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A B S T R A C T

We present a Density Functional Theory (DFT) study of the adsorption of small organic molecules, taken as
models of biodiesel autoxidation products, on stainless steel and aluminum surfaces. The anhydrous and fully
wetted (0001) 𝛼-Al2O3 and 𝛼-Cr2O3 surfaces were taken as models for aluminum and stainless steel surfaces,
respectively. Only on the anhydrous surfaces, a clear ranking in adsorption energy is observed: carboxylic acid
> methyl esters > alcohol ∼ketone > aromatics > alkanes. The different surfaces reactivity range in the order
anhydrous Al2O3 > anhydrous Cr2O3 > ∼hydroxylated Al2O3 and Cr2O3. Calculated desorption temperatures
show that only on aluminum-based surfaces some of the investigated organic molecules remain adsorbed at
operational conditions (500 K).
. Introduction

Biodiesel use has increased in the transport sector (WEO, 2017)
ince it is one of the main levers to reduce the transportation CO2
ingerprint on the environment. Biodiesel is mainly composed of fatty
cid methyl esters (FAME) which are known to be easily degraded in
njection systems conditions (Alves Fortunato et al., 2019). In Europe,
apeseed methyl ester (RME) is the most used biodiesel in the mar-
et (WEO, 2017) and it is mainly composed of oleate methyl ester
𝐶18∶1).

One of the main concerns about biodiesel use is its tendency towards
xidation at low temperatures (<300 ◦C), also called autoxidation
rocess, as well as its low thermal stability (Corporan et al., 2011; Grin-
tead and Zabarnick, 1999). Both processes can lead to fuel degradation
ue to the formation of deposits on the metallic surfaces being in con-
act with the fuel, which in turn leads to fouling of the injection systems
ausing powertrain performance reduction (Richter et al., 2013; Barker
t al., 2014). Understanding the role of molecular interactions between
iodiesel molecules with metallic surfaces is of ubiquitous importance
o predict and enhance fuel system performances. The metal/alloy
urfaces of our concern are stainless steel and aluminum as they are
argely used in injection systems. The temperature of the injector in fuel
ystems can achieve 150 ◦C with a water residual content of 1000 ppm
nder engine working conditions. At this temperature, aluminum is
overed with an oxide and a hydrated film (Łodziana et al., 2003).
ndeed, the work of Kenza Bacha (Bacha, 2016) showed using X-ray
hotoelectrons Spectroscopy (XPS) that the aluminum surfaces can

∗ Corresponding authors.
E-mail addresses: theodorus.de-bruin@ifpen.fr (T. de Bruin), dominique.costa@chimieparistech.psl.eu (D. Costa).

present oxides and hydroxides on the upper surface. The same is true
for stainless steel, which is covered with a hydroxylated chromia layer
as shown by experimental (Massoud et al., 2014; Bikondoa et al.,
2010; Lübbe and Moritz, 2009; Bender et al., 1995) and theoretical
studies (Souvi et al., 2017; Arrouvel et al., 2007; Costa et al., 2009;
Gouron et al., 2015; Nigussa et al., 2011). For the latter studies,
aluminum/aluminum oxide surfaces are generally simulated by model
oxides like 𝛼-Al2O3 (Siegel et al., 2002; Renaud, 1998; Baran et al.,
2014), or 𝛾-Al2O3 (Costa et al., 2014). These oxide models have, in
turn, been used to notably study adsorption processes like water (Arrou-
vel et al., 2007; Wittbrodt et al., 1998; Wang et al., 2000; Di Felice and
Northrup, 1999; Tepesch and Quong, 2000; Hass et al., 1998; Arrouvel
et al., 2004a, 2005, 2004b; Borck et al., 2007; Borck and Schröder,
2006a; Chakarova-Käck et al., 2006; Borck and Schröder, 2006b; Pan
et al., 2008, 2010; Wang et al., 2017; Jenness et al., 2014; Shukla
and Hill, 2013; Kistamurthy et al., 2016; Wischert et al., 2012; Xu
et al., 2014; Digne et al., 2002; Hass et al., 2000; Soleymanibrojeni
et al., 2020). These seminal works are taken as our starting point for
our dry and fully hydrated model surfaces, representing the aluminum
and stainless steel surfaces that are largely used in engine systems, to
improve our understanding of both adsorption mode and energetics of
different biodiesel oxidation products. This will then provide a step
forward towards proposals of adapted mitigation pathways.

Biodiesel oxidation products are mainly composed of molecules con-
taining methyl esters, carboxylic acids, ketones, aldehydes, alcohols or
https://doi.org/10.1016/j.rsurfi.2022.100050
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epoxides as the main chemical functions (Chatelain et al., 2016; Alves-
Fortunato et al., 2018; Bacha et al., 2015). Some of these oxygenated
species seem to be the precursors of deposits observed in aluminum
and stainless steel surfaces (Alves Fortunato et al., 2019; Richter et al.,
2013; Lacey et al., 2012; Ullmann et al., 2008).

Interaction of oxygenated species on aluminum surfaces have been
widely studied in the literature. Alexander et al. identified via Fourier-
transform infrared spectroscopy (FTIR) the formation of bonds between
carboxylic acids and hydroxylated AlOOH surfaces (Alexander et al.,
2001). Lim et al. (2007) studied the adsorption and desorption of
stearic acid self-assembled monolayers on aluminum oxide via XPS
and IR spectroscopy analyses. They found that stearic acid makes both
monodentate and bidentate bonds with the alumina surface. Hafidi
et al. studied the interactions between vegetable oils (containing methyl
esters) and alumina membranes by FTIR (Hafidi et al., 2004). They
found that all selected lipids in their study adsorbed on alumina. The
adsorption proceeds by the surface hydroxyl groups and the polar
groups of the lipids, in particular tri- and di-acylglycerols species
adsorb physically via H bonds through the carbonyl ester group (C=O).
Oleic acid is chemically adsorbed by ionic interaction between the
carboxylate anion (RCOO−) and the metal oxide.

Many theoretical works have been published regarding adsorption
on Al2O3 surfaces. Wang et al. (2017) have investigated the adsorption
of methyl nitrate on dry (0001) 𝛼-Al2O3 and (110) 𝛾-Al2O3. They found
that the adsorption on (110) surface is more stable than on 𝛼-Al2O3. A
Density Functional Theory (DFT) study by Kistamurthy et al. (2016)
showed the dissociative adsorption of acetic acid on the (100) and
(110) 𝛾-Al2O3 anhydrous surfaces, where both oxygen atoms of the
acetate coordinate to the surface. Heiden et al. (2019) calculated with
PBE-D3 a value of −157.3 kJ mol−1 for the dissociative and −124.5
kJ mol−1 for molecular water adsorption on 𝛼-Al2O3(0001) (1/4 ML
coverage on a (2 × 2) surface). Borck and Schröder (2006b) studied
the methanol adsorption at the (0001) surface of 𝛼-Al2O3. They found
that the adsorption mechanism is a donor–acceptor interaction, where
the methanol’s oxygen lone pair orbital donates electron density into
Al conduction band. Arrouvel et al. (2007) have studied the glycine
adsorption on anhydrous and hydroxylated (0001) surfaces of 𝛼-Al2O3
showing that on the dry surface, the glycinate anion forms an iono-
covalent Al-OC bond and it is stabilized in a unidentate perpendicular
configuration with an adsorption energy of −214 kJ mol−1. In the case
of the hydroxylated surface, it is observed that the substitution of a sur-
face OH group by glycine is thermodynamically favored (𝛥Eads = −213
kJ mol−1). The adsorption of CO2 on 𝛾-alumina using DFT has been
studied by Pan et al. (2008, 2010) they also found that the adsorption
energy decreased when the water coverage increased in agreement the
previously mentioned studies. Recently, Blanck et al. (2020) studied
the solvation and adsorption properties of various species of lubricant
additives to investigate the most suitable among them that favors
the wetting of 𝛾-alumina surface. From their results, Blanck et al.
(2020) ranked the reactivity of the protic molecules (e.g. alcohols and
carboxylic acids) correlating their adsorption energies with the pKa
value in water, finding that the carboxylic acid > alcohol in terms of
adsorption energy on (100) 𝛾-alumina surface.

Soleymanibrojeni et al. (2020) performed MD simulations using
ReaxFF to the interaction of Diglycidyl Ether of Bisphenol-A (DGEBA)
with the hydroxylated (001) 𝛾-alumina. They found that the interaction
energies of the epoxy with water are greater than those of epoxy
with Al2O3 and that interaction energies of epoxy with the substrate
decrease by increasing the number of water molecules.

Concerning stainless steel surfaces, less literature data is available
on DFT/ab-initio principles approaches. The adsorption of CO2 on
ifferent Cr2O3 surfaces terminations (0001), (0112) and (1012) was
tudied by Kumar et al. (2020). They found that CO2 can either
hysisorb or chemisorb on Cr2O3 surfaces. Also, CO2 chemisorption on
he Cr2O3 (1012) surfaces exhibits an 𝐸ads = −103.2 kJ mol−1 that is

−1
ery close to the experimental values (−104.2 kJ mol ). m

2

Costa et al. (2009) studied water adsorption on the (0001)-Cr2O3-Cr
erminated facet and found that molecular and dissociative adsorp-
ion were isoenergetics with values of −82.2 (dissociative) and −82.6

(molecular) kJ mol−1. For three water molecules adsorbed per Cr, the
average adsorption energy was calculated as −93.2 kJ mol−1. Souvi
t al. (2017) calculated an adsorption energy of −80.3 kJ mol−1 for
issociative water adsorption (more stable than the molecular one). At
aturation (3 water molecules per Cr), the average adsorption energy
as calculated as −87.9 kJ mol−1. Matthew et al. (2018) studied water
dsorption on Cr2O3 with DFT+U and found that the adsorption energy
f the first water is 96.5 kJ mol−1, for 80.1 kJ mol−1 average adsorption
nergy at saturation.

Gouron et al. (2015) studied by DFT the adsorption of
onoethanolamine (MEA) on the hydroxylated Cr2O3 (0001) orien-

ation where it follows that MEA adsorbs in a bidentate fashion,
referentially on top of the water molecules forming the hydroxy-
ated surface, while the water substitution is thermodynamically not
avorable at room temperature. Ethanol adsorption on Cr2O3 (0001)
as studied by Zhang et al. (2014) and found to be exothermic by
0.7 kJ mol−1. However, the authors performed DFT calculations
ithout explicit dispersion corrections. Huš et al. (2020) studied the
dsorption of propane on dry (0001) Cr2O3 with DFT+U including
an der Waals forces described by Grimme D3 method (Grimme et al.,
010). According to their results, the adsorption energy for propane
n dry (0001) Cr2O3 is −34.7 kJ mol−1. Benzene was adsorbed on
-type surfaces (Dabaghmanesh et al., 2016) . The adsorption energy
as calculated as −50.2 and −53.1 kJ mol−1 for dry Cr2O3 and Al2O3,

espectively.
Acetic acid was chosen as a model molecule of biofuels in a DFT

ased study and was adsorbed on Co stepped surfaces (Li et al., 2015).
o-O and Co-C bonds were formed, with an adsorption energy of −75
J mol−1.

To make a step forward towards more realistic systems, including
he liquid phase/surface interaction, classical molecular dynamics (MD)
tudies have been performed. Adsorption of a model fuel composed of
-tetradecane containing 0 to 5% ester on iron (taken as model of steel)
as studied with molecular dynamics (Mei et al., 2020). The adsorption
nergy of the fuel on the surface was shown to increase with the ester
mount in the fuel. For fuel blends containing saturated esters, the
dsorption energy of the film rises with the increase of the carbon chain
ength, while for fuel blends containing unsaturated esters it remains at
he same level.

Whereas MD studies of fuels/surfaces are still emerging, certainly
ue to the complexity of biofuels composition and diversity of reaction
roducts, we also refer here to some MD studies performed in the field
f adhesion and protection. Adhesive molecules are often composed
f epoxy polymers, which are of interest with respect to this study
ince small epoxy molecules were already identified as a product of
utoxidation of biofuels molecules (Bacha, 2016; Alves-Fortunato et al.,
018). The adsorption of epoxy coating on different types of iron
xides, which naturally exist on steel substrate, was studied via MD
imulations (Bahlakeh et al., 2016). Three types of iron oxide, that is,
errous oxide (FeO), ferric oxide (Fe2O3, hematite), and ferrous ferric

oxide (Fe3O4, magnetite), were considered for modeling, and their
binding energies were calculated and compared by altering the con-
centration of hydroxide groups on the surface. The authors showed that
the epoxy was bound to the surfaces through electrostatic and donor–
acceptor interactions. Moreover, they found that more hydroxylated
the surface, higher the adhesion energy of the epoxy with the surface,
thanks to the formation of 𝑁 and O bonds with surface OH groups.

hey mention a synergetic aspect of H bond and 𝑁 and O species-iron
onor–acceptor interaction.

Epoxy resins were also adsorbed on metal Fe, (taken as a model of
teel), in order to investigate their corrosion protection power (Hsissou
t al., 2021; Hsissou, 2021; Hsissou et al., 2020a,b). The studied

acro-molecules were heterocyclic epoxy resin triazine (Hsissou et al.,
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2021), pentaglycidyl ether pentabisphenol A of phosphorus (PGEP-
BAP) (Hsissou et al., 2020a) and triglycidyl ether tribisphenol A of
ethylene (TGETBAE) (Hsissou et al., 2020b), hexaglycidyl trimethylene
dianiline of ethylene (HGTMDAE), pentaglycidyl ether pentaphenoxy
of phosphorus (PGEPPP), and decaglycidyl pentamethylene dianiline of
phosphorus (DGPMDAP) (Hsissou, 2021). In all cases, the calculations
suggest that adsorption of the macromolecule is parallel to the surface,
enhancing the hetero-atom of the macro-molecular matrix and -Fe.
The epoxy adsorbs parallel to the iron surface both in HCl and H2SO4
medium, and at 298 and 328 K, suggesting that the epoxy-metal inter-
action is maintained with a moderate increase of temperature (Hsissou
et al., 2021). As shown by the authors, Fe-C, Fe-O and Fe-N bonds
formation are observed. For TGETBAE, the MD simulation reveals that
O and C atoms of the macromolecule form both chemical bonds (char-
acterized by Fe-O, Fe-C distances < 3.5 Å) and physical interactions
(Fe-O, Fe-C distances between 3.5 and 7 Å) with surface Fe (Hsissou
et al., 2020b).

These systems are very different from the biofuel-stainless steel/
aluminum ones we are interested in, both considering the nature of the
surface and of the liquid phase, nonetheless, information on molecule–
surface interactions and on molecule–surface interaction in the pres-
ence of water are provided.

A last mention to be considered is indeed the role of water in or-
ganic matter adsorption. Whereas it is largely accepted that hydroxyla-
tion/hydration plays a key role in molecule adsorption, few experimen-
tal studies have scrutinized the effect of water loading on this molecular
adsorption. For example, the gaseous formic acid adsorption on clays
at decreasing relative humidity was performed (Rubasinghege et al.,
2013). The co-adsorption/desorption phenomena of carboxylate on
goethite was recently evidenced with Fourier transform IR spectroscopy
(FT-IR) microscope through cycles of dehydration/rehydration, and
confirmed using DFT (Botella et al., 2021).

To summarize, the overview of the literature shows that modeling
approaches of biofuel surfaces are still in the infancy. First principles
methods are used to estimate the binding energy and bonding mode of
several molecules — that are of interest in our study, as models of pre-
cursors of autoxidation products, on different surfaces. Several studies
evidence the possibility of oxygenated molecules to displace adsorbed
water and form a direct bond with a metal atom at the surface. Finally,
classical MD studies on organic molecules evidence the interaction
between the surface atoms and atoms of the macromolecules as –C,
-O. Summarizing, systematic studies of diverse molecule families and
on several substrates, at various hydration degree, are scarce.

In the present paper, we thus undertook a systematic DFT study of
small molecules (taken as model of biofuels) adsorption on two model
surfaces, Al2O3 and Cr2O3 (taken as models of aluminum and stainless
steel). We examine the adsorption energies on the dry and hydroxylated
surfaces.

2. Methodology and models

2.1. Computational details

Total energy calculations were performed within the density func-
tional theory (DFT) and the generalized gradient Pedrew–Burke–
Erzenhoff (PBE (Perdew et al., 1996)) exchange correlation functional
was used for the whole study. To solve the Kohn–Sham equations we
use the Vienna Ab initio Simulation Package (version 5.4.1) (Kresse,
1993; Kresse and Hafner, 1994; Kresse and Furthmuller, 1996; Kresse
and Furthmüller, 1996). VASP performs an iterative diagonalization
of the Kohn–Sham Hamiltonian via unconstrained band-by-band mini-
mization of the norm of the residual vector to each eigenstate and via
optimized charge density mixing routines. A smearing of 0.1 eV was
used. We used a cut-off energy of 520 eV for the total energy calcula-
tions. The electronic optimizations were done up to a convergence of
10−5 eV for the self-consistent loop and until all forces on the atoms
3

were lower than 0.02 eV/Å for the geometry relaxations. The Brillouin
zone was sampled with an appropriated Monkhorst–Pack] k-point mesh
(vide infra) (Monkhorst and Pack, 1976).

To account for the strong correlation between the d-electrons of
the chromium, an on-site coulomb repulsion U-term is added to the
DFT Hamiltonian, turning into DFT + U method. (Anisimov et al.,
1997) Subsequently, this formalization impacts on the cell dimensions,
band gap and, magnetic moment. Herewith, we have considered U
and J parameters to be 5 eV and 1 eV respectively as reported in the
literature. (Souvi et al., 2017; Rohrbach et al., 2004) To account for
the antiferromagnetic state of Cr2O3, spin-polarized calculations were
performed.

The Van der Waals corrections are calculated with DFT-D3 method
of Grimme (Grimme et al., 2010) at each electronic step, implying that
the geometry is optimized with the dispersion forces included.

2.1.1. Relative energy calculations
We calculated the adsorption energy (∆𝐄𝐚𝐝𝐬) according to the

following equation:

∆𝐄𝐚𝐝𝐬 = 𝐄𝐦𝐨𝐥𝐞𝐜𝐮𝐥𝐞+𝐬𝐥𝐚𝐛 − 𝐄𝐦𝐨𝐥𝐞𝐜𝐮𝐥𝐞 − 𝐄𝐬𝐥𝐚𝐛 (1)

where 𝐄𝐦𝐨𝐥𝐞𝐜𝐮𝐥𝐞+𝐬𝐥𝐚𝐛 is the total energy of the optimized structure formed
after the molecule is (chemically) absorbed on the oxide slab and
𝐄𝐦𝐨𝐥𝐞𝐜𝐮𝐥𝐞 and 𝐄𝐬𝐥𝐚𝐛 are the total energies of the non-interacting molecule,
respectively, the slab.

Furthermore, the adsorption energy has been decomposed in two
contributions: the 𝐄𝐯𝐝𝐖

𝐚𝐝𝐬 energy resulting from the dispersion inter-
actions (as calculated using Grimme’s zero damping DFT-D3 method
(Grimme et al., 2010)), and the ‘‘pure’’ DFT energy (𝐄𝐃𝐅𝐓

𝐚𝐝𝐬 ), which
corresponds to DFT total energy computed using a given exchange
correlation functional as defined in Eq. (2) below:

∆𝐄𝐃𝐅𝐓
𝐚𝐝𝐬 = ∆𝐄𝐚𝐝𝐬 −∆𝐄𝐯𝐝𝐖

𝐚𝐝𝐬 (2)

The adsorption of a molecule with an acidic proton (RH, R being
a radical, R = CH3COO◦) may result in a surface OH substitution
following an acid base mechanism:

𝐑𝐇 + 𝐒𝐥𝐚𝐛 −𝐇𝐘(−𝐎𝐇𝐬) → 𝐒𝐥𝐚𝐛 − 𝐑 +𝐇𝟐𝐎 (3)

where Slab-HY is the hydroxylated surface and the (–OHs) coincides
with the substituted –OH surface termination (Fig. 1).

In reference to the adsorption mechanism for this dissociative con-
figuration, what happens between the acetic acid and the OHs can be
described as a Brønsted-Lowry reaction reported in Fig. 1 below, where
the acetic acid represents the proton donor (Brønsted-Lowry acid) and
the OHs represents the proton acceptor (Brønsted-Lowry base). In fact,
when the acetic acid reacts with the OHs through the H atom of
its hydroxyl group, the result is the formation of its conjugate base
(acetate) and of a released water molecule.

The substitution energy ∆𝐄𝐬𝐮𝐛𝐬𝐭was calculated as:

∆𝐄𝐬𝐮𝐛𝐬𝐭 (𝑹𝑯) = 𝐄𝐬𝐥𝐚𝐛−𝐑 − 𝐄𝐑𝐇 − 𝐄𝐒𝐥𝐚𝐛−𝐇𝐘(−𝐎𝐇𝐬) + 𝐄𝐇𝟐𝐎 (4)

For the methyl propionate (MP) case, instead of the substitution of
a superficial –OHs, we preferred to study the substitution of an entire
chemisorbed water molecule at the surface; in this case, we have:

𝐌𝐏 + 𝐒𝐥𝐚𝐛 −𝐇𝐘(−𝐎𝐇𝟐𝐬) → 𝐒𝐥𝐚𝐛 −𝐌𝐏 +𝐇𝟐𝐎 (3’)

and

∆𝐄𝐬𝐮𝐛𝐬𝐭 = 𝐄𝐬𝐥𝐚𝐛−𝐌𝐏 − 𝐄𝐌𝐏 − 𝐄𝐒𝐥𝐚𝐛−𝐇𝐘(−𝐎𝐇𝟐𝐬) + 𝐄𝐇𝟐𝐎 (4’)

where in this case the Slab-HY is characterized by a chemisorbed water
termination (–OH𝟐𝐬).

We can analyze further these results in calculating the different
components of the substitution energy: water desorption energy and

https://www.vasp.at/wiki/index.php/DFT-D3
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Fig. 1. Simplified scheme for the substitution OH reaction with an acetate molecule described as a Brønsted-Lowry reaction.
molecule/surface binding energy. We have, if X is the adsorbed moiety,
either R or MP,

∆𝐄𝐬𝐮𝐛𝐬𝐭 = ∆𝐄𝐝𝐞𝐬𝐨𝐫𝐛
𝐇2𝐎

+ 𝐄𝐛𝐢𝐧𝐝𝐢𝐧𝐠
𝐒𝐥𝐚𝐛−𝐗 +∆𝐄𝐫𝐞𝐥𝐚𝐱𝐚𝐭𝐢𝐨𝐧

𝐒𝐥𝐚𝐛−𝐇𝐘−𝐦𝐢𝐧𝐮𝐬−𝐇𝟐𝐎
(5)

With

∆𝐄𝐝𝐞𝐬𝐨𝐫𝐛
𝐇𝟐𝐎

= 𝐄𝐒𝐥𝐚𝐛−𝐇𝐘−𝐦𝐢𝐧𝐮𝐬−𝐇𝟐𝐎 − 𝐄𝐒𝐥𝐚𝐛−𝐇𝐘 + 𝐄𝐇𝟐𝐎 (6)

And

𝐄𝐛𝐢𝐧𝐝𝐢𝐧𝐠
𝐒𝐥𝐚𝐛−𝐗 = 𝐄𝐨𝐩𝐭𝐢𝐦𝐢𝐳𝐞𝐝

𝐒𝐥𝐚𝐛−𝐗 − 𝐄𝐗 − 𝐄𝐠𝐞𝐨𝐦𝐞𝐭𝐫𝐲 𝐢𝐟 𝐗 𝐢𝐬 𝐚𝐝𝐬𝐨𝐫𝐩𝐭𝐢𝐨𝐧
𝐒𝐥𝐚𝐛−𝐇𝐘−𝐦𝐢𝐧𝐮𝐬−𝐇𝟐𝐎

(7)

And

∆𝐄𝐫𝐞𝐥𝐚𝐱𝐚𝐭𝐢𝐨𝐧
𝐒𝐥𝐚𝐛−𝐇𝐘−𝐦𝐢𝐧𝐮𝐬−𝐇𝟐𝐎

= 𝐄𝐨𝐩𝐭𝐢𝐦𝐢𝐳𝐞𝐝
𝐒𝐥𝐚𝐛−𝐇𝐘−𝐦𝐢𝐧𝐮𝐬−𝐇𝟐𝐎

− 𝐄𝐠𝐞𝐨𝐦𝐞𝐭𝐫𝐲 𝐢𝐟 𝐗 𝐢𝐬 𝐚𝐝𝐬𝐨𝐫𝐩𝐭𝐢𝐨𝐧
𝐒𝐥𝐚𝐛−𝐇𝐘−𝐦𝐢𝐧𝐮𝐬−𝐇𝟐𝐎

(8)

On the basis of the adsorption energies, we estimated the desorption
temperatures as the temperature where 𝛥Gads = 0 or 𝛥Hads = T𝛥Sads.
Assuming that 𝛥Hads ≈ 𝛥Eads and that the loss in entropy upon adsorp-
tion is solely due to the complete loss of translational and rotational
entropy, while 𝛥Svib = 0, the desorption temperature equals:

𝐓𝐝𝐞𝐬𝐨𝐫𝐛 = −∆𝐄𝐚𝐝𝐬∕(𝐒𝐭𝐫𝐚𝐧𝐬 + 𝐒𝐫𝐨𝐭 ) (9)

Where 𝑆trans and 𝑆rot are respectively the translational and rotational
entropy contributions of the adsorbate in the gas phase. These entropic
contributions were calculated at 𝑇desorb at the B3LYP/6-311G(d,p) level
with Gaussian 16 (Frisch et al., 2016). Further details are reported in
the Supplementary material.

2.2. Model of surrogate

As previously discussed, the main products sorted out from fuel
autoxidation are oxygenated compounds like alcohols, aldehydes, ke-
tones, epoxides and carboxylic acids. Based on the previous experimen-
tal work of K. Bacha (Bacha, 2016), the XPS results of real biofuels
deposits over different surfaces (alumina, stainless steel, gold, polymer)
showed that the chemical bond between deposits and surface was made
through the oxygenated head of the molecule under study. In addition,
the study conducted by Mei et al. (2020) showed that the increase of the
adsorption energy of the fuel on the surface was exclusively dependent
of the ester amount in the fuel. For these reasons, in the present study
small oxygenated molecules have been preferred as model molecules on
the basis of their chemical functional group, i.e. ethanol for the alcohol
family, acetaldehyde and acetone to represent aldehydes and ketones
respectively, 2-ethyl-3-methyloxirane for the epoxides and acetic acid
for the carboxylic acids. In addition, three other types of chemical

families have been considered:

4

(1) aromatic species since they are one of the main components of
diesel refined from crude oil, and so they are present in the diesel/
biodiesel blends in the market, here we consider benzene and toluene
as model aromatic compounds.

(2) ester species: methyl propionate, unsaturated methyl esters
(e.g. methylacrylate and methyl-3trans-hexenoate), as representatives
of deposits derived from biodiesel blends.

(3) alkanes since they are the main component of fuels in gen-
eral, here we consider n-propane as surrogate of alkyl-chain deposits
produced from n-alkanes degradation.

The listed model molecules are reported in Table 1 below, where
they have been matched with the corresponding configuration opti-
mized via DFT (last right column):

2.3. Bulk oxides

The rhomboidal (R3c) unit cells of 𝛼-Al2O3 and 𝛼-Cr2O3 according
to X-ray data were taken as the starting point for the calculations
of the bulk oxide. For the corundum-type surfaces, the hexagonal
unit cell used in this study (cf. Fig. S1 in Supplementary Materials)
is built from three (rhomboidal) subunits, each containing 4 metal
cations. Each subunit can have three spin configurations leading to an
antiferromagnetic configuration: A (+ + − −), B (+ − − +) and C
(+ − + −). We agree with Rohrbach et al. (2004) and Costa et al.
(2009) that the hexagonal cell Cr2O3, containing 3 subunits, with spin
configuration (CCC), reflects the spin ground state and results in a total
magnetic moment of zero. The k-point grid was optimized for each
system and electronic energy convergence was obtained with k-points
grids of (3 × 3 × 1) for 𝛼-Al2O3 and 𝛼-Cr2O3. The unit cell was relaxed
by alternating a cell parameter optimization and ion relaxation until
convergence criteria for the forces and energies were obtained (vide
supra). The results are shown in the Supplementary material Tables
SI-S1 and S2.

2.4. Surfaces

For 𝛼-alumina and 𝛼-chromia, both the Al(Cr)-terminated dry sur-
face (Bulk-Al–O–Al) (respectively Bulk-Cr–O–Cr) and the fully hydrated
Bulk-Al-O-Al-(OH)3/ and Bulk-Cr-O-Cr-(OH)3/surfaces were considered
(see Supplementary material Fig. S1). The oxide slab thicknesses cor-
respond to seven and eight layers, respectively. We validated our
calculation methodology, by verifying that for the dry surfaces, the
calculated surface energy of 𝛼-Al2O3 1.55 J/m2 is in good adequacy
with the literature (Arrouvel et al., 2007) value of 1.66 J/m2.

The lattice parameters and surface areas for the examined surfaces

are grouped in Table 2. The values for the k-point mesh have been
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Table 1
Organic molecules selected as models for representing the precursors of the liquid deposits coming from the fuel autoxidation
process.

Chemical family Model molecule Chemical structure

Alcohol ethanol

Aldehyde acetaldehyde

Ketone acetone

Epoxide 2-ethyl-3-methyloxirane

Carboxylic acid acetic acid

Aromatic compounds

benzene

toluene

Methyl esters

methylacrylate

methyl-3-trans-hexenoate

methyl propionate

Alkane n-propane
Table 2
Lattice parameters for the DFT computed (4 × 4) slabs for 𝛼-Cr2O3(001) and 𝛼-Al2O3(001) respectively.

Surface (4 × 4) slab Size a-axis in
supercell
[Å]

b axis in
supercell
[Å]

Number
of layers

Area
surface
supercell
[Å2]

Slab
thickness
[Å]

Vacuum
thickness
[Å]

K-points
mesh

𝛼-Cr2O3(0001) 4 × 4 20.29 20.29 6 356.58 13.85 14.59 1 × 1 × 1
𝛼-Cr2O3(001)-Cr(OH)3 4 × 4 20.29 20.29 7 356.58 15.27 13.17 1 × 1 × 1
𝛼-Al2O3(001) 4 × 4 19.14 19.14 6 317.25 13.07 14.51 1 × 1 × 1
𝛼-Al2O3(001)-Al(OH)3 4 × 4 19.14 19.14 7 317.25 14.71 12.86 1 × 1 × 1
𝛼-Cr2O3(0001)-Cr(OH)3 2 × 2 10.15 10.15 6 89.15 15.27 13.17 2 × 2 × 1
𝛼-Al2O3(0001)-Al(OH)3 2 × 2 9.57 9.57 6 79.31 14.72 12.86 2 × 2 × 1
selected in order to keep the same calculation level as that used when
studying the bulk.

For the 𝛼-Cr2O3(0001)-Cr and 𝛼-Al2O3(0001)-Al surfaces, we con-
sidered a supercell (4 × 4) large enough to adsorb molecules without
lateral interactions. Seen the large size of the cells, the calculations
were performed at the Gamma point.

The fully hydrated 𝛼-Al2O3-Al(OH)3 termination, corresponding to
8.7 OH/nm2, was considered stable over a large temperature and
partial water pressure range, based on the ones reported in the lit-
erature (Łodziana et al., 2003). According to Ranea et al. (2009),
the final configuration Al(OH)3 generated from three successive water
dissociations shows an approximately trigonal coordination on the Als
center and its formation energy from the dry surface is calculated to be
–139.9 kJ mol−1. A (4 × 4) cell was used, at the exception of the study
of the substitution of water (OH) by methyl propionate (respectively
acetate) which was performed on (2 × 2).

It should be noticed that in all molecule/surface interactions calcu-
lations only the four top layers were relaxed.
5

2.5. Adsorption of molecules at surfaces

To rigorously compare the reactivity of both corundum-type sur-
faces, the starting adsorption configurations of the molecules on dry
surfaces have been maintained identical.

First, we started our study by experimenting different molecule
positions and orientations above the oxide surfaces. In fact, some of
the smaller molecules (such as ethanol, acetone and acetaldehyde) were
placed in a tilted fashion on top of the surface by promoting a stronger
interaction between the molecule O atom and the metallic surface layer
and, at the same time, by allowing the molecule hydrocarbon chain to
also interact with the surface layer through weaker dispersion forces.

For flatter molecules such as the aromatic compounds, we opted to
arrange them parallel to the surface layer in order to favor van der
Waals interactions, which are prominent for apolar molecules.

In the case of bigger molecules, as methyl-3trans-hexenoate and
the 2-ethyl-3-methyloxirane, we chose to arrange them perpendicular
to the surface in a monodentate adsorption configuration, in this way
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Fig. 2. Optimized adsorption configurations on anhydrous surfaces with their corresponding adsorption energies calculated via DFT approach of different model molecules on dry
𝛼-Al2O3 (a) and 𝛼-Cr2O3 (b) surfaces, respectively. The bond distances are reported in Angstrom [Å] and adsorption energies in [kJ mol−1]. Color code: red = O; light-blue = C;
white: H; gray = Al; brown = Cr.. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
favoring the bonding between the adsorbate O atom and the outermost
M cation.

In the case of dissociative adsorption, for both dry surfaces, the
dissociated adsorption configuration was formed by imposing from the
beginning the transfer of the H atom on a 𝑂s atom on the surface
outermost layer. Several locations of the proton on surface oxygen
atoms were considered and the most stable are retained here.

A similar reasoning has been done to study the adsorption on the
hydroxylated corundum-type surfaces, since we wanted to explore the
difference in reactivity of both substrates under the same conditions
of hydroxylation state and organic adsorbates. As a starting point, the
molecules were placed in a similar position as that obtained on the
anhydrous surfaces, but farther from the surface.

3. Results

3.1. Adsorption on dry 𝛼-Al2O3 and 𝛼-Cr2O3 surfaces

Fig. 2 shows the optimized geometries obtained for the molecules
on the dry corundum-type surfaces 𝛼-Al2O3(a) and 𝛼-Cr2O3(b), re-
spectively. From Fig. 2 it appears that the final configurations are
very similar for Al2O3 and Cr2O3. For both metal-oxide surfaces the
strongest interactions are represented by the metal-oxygen covalent
bonds that are formed between the oxygenated polar groups (hydroxyl
and carbonyl groups), acting as a Lewis base, of the adsorbate and the
metallic atoms (Al/Cr), terminating the surfaces, acting as Lewis acids.

Apolar molecules such as alkanes (n-propane) and aromatic com-
pounds (benzene and toluene) do not form covalent bonds with the
6

oxides and essentially associate by induction and dispersion forces.
Indeed, the Al-C and Cr-C bonds formed are 2.60 and 2.54 Å re-
spectively, suggesting weak interactions. These values are in good
agreement with those calculated by Alexander et al. (2001), 2.82 and
2.68 Å respectively. The adsorption energies calculated by the authors,
−53.1 kJ mol−1 and −50.2 kJ mol−1 for Al2O3 and Cr2O3, are also in
good correlation with our calculations, −67.5 and −57.0 kJ mol−1.

For water and acetic acid, both the associative (molecular) and
dissociative adsorption have been considered (Fig. 3). On Al2O3 the
non-dissociative adsorption evolves during the geometry optimization
towards a dissociative adsorption, through a proton transfer to a surface
O atom (see Fig. 2). For the chromia case, acetic acid can adsorb
molecularly and dissociatively, the second case being more exothermic
by 34.7 kJ mol−1. The barrier from the molecular to the dissociative
adsorption was evaluated to 20.3 kJ mol−1 (the barrier was calculated
using the Nudged Elastic Band approach).

We considered for the Al2O3 surface two different dissociative
configurations: the ‘‘1–2’’ dissociation for water and the ‘‘1–4’’ dis-
sociation for acetic acid, cf. Fig. S2 in the Supplementary material
for the nomenclature. It appears that a small molecule like water,
preferentially adsorbs in the 1–2 position, in agreement with literature
data (Hass et al., 1998), while for the larger acetic acid, the 1–4 position
is most stable. In fact, the 1–2 (respectively 1–4) position maximizes the
hydrogen bond interactions between the O from the OH (respectively
COO) group and the adsorbed proton.

We report in Fig. 3a the comparison between their initial config-
urations, in this way highlighting the differences in their calculation
starting points. From Fig. 3a, we find the dissociation of the acetic acid
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Fig. 3. (a): Starting and final configurations of the acetic acid dissociative 1–4 and molecular adsorptions on dry 𝛼-Al2O3. (b): configurations of the water dissociative and molecular
adsorptions on dry 𝛼-Al2O3 and Cr2O3. The bond distances are reported in Angstrom [Å] and the adsorption energies in [kJ mol−1]. Color code: red = O; light-blue = C; white:
H; gray = Al; brown = Cr.. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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on dry 𝛼-Al2O3 also in the molecular adsorption case, leading us to the
conclusion that the acetic acid spontaneously dissociates on 𝛼-Al2O3.
However, the same cannot be said for the acetic acid adsorbed on 𝛼-
Cr2O3 (Fig. 2), where the dissociative and associative configurations
how a marked difference in terms of adsorption energies (−126.4

kJ mol−1 for the dissociative case against −91.7 kJ mol−1 for the
associative case) and also in terms of bond lengths.

For water, (Fig. 3b) we calculated associative and dissociative
adsorption energy that fit well with the literature data: −158 and

120.3 kJ mol−1 for dissociative and molecular adsorption of water
n Al2O3 (Heiden et al., 2019), and around 90 kJ mol−1 for water
molecular) on Cr2O3 (Costa et al., 2009). We indeed found that for
ater adsorbed on Cr2O3, starting from the 1–4 dissociative adsorption,

he system evolves towards the molecular adsorption mode. This result
7

grees with that of Costa et al. (2009), where the molecular and
issociative adsorption modes of water were found iso energetics.

Fig. 4a compares for all molecules, the adsorption energies on Al2O3
nd Cr2O3. It appears clearly that Al2O3 is more reactive than Cr2O3
ince it presents more negative adsorption energies for all molecules.

The M-O bond lengths formed for the O-containing adsorbates, are
maller for 𝛼-Al2O3 than for 𝛼-Cr2O3. Fig. 4b shows that the DFT energy

contribution 𝑬𝑫𝑭𝑻
𝒂𝒅𝒔 (thus without van der Waals contributions) is well

correlated to the M-O bond length: the shorter the bond length, the
higher the adsorption energy (in absolute value). The slopes of the
trends for 𝛼Al2O3 and 𝛼Cr2O3 are different. For Al, the Al-O bond is
in a narrow range around 1.9 Å, and 𝑬𝑫𝑭𝑻

𝒂𝒅𝒔 adsorption energies are
strong, (between −80 kJ mol−1 and −160 kJ mol−1), while the slope is
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Fig. 4. (a) Adsorption energies on Cr2O3 versus Al2O3 (kJ mol−1). The dashed line is the identity function (y=x). (b) DFT interaction contribution (e.g. covalent and H-bonds)
lotted against Al-O (gray squares) and Cr-O (black squares) bonds respectively for oxygen-containing molecules adsorbed on anhydrous 𝑀2O3 (M=Al, Cr). Bader charge variation

of the adsorbed O atom is reported (black circles: M=Cr; gray circles: M=Al). (For interpretation of the references to color in this figure legend, the reader is referred to the web
ersion of this article.)
Fig. 5. Electronic charge transfer 𝛥𝜌 (electron) of the molecules adsorbed on dry 𝛼-Al2O3(orange) and on dry 𝛼-Cr2O3 (blue) respectively. A minus charge corresponds to an
increase in negative charge of the molecule.. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
-

smoother for Cr2O3, where the bond length interval is larger [2.1 Å–
2.3 Å] and associated with lower (in absolute value) 𝑬𝑫𝑭𝑻

𝒂𝒅𝒔 (between
−20 kJ mol−1 and –60 kJ mol−1).

Fig. 4b also reports the charge amount transferred to O (of the
organic molecule) as a function of the Al/Cr-O bonds. The electron
density transferred to O (0.1 to 0.3 electron) increases with decreasing
M-O bond length. In short, the more electron density is transferred,
the shorter the bond length and the higher the adsorption energy.
The largest electron transfer is observed for acetic acid, which in its
dissociated configuration retains the charge of the lost hydrogen atom.
The oxygen partial charge changes from −0.92 in neutral acetic acid in
the gas phase, to −1.21 and −1.27 when adsorbed on Cr2O3 and Al2O3,
respectively.

The charge transfer 𝛥𝜌 from the surface to the molecules (including
molecules without oxygen) for each adsorbed molecule on dry 𝛼-Al2O3
and 𝛼-Cr2O3 is reported in Fig. 5 below. At the exception of the
dissociative adsorption of the acetic acid, the charge transfer to the
molecule is weak (see the detailed values in the inset below Fig. 5).
For acetic acid, for which the adsorption is dissociative on alumina,
the calculated charge is the charge variation of the anionic part of the
molecule (the charge difference of the proton from the molecule to
the adsorption on the surface is not taken into account). The charge
transferred is higher (in absolute value) for Al2O3 than Cr2O3, in line
with the slightly larger electropositivity (or smaller electronegativity:

X= 1.61) of Al with respect to Cr (X=1.66).

8

In a nutshell, the molecules interact stronger with Al2O3 than with
Cr2O3, as can been seen from the higher adsorption energies, the
shorter bond lengths, and the higher charge transfers between molecule
and Al2O3 with respect to Cr2O3.

3.2. Adsorption on hydroxylated 𝛼-Al2O3 and 𝛼-Cr2O3 surfaces

To understand the role of the water activity on the molecule/surface
interaction, the adsorption of the molecules on the hydroxylated sur-
faces is discussed. Fig. 6 shows the optimized configurations obtained
for the molecules on the hydroxylated surfaces. As for the dry corundum
type surfaces, we placed the molecules on top of the surface in the
same initial arrangement, to compare how the same molecule interacts
with the two different substrates with the same initial configuration.
From Fig. 7a it is noticed that the hydration layer attenuates the
adsorption energies, especially in the case of alumina. For chromia,
the obtained curve is very similar to that observed for hematite by
Blanck et al. (2021). The attenuation of the adsorption energy with
the hydration layer depends however on the nature of the molecule–
surface interaction. This is, for example, illustrated for the adsorption
of ethanol. Whereas for the anhydrous surfaces adsorption energies
are calculated of –149.6 and –55 kJ mol−1 for respectively alumina
and chromia, these values reduce to practically equal values of –40.5
and –45.3 kJ mol−1 for the fully hydrated surfaces. Similar trends
are observed for the aldehyde, ketone, epoxide and esters, which
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Fig. 6. Optimized adsorption configurations on hydroxylated surfaces with their corresponding adsorption energies calculated via DFT approach of different model molecules on
fully-hydroxylated 𝛼-Al2O3 (a) and 𝛼-Cr2O3 (b) surfaces respectively. The bond distances are reported in Angstrom [Å] and the adsorption energies in [kJ mol−1]. Color code: red
= O; light-blue = C; white: H; gray = Al; brown = Cr.. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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coordinate with a polar oxygen atom (or group) to the surface. Such
polar groups are missing in benzene and toluene, where the attenuation
effect due to the hydration layer is almost absent.

Fig. 7b compares the adsorption energies on hydroxylated Cr2O3
and Al2O3. The average value is very near the 𝑦 = 𝑥 function, sug-
gesting that it is principally the hydration layer that now determines
the adsorption energy, and the underlying oxide only plays a sec-
ondary role. The charge transfers between the surface and the adsorbed
molecules have been calculated and are found to be negligible, ranging
between −0.03 and +0.02 electrons.

Finally, regarding the weak interactions, we have analyzed the con-
tribution resulting from the dispersion energy to the total adsorption
energy (Fig. 7c). It appears that the weak interactions increase with
the molecule size. Also, small differences are seen with the nature of
the surface: the van der Waals forces are generally slightly more intense
on dry Al2O3, with respect to the three other surfaces.

3.3. Temperature desorption of the different molecules

We also considered the free energies of the molecules in the gas
phase and deduced the desorption temperature from the surface which
results are reported in Table 3 (see calculation details on Section 2.1.1).
The gas phase molecular thermochemical data are reported in SI sec-
tion, Table S3.

Fig. 8 reports the desorption temperature from the hydroxylated
surface with respect to the anhydrous one. The left-upper zone corre-
sponds to molecules that have more affinity for the hydroxylated than

the anhydrous surface. The right lower zone corresponds to molecules

9

that have more affinity with the anhydrous surface than with the
hydroxylated one, and the zone near 𝑦 = 𝑥 to molecules that have
equivalent affinity with the dry and hydroxylated surfaces. On Al2O3

olecules (especially oxygenated molecules) stick predominantly on
he anhydrous Al2O3 surface until elevated temperatures (500–600 K),
hereas most molecules are expected to detach from the Cr2O3 sur-

face at temperature above RT, independently on the surface state
(hydroxylated versus anhydrous).

The present results suggest that at temperatures of the injection
system, around 500 K, the stainless steel surface should be free of
residual molecules, but the aluminum surface could be contaminated
with water and some oxygenated molecules. Obviously in the operating
conditions, the chemical potentials of the diverse species have also to be
considered in the thermochemistry evaluations and some species could
be further stabilized at the surface.

It is interesting to compare the adsorption of the different molecules
with that of water. We calculate water desorption temperatures around
680 K for Al2O3 and 450 K for Cr2O3. This allows us to identify the
molecules susceptible to substitute water at the surface. The results
suggest that only acetic acid, which desorption temperature is as high
as water, is susceptible to compete with water adsorption on chromia.

3.4. Water/OH substitution

Now we will study explicitly acid acetic that has a marked affinity
with the anhydrous surfaces, to which extent water molecule can be
exchanged. The results are compared with that on methyl propionate,
which, according to our first estimation, is not expected to substitute
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Fig. 7. (a) Adsorption energies (kJ mol −𝟏) on the hydroxylated surfaces versus the anhydrous surfaces, black: Cr, gray: Al; (b) Adsorption energies (kJ mol −𝟏) on hydroxylated
Cr𝟐𝐎𝟑 versus hydroxylated Al𝟐𝐎𝟑. The linear average curve is plotted in black, dotted line. The identity function (𝑦 = 𝑥) is plotted in black (plain line); c) Contribution of the van
er Waals energy to the total adsorption energy of the different molecules on dry Al𝟐𝐎𝟑 and Cr𝟐𝐎𝟑, and hydroxylated Al𝟐𝐎𝟑 and Cr𝟐𝐎𝟑. (For interpretation of the references to
olor in this figure legend, the reader is referred to the web version of this article.)
Fig. 8. Desorption temperature on hydroxylated surfaces with respect to the anhydrous
surfaces. The 𝑦 = 𝑥 line is plotted for a guide to the eye. Black : Cr2O3, gray: Al2O3.

ater. In Fig. 9a–b are reported the optimized configurations of the dis-
ociative adsorptions of the acetic acid molecules on fully-hydroxylated
-Cr2O3-Cr(OH)3 and 𝛼-Al2O3-Al(OH)𝟑. The substitution reaction of an
H group by an acetate anion is described by Eq. (2) and consists of an
cid–base mechanism with formation of a Cr-molecule adduct and the
10
Table 3
Desorption temperature (K) calculated for the different molecules adsorbed on the
M2O3, dry and hydroxylated.

Molecule Tdesorb
Al2O3
(K)

Tdesorb
Al2O3-HY
(K)

Tdesorb
Cr2O3
(K)

Tdesorb
Cr2O3-HY
(K)

propane
benzene
toluene
water
acetaldehyde
acetone
methylacrylate
hexenoate
methylpropionate
ethanol
oxirane
acetic-acid

156
249
300
678
436
464
525
298
559
567
586
669

137
192
223
211
179
184
175
240
233
168
209
202

179
188
211
452
256
270
262
307
307
225
282
443

159
244
193
211
147
269
261
247
291
188
162
228

release of a water molecule in the gas phase. The substitution energy

is −43.8 kJ mol−1 for chromia, and −17.5 kJ mol−1 for Al O . The
2 3
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Fig. 9. (a–b) Optimized adsorption configurations calculated via DFT approach of a substitution reaction between an acetic acid and a water molecule on fully hydroxylated
𝛼-Al𝟐𝐎𝟑-Al(OH)𝟑 (a) and 𝛼-Cr𝟐𝐎𝟑-Cr(OH)𝟑 (b) respectively. The background atoms of both configurations have been removed for clarity. Color code: Red = O; light-blue = C; white
= H; Brown= Cr; Gray = Al.
(c–d): Optimized adsorption configurations calculated via DFT approach of a substitution reaction between a methylpropionate molecule and a water molecule on fully hydroxylated
𝛼-Al𝟐𝐎𝟑-Al(OH)𝟑 (a) and 𝛼-Cr𝟐𝐎𝟑-Cr(OH)𝟑 (b) respectively. The background atoms of both configurations have been removed for clarity. Color code: Red = O; light-blue = C; white

H; Brown = Cr; Gray = Al.
les
ubstitution of OH by acetate is thus an exothermic process for both
urfaces, a trend in agreement with the conclusions of the preceding
aragraph.

The results of the substitution reaction of water by methyl propi-
nate are shown in Fig. 9c–d. It can easily be observed that methyl
ropionate does not get very close to the surfaces. Starting with the Cr-
and Al-O bond lengths obtained on the anhydrous surfaces, 1.88 Å for

l2O3 and 2.22 Å for Cr2O3 (Fig. 2), we observe that the M-O dis-
ances increase on the hydroxylated surfaces to 3.05 Å (Fig. 9c) and
.02 Å (Fig. 9d), respectively. Complementary calculations of adsorp-
ion on partially hydroxylated surfaces were performed in the case of
ethyl propionate. We found that methyl propionate forms a bond with

urface Al only in the totally dehydrated case, but not on the Al-OH
nd Al-(OH)2 terminations, confirming that methyl propionate binds a
ond with Al4c (four fold coordinated) only. The substitution energies
re −34.7 and 17 kJ mol−1 for Cr2O3 and Al2O3, respectively. The
ater substitution by methyl propionate is endothermic for Al2O3, as
xpected from the preceding paragraph, while slightly exothermic on
r2O3.

We can analyze further these results in calculating the different
omponents of the substitution energy: water desorption energy and
olecule/surface binding energy, and Table 4 summarizes the values

btained for energy decomposition for MP and acetic acid.
We observe that the substitutive adsorption of methyl propionate

nd acetic acid are favored on Cr2O3 over Al2O3. This can be explained
by the decomposition of the energy: firstly, water desorption is less
endothermic for Cr2O3 than Al2O3; secondly, the binding energy of MP
is slightly more important for Cr2O3; thirdly, the relaxation energies are
practically equivalent for both surfaces.
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We note in the case of acetate adsorption, both a strong molecule–
surface interaction and a strong component of the relaxation energy to
accommodate the adsorbed anion.

4. Conclusion

To improve our understanding of undesired deposit formations
observed for biodiesels in engine fuel circuits, we have conducted a
quantum mechanical study using density functional theory calcula-
tions on the adsorption of small representative organic molecules on
representative aluminum and stainless steel surfaces. The investigated
organic compounds comprise hydrocarbons like n-alkanes and aromatic
molecules, as well as oxygen containing molecules including an alcohol,
aldehyde, ketone, epoxide, carboxylic acid, and esters. The stainless-
steel fuel circuit was represented by 𝛼-Cr2O3 and aluminum-based
circuits by 𝛼-Al2O3, in which each studied surface orientation was
either anhydrous or fully hydroxylated.

From this study we determined that:

1. Anhydrous surfaces are more reactive towards the organic molecu
than their fully hydroxylated counterparts as seen from the more
negative adsorption energies.

2. Aluminum anhydrous surfaces show a higher reactivity as com-
pared to anhydrous chromia, while this difference vanishes upon
fully hydroxylating the surfaces.

3. Oxygen containing organic compounds show more negative ad-
sorption energies independent of the nature of the inorganic
surface.



C. Cantarelli, B. Darenne, M. Alves Fortunato et al. Results in Surfaces and Interfaces 6 (2022) 100050
Table 4
Energy decomposition for water/OH substitution by methyl propionate/acetate on hydroxylated Al2O3 and Cr2O3 (kJ mol−1)

System Water
desorption
(kJ mol−1)
Eq. (6)

Binding energy
molecule/surface
(kJ mol−1)
Eq. (7)

Erelax
(kJ mol−1)
Eq. (8)

Substitution
energy
(kJ mol−1)
Eq. (5)

𝛥E(Al2O3-Cr2O3)
(kJ mol−1)

Methyl propionate@Al2O3-HY 54.6 −46.6 9.0 17 51.7
Methyl propionate@Cr2O3-HY 22.6 −62.6 5.4 −34.7
Acetic acid@ Al2O3-HY 54.6 −285.1 213 −17.5 26.3
Acetic acid@ Cr2O3-HY 22.6 −307.18 240.8 −43.8
d

m

4. Except for the dissociative adsorption of acetic acid on anhy-
drous 𝛼-Al2O3 no other significant geometrical changes, e.g. bond
elongations, in the organic molecules were observed due to
adsorption on the oxide surfaces.

5. Bader charge analyses show that there are only weak charge
transfers between the different oxides and organic molecules,
expect for the dissociative adsorption of acetic acid on dry
alumina.

Since under operational conditions each of the oxide surfaces is at
least partially or fully hydroxylated, the difference in nature of the
oxides vanishes with respect to its reactivity towards the investigated
organic compounds. In other words, based on this study, stainless-
steel circuits which is the surface that is more problematic since it
is material of injectors, would not play a more important role in the
autoxidation reactions as compared to aluminum-based materials. This
finding is important since it corroborates that fuel oxidation products
aggregates seems to be mainly formed in the liquid phase further being
deposited on a surface by different mechanisms (Alves-Fortunato et al.,
2020). Furthermore, the relatively weak interactions (–30 to –70 kJ mol
−1) between surface and molecule seem to be insufficient to provoke
significant distortions in the organic molecule itself, which in turn
could lead to higher reactivity and rendering the molecule more prone
to autoxidation reactions in liquid phase.

In autoxidation reactions the temperature plays a key role. Yet,
in our models, temperature has only been considered indirectly and
implicitly. Future works will improve this using molecular dynamics
with an empirical reactive force field.
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Appendix A. Supplementary data

Supplementary material related to this article can be found online at
https://doi.org/10.1016/j.rsurfi.2022.100050.
Table S1: Calculated (VASP) versus experimental bulk structural pa-
rameters of 𝛼-Al2O3 and Cr2O3.

Table S2: Energy, ZPE contribution, Free energy and Entropy con-

tributions of the gaz-phase molecules

12
Table S3: Intramolecular bonds presenting the highest distortion
after adsorption of each molecule on dry 𝛼-(0001) Al2O3

Fig. S1: Slabs retained for the (0001) surfaces: a–c)4 × 4 cell;
–f):2 × 2 cell.

Fig. S2: Nomenclature for adsorption and dissociation of protic
olecules at corundum Al2O3 and Cr2O3 (0001) surfaces. Top-view of

Al2O3 or Cr2O3 with a metal cation (gray) in the center of 3 oxygen
atoms (blue). If the metal (Cr/Al) ion is considered at position 1,
the blue (oxygen) atoms are at position 2, and the green (oxygen) at
position 4.
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