S11), consistent
with the weakening of O—H bond necessary for the
dehydrogenation of ethanol (reaction R,, Figure 2). This
first reaction was found to be endergonic by +0.37 eV, with an
activation energy of 1.45 eV, leading to the formation of an
ethoxide intermediate (CH;CH,0%*) and a hydrogen radical.
Compared to the configuration of adsorbed ethanol, the
resulting ethoxide is less stable in the HAP(0001) surface, with
an adsorption free energy of —0.76 eV. This observation aligns
with the dissociation of ethoxide considered in the reaction
mechanism, which results in the formation of the acetaldehyde
molecule (reaction R,, Figure 2) through an exergonic reaction

of —0.60 eV with a significantly lower activation energy of 0.17
eV.

3.2. Enolate Formation. The coexistence of acidic and
basic sites on the HAP(0001) surface has a direct influence on
stabilizing the formed acetaldehyde (CH;CHO*). On the one
end, the molecule is drawn toward an acidic site as a result of
the attraction of its carbonyl group. On the other end, a basic
site attracts the hydrogen atom bonded to the C2 carbon atom.
This adsorption configuration exhibits a noticeable charge
rearrangement. There is an evident accumulation of charge
between the carbonyl group and the Ca* ion, and a depletion
of charge around the hydrogen atom bound to the C2 carbon
atom in the acetaldehyde. This observation is also followed by
an elongation of C2—H bond from 1.102 to 1.115 A. This
weakening of the bond is necessary for the formation of the
enolate intermediate (CH;CHO*), which needs to surpass a
reaction barrier of 1.26 eV (reaction R;, Figure 2).

3.3. Aldol Condensation. As discussed previously, aldol
condensation is generally accepted as the primary reaction
pathway for C—C coupling within the Guerbet mechanism.
This reaction involves the attack of the C2 in the enolate
intermediate on the C1 of a neighboring acetaldehyde
molecule (reaction R,, Figure 2). Among the various
adsorption configurations investigated for the enolate—
acetaldehyde coadsorbed pair, the most energetically stable
system exhibited each molecule adsorbed at neighboring sites
with the carbonyl group oriented toward the Ca®" ion. Their
oxygen atoms interacted with the substrate at distances of 2.33
A for the enolate and 2.39 A for the acetaldehyde. Analysis of
the electron density difference reveals a slight accumulation of
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Table 2. Activation Energies of the Elementary Reactions in
the Butanol Synthesis via Ethanol Upgrading”

label Qa Qs AH, ¢ Eyp By
Ry —-5.98 —4.37 0.37 1.45 1.07
R, —3.01 —1.47 —0.64 0.17 0.81
R; —-5.27 -3.92 0.27 1.26 0.99
Ry —1.81 -1.99 —-0.54 0.20 0.74
Rs —6.79 —-3.92 0.87 1.68 0.81
Ry —5.69 —4.66 0.49 1.53 1.03
R, —4.09 -1.69 —0.56 0.32 0.88
Ry —-3.28 -2.00 0.27 0.76 0.48
Ry —4.09 —1.69 —-1.09 0.05 1.14
Ry —6.85 —4.42 —0.08 1.30 1.38
R, —4.09 —1.69 0.13 0.66 0.54
R, —4.69 -2.08 1.05 124 0.20
Rys —-3.43 —0.63 1.28 0.91 0.00
Ry, —-5.35 —242 1.82 1.74 0.00
Ris —-3.43 —0.63 1.37 0.95 0.00
Ry —5.09 -2.10 208 1.77 0.00
Ry, —4.09 —1.69 —0.09 0.56 0.64
Rig —6.05 -3.75 0.18 1.25 1.07
Ry —4.09 —1.69 —0.69 026 0.94
Ry —4.74 —2.64 1.90 1.80 0.00
R,; -3.76 —-1.24 —0.34 0.30 0.64
Ry, —6.96 —428 0.36 1.51 114
Ry —3.76 —-1.24 -0.19 0.37 0.56
Ry, —4.86 -2.39 2.10 1.85 0.00
Ry —-3.58 —-1.95 0.02 0.64 0.62

“Qa Qg and AH, ¢ represent the adsorption energies and the surface
reaction enthalpy necessary to estimate the activation energies using
the UBI-QEP method. All values are presented in eV.

electron density around C2 in enolate, accompanied by a more
pronounced depletion of charge around the C1 in
acetaldehyde. From an energetic standpoint, despite the
lower stability observed for the enolate intermediate, its
coadsorption free energy is comparable to that of acetaldehyde,
with magnitudes of —0.42 and —0.58 eV for the enolate and
acetaldehyde, respectively. The calculated activation energy for
this elementary reaction was found to be 0.74 eV.

Following the C—C coupling, the electronic charge
accumulates near the deprotonated oxygen in the adsorbate.
This accumulation of electron density facilitates surface-
mediated hydrogenation of the resulting C, product

(CH;CHOCH,CHO*) to form the aldol intermediate
(CH;CHOHCH,CHO*) (reaction R;, Figure 2). This
elementary reaction is exergonic by —0.86 eV and needs to
overcome an activation barrier of 0.81 eV. The aldol
compound formed exhibits higher stability on the
HAP(0001) surface, as indicated by an adsorption free energy
of —2.02 eV. This observation is consistent with the adsorption
configuration obtained for the aldol compound, where both
oxygen atoms interact with the positively charged Ca** ion.
The carbonyl and hydroxyl groups within the molecule interact
at distances of 2.39 and 2.34 A, respectively. Furthermore, the
hydroxyl group is further stabilized through interaction
between its hydrogen atom and a surface-exposed oxygen
atom within the PO,*” group.

3.4. Crotonaldehyde Formation. The aldol molecule
then undergoes two consecutive elementary reactions to yield
crotonaldehyde (CH;CHCHCHO®*). In the first reaction,
there is a breaking of the C3—OH bond (reaction R, Figure
2), as interactions between the OH group and the catalyst
surface weaken the C3—OH bond. As mentioned, the oxygen
atom interacts mainly with Ca?* ion at a distance of 2.34 A,
while a nearby phosphate group attracts the hydrogen atom at
a distance of 1.66 A. In addition, analysis of the difference in
electron density indicates that a region of charge depletion is
observed between the OH group and the C3 atom. Despite the
weakening of C3—OH bond, this reaction still needs to
overcome a relatively higher reaction barrier of 1.53 eV,
resulting in an endergonic final state by +0.50 eV. This
elementary reaction produces an unstable intermediate
(CH3;CHCH,CHO¥*) that is readily converted to crotonalde-
hyde through the subsequent abstraction of a H from C2 atom
(reaction R,, Figure 2). This reaction is thermodynamically
favored, with an exergonic energy of —0.63 eV and a lower
activation energy of 0.32 eV. Following the abstraction of H
from C2, the unsaturated carbon chain is formed. This can be
seen in the decrease in intramolecular C2=C3 bond length
from 1.53 to 1.36 A.

3.5. Crotyl Alcohol Formation. In our proposed reaction
mechanism, two distinct hydrogenation pathways were
considered for the formation of crotyl alcohol
(CH;CHCHCH,OH*). In the first pathway, the carbonyl
group within the crotonaldehyde is directly hydrogenated
through the H-transfer from a neighboring adsorbed ethanol
molecule. Alternatively, in another reaction route, the carbonyl
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Figure 3. Free energy diagram for the proposed catalytic formation of crotonaldehyde from ethanol at 573.15 K.
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group can undergo two consecutive surface-mediated hydro-
genation reactions.

In the elementary reaction that represents hydrogenation via
direct H-transfer from ethanol (reaction Rg, Figure 4), the
most energetically stable system exhibits both crotonaldehyde
and ethanol molecules adsorbed at neighboring sites, with the
carbonyl and hydroxyl groups oriented toward Ca®** ion at
similar distances of 2.31 and 2.36 A, respectively. Then, the
ethanol molecule is dehydrogenated to acetaldehyde, and
crotonaldehyde is converted to crotyl alcohol through the
concerted breaking of O—H and C1—H bonds in ethanol and
the migration of hydrogen to both carbon and oxygen atoms of
the C1=0 group in crotonaldehyde. Our findings indicate an
endergonic elementary reaction (+0.26 eV) with moderate
activation energy of +0.76 eV.

Two scenarios were explored for surface-mediated hydro-
genation of the carbonyl group: (i) C1 hydrogenation of atoms
followed by protonation of the oxygen atom, or (ii) the reverse
sequence. In the first scenario, crotonaldehyde is converted to
crotyl alcohol through the formation of a CH;CHCHCH,O*
intermediate (reactions Ry and Ry, Figure 4). Our findings
indicate that both steps are endergonic reactions by +1.06 and
+0.06 eV with activation energies of 1.14 and 1.38 eV,
respectively. In the second scenario, crotonaldehyde is
converted to crotyl alcohol through the formation of a
CH,CHCHCH,OH* intermediate (reactions R;; and Ry,
Figure 4). According to the energetics of the reactions, this

pathway suggests that surface-mediated hydrogenation of
crotonaldehyde that occurs through the oxygen atom in
carbonyl is a more thermodynamically stable route, in which
both steps are exergonic by —0.12 and —1.09 eV with lower
activation energies of 0.54 and 0.20 eV, respectively.

3.6. Butanol Formation via Crotyl Alcohol. The
surface-mediated hydrogenation approach was also considered
for the formation of butanol (CH;CH,CH,CH,OH*) from
crotyl alcohol, considering two different pathways. The
unsaturated C2=C3 bond can undergo hydrogenation,
initiating either at C2 or C3 atoms in the crotyl alcohol
(reactions R;3, Ry, Rys, and Ry, Figure 4). In this scenario, all
elementary reactions exhibited an energy barrier of 0.00 eV. As
noted by Shustorovich, the UBI-QEP method may produce
physically meaningless negative activation barriers, particularly
in scenarios where the surface reaction is highly exothermic or
the gas-phase species is exceptionally unstable.*” In our study,
while the energy required to dissociate the investigated bonds
was positive, all elementary reactions considered in this
pathway were noticeably exergonic, with values ranging from
—1.26 to —2.09 eV. Therefore, we were unable to identify the
activation energies for these steps.

3.7. Butyraldehyde Formation. An alternative reaction
pathway involves the formation of butyraldehyde, where the
crotonaldehyde molecule undergoes hydrogenation at the
unsaturated C2=C3 bond rather than the carbonyl group.
Similarly, the unsaturated bond can be hydrogenated starting

https://doi.org/10.1021/acs.jpcc.4c03937
J. Phys. Chem. C XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acs.jpcc.4c03937?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c03937?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c03937?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c03937?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c03937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C pubs.acs.org/JPCC
a) b)
o 040 0.60]
[@)]
©
o 0.30 0.451
>
S
= 020 0.301
o 2 BUtOH* 9 BUutOH" ——
C
= 010] v 0.15{ =
(@]
o
Y- 0.00 Ac*— - - ~ButAc*~ | 0.00 Ac'~ - - ~ButAc*—
0.00 0.25 0.50 0.75 1.00 0.00 0.50 1.00 1.50 2.00
Time (x107" s) Time (x107' s)
c) d)
v 0.80 1.00]
2 N
@ 0.60 0.751{ Eton-
>
S
= 0.40 0.50
©
o ButOH*——
C
S 0.20 0.251
9] &,
© e ButOH*
Y 0.00 Aci— — - ~ButAc*- | 0.001 m —BUtAc*—
0.00 0.25 0.50 0.75 100 0.00 0.50 1.00 1.50 2.00

Time (x10% s)

Time (x102 s)

Figure S. Microkinetic simulation results showing the influence of initial ethanol concentration on the surface distribution of formed species. The
fractional coverages of ethanol considered are (a) 0.3, (b) 0.5, (c) 0.7, and (d) 0.9. The main reaction species displayed are ethanol (EtOH),
acetaldehyde (Ac), 3-hydroxybutanal (Aldol), crotonaldehyde (Croto), crotyl alcohol (CrotylOH), butyraldehyde (ButAc), and butanol (ButOH).

at either the C2 or C3 carbon atoms. When comparing the
energetics of both scenarios, surface-mediated hydrogenation
starting at C3 atom (reactions R;; and Ry, Figure 4) involves
the formation of a CH;CH,CHCHO¥* intermediate through a
slightly exergonic reaction by +0.07 eV, with an activation
energy of 0.64 eV, followed by a subsequent hydrogenation
(exergonic by —0.20 eV) with a higher activation barrier of
1.07 eV. In contrast, surface-mediated hydrogenation starting
at C2 atom (reactions R;, and R,y Figure 4) forms a
CH;CHCH,CHO¥* intermediate. This elementary reaction
must surpass an activation barrier of 0.94 eV, while subsequent
hydrogenation has an activation energy equal to 0.00 eV. Here,
the activation energy value falls into the physically meaningless
situation of having a negative activation barrier because of the
strongly exothermic character, as mentioned above.

3.8. Butanol Formation via Butyraldehyde. Two
distinct mechanisms for the hydrogenation of butyraldehyde
to butanol were investigated. The first pathway involves
surface-mediated hydrogenation of the carbonyl group, while
the second considers an ethanol molecule as a hydrogen source
via direct H-transfer.

For the surface-mediated hydrogenation mechanism, the
first pathway involves hydrogenation at Cl1 atom of
butyraldehyde, followed by the protonation of the oxygen
atom (reactions R,; and R,,, Figure 4). This sequence begins
with an endergonic step (+0.32 eV), followed by an exergonic
step (—0.39 eV), with activation energy barriers of 0.64 and
1.14 eV, respectively. Alternatively, the process can begin with
hydrogenation of the oxygen atom followed by C1 hydro-
genation (reactions Ry; and R,,, Figure 4). In this scenario, an
endergonic step (+0.14 eV) is followed by a significantly more
exergonic reaction (—2.07 eV). These elementary reactions
have an activation energy of 0.56 and 0.00 eV, respectively.
The UBI-QEP approach predicts a null activation energy for
highly exothermic reactions, consistent with the observed case.

When considering direct H-transfer from ethanol, butyr-
aldehyde is hydrogenated to form butanol, while ethanol is

converted into acetaldehyde (reaction R,s, Figure 4). The
concerted activation energy for this reaction is 0.62 eV.
Interestingly, the adsorbed configuration of the butanol
molecule is similar to that of ethanol. The substrate interacts
with the OH group via an acidic—basic interaction, where the
Ca’" ion attracts the oxygen atom at a distance of 2.34 A, and a
neighboring phosphate group attracts the hydrogen atom at a
distance of 1.68 A. This simultaneous interaction weakens the
bond O—H, as evidenced by its increased length from 0.97 to
1.01 A, along with the observed charge depletion around the
hydrogen atom.

3.9. Microkinetic Analysis. Microkinetic modeling is a
powerful tool for determining important kinetic parameters
and providing valuable insights that complement and extend
experimental findings. To gain a deeper atomistic under-
standing of the ethanol coupling reaction and how kinetic
parameters could influence the general distribution of formed
species on the HAP(0001) surface, we conducted microkinetic
simulations based on the well-established Guerbet mechanism
for butanol synthesis. These simulations were performed at a
reaction temperature of 573.15 K and atmospheric pressure to
replicate the actual experimental conditions.””

Our focus was on examining how the initial concentration of
ethanol adsorbed on the catalyst surface affects the final
coverage of the formed species once a steady state is reached
(a point in time where the concentrations of all species remain
constant). Specifically, four different initial fractional coverages
of ethanol were investigated, including 0.3, 0.5, 0.7, and 0.9.
The simulation results showing the coverage profile over time
are presented in Figure S, while the specific rate constants for
each elementary reaction are provided in the Supporting
Information, Section SS, Table Sé.

As expected, butanol emerged as the main product at steady
state, consistent with experimental observations.””*”** Wang
et al. demonstrated using modulation excitation spectroscopy
that introducing ethanol into the reaction system results in
small amounts of intermediates such as acetaldehyde,
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crotonaldehyde, crotyl alcohol, and butyraldehyde.”> Our
findings indicate a slight increase in acetaldehyde concen-
tration during the initial stages, followed by a gradual increase
in the aldol intermediate concentration. This observation
strongly aligns with the steady-state isotopic transient kinetic
analysis performed by Hanspal et al,,”® which revealed that the
surface coverage of reaction intermediates leading to
acetaldehyde is much lower than that leading to butanol.

For all investigated scenarios, our microkinetic model
indicates that a maximum in butanol coverage corresponds
to a minimum in the aldol intermediate, which is consistent
with the observed experimental trends.”* Aldol condensation is
a key reaction step in the Guerbet mechanism, where longer
carbon chains are formed by coupling through aldol
condensation. Consequently, butanol formation continues as
long as the aldol intermediate is available on the catalyst
surface. As illustrate in Figure S, the butanol coverage profile
keeps increasing until the aldol intermediate is completely
converted. Interestingly, the presence of other C, intermediate
compounds, such as crotonaldehyde, crotyl alcohol, and
butyraldehyde, was negligible, suggesting a strong preference
for butanol formation compared to the other products.”**’

Furthermore, higher initial ethanol concentrations lead to a
decrease in its conversion. For initial fractional coverages of 0.3
and 0.5, ethanol is completely converted into butanol. An
initial fractional coverage of 0.7, a conversion of 86% is
achieved, while only 22% of ethanol is converted for an initial
fractional coverage of 0.9. This observation can be attributed to
the limited availability of vacancy sites for participation in the
reaction mechanism as more molecules are adsorbed on the
catalyst surface.

To evaluate the robustness of our microkinetic simulation,
we examined the influence of random errors introduced into
the calculated adsorption energies. These deviations were
specifically analyzed in the context of adsorption energies
because of their critical role in estimating kinetic parameters
and their potential to reflect deviations observed in theoretical
versus experimental values. For the initial fractional coverage of
0.3 and 0.5, deviations of up to 10% had minimal impact on
the surface distribution of adsorbed species. However, for
initial fractional coverages of 0.7 and 0.9, deviations exceeding
5% in adsorption energies, it began to noticeably affect the
conversion of ethanol and surface distribution. Overall, an
increase in the random error values resulted in decreased
ethanol conversion, followed by a primarily increased
concentration of the ethoxide intermediate. The abundance
of other intermediate compounds remained largely unchanged.
The fractional coverage of each intermediate species is
provided in Tables S7 to S10 in the Supporting Information.

4. CONCLUSIONS

In this work, we used DFT calculations to elucidate the
catalytic upgrading of ethanol to butanol on the hydroxyapatite
(0001) surface. A comprehensive description of the Guerbet
mechanism on this catalyst is provided at the atomic level,
providing valuable insights into the surface chemistry that
governs this conversion process. By evaluating the energetics
and activation energy barriers of the elementary steps, we
performed microkinetic simulations to elucidate how the initial
coverage of ethanol on the surface affects the distribution of
the formed products.

The proposed reaction mechanism highlights the important
role of the acidic—basic properties of hydroxyapatite in the

facilitation of various elementary reactions. For example, the
initial dehydrogenation of ethanol and the subsequent coupling
of C—C through aldol condensation determine reactions to the
formation of C, species. Our calculations indicate that the
surface readily facilitates the conversion of these intermediates
to butanol. Notably, butanol formation from crotonaldehyde
can occur through two distinct hydrogenation pathways: via
crotyl alcohol or butyraldehyde. Furthermore, direct H-transfer
from ethanol and surface-mediated hydrogenation reactions
may compete as mechanisms for the hydrogenation of
intermediate species.

Microkinetic simulations revealed butanol as the main
product obtained with minimal formation of other C,
byproducts such as crotonaldehyde, crotyl alcohol, and
butyraldehyde. By evaluation of the initial ethanol concen-
tration, we observed that higher ethanol coverages on the
catalyst surface limit the availability of active sites, which
results in a decreased conversion of ethanol. Another
significant observation is that the conversion of the aldol
intermediate is a key to butanol formation. These insights are
expected to be valuable in the development of novel
hydroxyapatite-based catalysts aimed at enhancing sustainable
butanol production from ethanol.
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