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Ammonia is emerging as a carbon-free fuel but its corrosive effect on metal engine components, particularly
those made of copper and copper alloys, is a major concern to be addressed. Herein, typical corrosion inhibitors
are investigated in the presence of NH;. They have been ranked experimentally based on their corrosion
initiation time while the NH; diffusion barrier through inhibitor films has been evaluated using molecular
dynamics simulations using a classical force field that was tuned to improve the Cu/inhibitor interactions. The

excellent agreement with experiments indicates that this simulation approach could allow for the screening of

new corrosion inhibitors.

1. Introduction

The use of ammonia (NH3) as an alternative carbon-free fuel in in-
ternal combustion engines (ICEs) is one of the most promising solutions
for abating greenhouse gas emissions from transport and combating
global warming [1-3]. NH; presents a larger energy density and is safer
to handle than other alternative energy carriers such as H, [4], while
also being commercially available worldwide due to its applications in
the fertilizer industry. Furthermore, liquid ammonia can be kept at a
reasonable temperature of —33 °C at standard pressure, or +20 °C at
9 bar, simplifying storage and transportation logistics compared to H,
[5,6].

While conventional ICEs can operate on ammonia with minimal
modifications such as adjustments to the compression ratio [7], a
key concern arises from ammonia’s potential to corrode metal parts
of the engine. The electronegativity difference between nitrogen and
hydrogen and the trigonal pyramidal asymmetrical shape give NH; a
strong polarity, and the presence of a lone pair results in the formation
of complexes with copper, causing severe corrosion of parts made of
copper and copper alloys, such as the gaskets of ICEs [8-10].

Detergent-type additives are widely used in the formulation of
lubricants for automotive and maritime applications, mainly to keep
pistons and other high-temperature surfaces clean of deposits of degra-
dation products [11,12], but also to act as corrosion inhibitors form-
ing a thin self-assembled protective film on metal surfaces, which
prevents corrosive molecules from attacking the metal [13-15]. De-
tergents are composed of an oil-soluble organic and a water-soluble
polar head group. The most widely used detergents for this application
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are sulfonate-, phenate-, and salicylate-type anionic substrates, with
calcium as the counterion [13,16]. The inhibition efficiency depends
on the film stability, organic molecule structure, and experimental
conditions [17].

Since typical lubricant additives have only been tested as corrosion
inhibitors for conventional fuels, it is necessary to assess their perfor-
mance in inhibiting the corrosion of copper by ammonia. In this study,
we aim to better understand and classify the performance of the most
widely used engine lubricant additives, employing a combination of
experiments and computational modeling.

The most accurate computational tools to study chemical systems
are ab initio methods, particularly density functional theory (DFT). The
use of such methods to study the electronic properties of standalone
corrosion inhibitor molecules is nowadays routine, and it can help
predict adsorption bonding properties and trends based on the study
of HOMO/LUMO orbitals [18]. However, the bonding between the
inhibitor molecule and the surface is only one of the many factors
affecting the corrosion inhibition performance. The lateral cohesive
forces in a film of inhibitor molecules [19,20], and more importantly
the diffusivity of the corrosive species through such film [21], are
just as important. Studying these properties requires modeling larger
systems and long molecular dynamics (MD) trajectories [22], which are
out of reach of DFT calculations due to the high computational cost,
making it necessary to rely on less-accurate classical force fields.

Several works evaluating the diffusion of corrosive molecules have
modeled the inhibitor film as a bulk liquid system, i.e. as a set of
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Table 1

Composition and properties of the oil formulations tested in the experiments.

Corrosion Science 240 (2024) 112491

Name Additive %w/w Kinematic viscosity Kinematic viscosity Viscosity index Total basic number
at 100 °C (mm?/s) at 40 °C (mm?/s) (mggon/g)
ASTM D7279 ASTM D7279 ISO 2909 ASTM D2896
0il 1 Sulfonate 10 13.7 124 107 9.8
0il 2 Phenate 10 15.3 150 103 10.6
oil 3 Salicylate 10 13.4 123 104 6.5
Table 2

corrosion inhibitor molecules in a cubic cell with periodic boundary
conditions [23-25]. This approach involves disregarding the interac-
tions with the metal surface in which the film is adsorbed. For a
representative description of such a film-surface interface, an adequate
parametrization of the force fields is required. Parametrization based on
experimental information or macroscopic properties has low transfer-
ability, since it is not clear how local properties (e.g. conformations) are
captured by such models [26], which makes ab initio calculations more
attractive reference data for the parametrization. In this sense, we have
recently proposed the Gaussian Lennard-Jones (GLJ) approach to de-
scribe water/metal interactions [27-29], later extended to describe the
chemisorption interaction between oxygen and nitrogen heteroatoms
with oxide surfaces [30,31]. The approach involves coupling the long-
range attraction and short-range repulsion terms of the Lennard-Jones
potential with an additional anisotropic attractive Gaussian potential
fitted to data derived from ab initio calculations of small reference
molecules containing such heteroatoms. In this way, we can make use
of well-established force fields to model the organic molecules and their
lateral interactions, while improving the description of their adsorption
site and strength on the metal surface [31].

Using the GLJ method we generate models of the corrosion inhibitor
films adsorbed on copper. Subsequently, we conduct free energy cal-
culations through thermodynamic integration of molecular dynamics
(MD) trajectories to gain insights into the diffusion of ammonia through
the films and rationalize these results in terms of the structural prop-
erties of the films. Based on our calculations, we identify sulfonates as
the best-performing molecules against diffusion of NH; towards copper
surfaces, which is validated by our corrosion experiments.

2. Methods
2.1. Experiments

The corrosion inhibition performance was evaluated via artificial
alteration tests inspired by previous high-temperature alteration meth-
ods, developed to study the aging of automotive lubricants [32-34].
The experiments were carried out for three different lubricant oil
formulations, all composed of mineral base oils meeting API group II
requirements and an additive. The main characteristics of the oils are
listed in Table 1. The alteration reaction system consisted of a 2 L
custom-made reactor heated to 170 °C via an electrical heating jacket.

The reaction gas mixture was bubbled in the lubricant at a constant
total flow rate of 0.85 Nl/min for 100 h, with a magnetic stirrer ensur-
ing the homogeneous distribution of gas bubbles in the oil volume. The
reaction gas consisted of a mixture of synthetic air and dry ammonia
in stoichiometric composition, corresponding to the contact between
the oil film and air/fuel mixture during the intake stroke of a port
fuel ammonia engine, and 1000 ppm of nitrogen dioxide, as a potential
combustion by-product. Water was also added directly to the oil bulk
through a sampling assembly at 0.2 ml/min.

A nitrogen purge flowing above the oil level was applied during
ammonia experiments to avoid the concentration of ammonia in the
headspace and provide safer experimental conditions. Monitoring of
corrosion was conducted using a copper-based corrosion sensor within
the alteration reactor, which tracked the material loss of a sacrificial
copper layer through capacitive coupling with readout electrodes. The
sensor’s signal increase served as an indicator of corrosion occurring on

Fitted parameters for the attractive Gaussian potential for copper-heteroatom (Cu-Het)
interactions.

Cu-Het A (keal/mol) b, A b A7)
Cu-O0 —380 1.6 0.65
Cu-N —800 1.5 0.59

the copper surface. The corrosion initiation time (CIT), corresponding
to the time when the signal starts to increase, was selected as a descrip-
tor of the corrosion inhibition properties of the lubricant oil. A high
CIT value means the onset of copper corrosion is delayed, indicating
the lubricant additive is a more effective inhibitor.

2.2. Molecular mechanics

Molecular mechanics calculations were carried out using a modified
version of CP2K 9.1 [35]. Long-range Coulombic interactions were
evaluated by smooth particle-mesh Ewald summation [36] with a
width parameter of 0.36 A~! and a grid of about 1 point per A of
the corresponding unit-cell length. Standard scaling factors of 0.5 and
0.833 were used for van der Waals and electrostatic 1-4 interaction
respectively. Organic molecules were modeled with the General AM-
BER Force Field [37,38], using the AM1-BCC charge method [39],
and Lorentz/Berthelot combination rules for interactions between dif-
ferent atom types, as implemented in the Antechamber package of
AmberTools [40]. The divalent Ca cations were modeled using the 12-6
LJ-type parameters of Li and Merz [41,42].

The Lennard-Jones parameters derived by Heinz et al. [43] were
employed to model the copper surface. To enhance the interfacial
interactions with the polar heads, we included anisotropic attractive
Gaussian potentials between the copper surface atoms and the het-
eroatoms (Het) of the organic molecules that interact strongly with the
metal surface (N or O), as we have done in a previous work to describe
Al-O, Al-N, Fe-O and Fe-N interactions [30]. The attractive potentials
are described as follows:

— )
Veu-Het (Fxys 12) = Ae bxyry g=bzrz "

where A is the magnitude of the Gaussian attraction, r,, and r, are
the Cu-Het distances in the xy plane and the out-of-plane z direction,
respectively, and b,, and b, are the corresponding width parameters of
the Gaussian function. The Gaussian potentials of Cu—O and Cu-N were
parameterized based on reference data derived from DFT calculations.
The inclusion of these attractive Gaussian potentials improves the cor-
rugation of the interfacial potential when the diffusion of the organic
molecule parallel to the surface is considered, as shown in Figure S1. In
particular, the correct site-preference (top) of hetero-atoms is restored
by the attractive Gaussian potential, while the LJ potential inevitably
leads to preferred hollow adsorption sites. The final 6 parameters are
provided in Table 2.

The copper surface was modeled as Cu(111), the most stable low-
index termination. A 4-layer 3\/§x3\/§ slab was cleaved from the fcc
Cu bulk, optimized via DFT with relaxation of the two uppermost
layers, and used for the fitting of the anisotropic Gaussian potential.
Subsequently, a 6\/§><6\/§ slab (6.25 nm?) with 108 Cu atoms per layer
was derived from the DFT-optimized one, and used in the classical force
field calculations, keeping the coordinates of all Cu atoms fixed.
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Fig. 1. Corrosion initiation time (CIT) measured in the alteration experiments for the
three oil formulations evaluated, labeled according to the additive used in each of
them.

The geometry of the films was optimized using the limited mem-
ory BFGS (LBFGS) method as implemented in CP2K,[44] prior to the
molecular dynamics (MD) simulations.

In all MD simulations, a time step of 0.5 fs was used, and the NVT
ensemble was selected, using a Nose-Hoover thermostat (T = 423 K),
with a time constant of 200 fs. For the equilibration of the films, we
carried out MD simulations of 1 ns, obtaining statistical data on the
structure of the films. Subsequently, to study the diffusion of ammonia
through the film, an NH3 molecule was placed outside of the film with
nitrogen at a distance of 30.5 A from the uppermost copper layer, with
an equivalent system generated for the clean Cu surface as well, as
a blank reference. For each system, we carried out MD simulations
for 290 ps, setting the z coordinate of the nitrogen atom in NHj as
a collective variable, and imposing a constraint to evolve the distance
to the surface from 30.5 A to 1.5 A at a rate of 0.1 A/ps. Then, MD
simulations of 800 ps were run for selected frames of the resulting
trajectory, modifying the constraint to keep the z coordinate of nitrogen
fixed, and recording the Lagrange multiplier of this constraint, which is
equivalent to the force exerted on the nitrogen atom when fixed at that
particular distance from the surface [45]. The average force (F) was
evaluated in the range of 300-800 ps (i.e. discarding the first 300 ps
of equilibration).

3. Results and discussion

We have assessed the copper corrosion inhibition efficiency of three
additives typically present in commercial engine lubricants, namely
sulfonates, phenates, and salicylates. In Section 3.1 we briefly present
the experimental results used as a reference, against which we val-
idate the simulations. In Section 3.2 we describe the generation of
the film models via molecular dynamics. We used the GLJ method,
which provides a better description of the chemisorption interaction
of oxygen and nitrogen with the surface and allows for a correct
prediction of their preferred adsorption site. In Section 3.3 we study
the free energy of diffusion of an ammonia molecule through the
film, which serves as a descriptor of the corrosion inhibitor efficiency,
since a higher diffusion barrier decreases the probability of corrosive
molecules reaching the metal surface. Finally, in Section 3.4 we discuss
possible explanations for the results obtained based on the analysis of
the structural properties of the films.

Corrosion Science 240 (2024) 112491

(a) CizHas

CroHas CiHas

(b)

Fig. 2. (a) Chemical structures of (from left to right) sulfonate, phenate and salicylate
anions used as corrosion inhibitors (b) Ball and stick representation of the complete
molecules used in the simulation of the films (same order from top to bottom). Carbon
in black, hydrogen in white, oxygen in red, sulfur in yellow, calcium in green. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

3.1. Corrosion inhibition experiments

Each of the three oil formulations considered contain a different
additive: sulfonate, phenate, or salicylate, all at equal concentration,
enabling a comparison of their performance as corrosion inhibitors.

Fig. 1 presents the corrosion initiation time (CIT) measured in the
alteration experiments for each lubricant oil formulation. We find that
salicylate exhibits the lowest protection against ammonia corrosion,
with a CIT of just under 3 h. On the other hand, the sulfonate additive
provides the highest protection, allowing for a CIT of over 12 h. Finally,
the oil formulation using a phenate additive lies in between, with a CIT
close to 9 h. These results suggest that at iso-concentration sulfonate is
the most effective corrosion inhibition additive for ammonia engines.
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Fig. 3. Typical structure of the corrosion inhibitor films on Cu(111), (a) Sulfonate, (b) Phenate (c) Salicylate. Carbon in black, hydrogen in white, oxygen in red, sulfur in yellow,
calcium in green, and copper in brown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.2. Simulation of the inhibitor films

The sulfonate, phenate, and salicylate molecules consist of alkyl
benzene ligands with polar -SO;~, -O~, and —COOH substituents, re-
spectively, bound to the aromatic ring (Fig. 2a). The length of the alkyl
chain was set to 12 carbon atoms, since dodecylbenzene is the most
common alkylbenzene used for the production of the corresponding
sulfonate [13]. Charge neutrality is achieved by adding one calcium
cation for every two anionic ligands (Fig. 2b).

The initial placement of the ligands on the surface of the calculation
slab was obtained using the Packmol package [46], with coverages
of 24, 26, and 28 ligands for salicylate, sulfonate, and phenate, re-
spectively. These values represent the maximum coverages for which
desorption is not observed during the equilibration calculations de-
scribed in Section 2.2. It is worth noting that attempting to match the
concentration in the experimental solution would be inaccurate, since
for exergonic adsorption in equilibrium, the concentration of ligands at
the surface should be higher than in the bulk oil [18]. To improve the
sampling, we generated and equilibrated three different films for each
type of ligand. Fig. 3 illustrates the morphology of the three systems
after equilibration.

3.3. Diffusion of ammonia

To evaluate the corrosion inhibition efficiency we calculated the
free energy profiles of NH5 diffusion towards the Cu(111) surface
through the films via thermodynamic integration. For each of the 3
different films that we had generated per ligand, we repeated the
aforementioned procedure 3 times using different random initial ve-
locities, obtaining a total of 9 sets of data points per ligand, each of
them establishing a function between the average force acting on the
nitrogen atom and its z coordinate. These sets were averaged to obtain
a final representative relationship between the force and the distance of
ammonia to the surface. The raw data including the standard deviation
is presented in Tables S1-S3 in the Supporting Information.

The free energy profile associated with the interaction between NH3
and the films was obtained via the integration of the average forces
(F(z)) :

AG(z) = —/Z (F(Z))dz
outside

The free energy profiles for the interaction of NH3 with the clean Cu
surface and with the three films are presented in Fig. 4 and in Figure S3
showing the confidence intervals.

For the clean Cu(111) surface, the free energy profile reflects the
interaction potential between NH; and the surface, which is given by
the sum of the contributions of Lennard-Jones and Gaussian potentials.
The resulting free energy profile displays a minimum of —71 kJ/mol
at a distance of 2.5 A from the surface, corresponding to the adsorp-
tion of NHj. The free energy approaches zero as the molecule moves

io\ 200 - —— No ligand
= Sulfonate
T 0 —— Phenate
> 100 —— Salicylate
2
o 50
&
) 0 1
o
w =50

T

0 5 10 15 20

9

Distance from the surface (A)

Fig. 4. Free energy profiles for the diffusion of an NH; molecule towards the Cu(111)
surface. For each system the zero is set outside of the films and 30.5 A away from the
surface.

away from the surface, while it rapidly becomes positive (repulsive
interaction) when moving closer to the surface.

In the case of the corrosion inhibitor films, the free energy remains
low as NH; approaches the surface until reaching a distance of about
8 A to the surface, even though the films extend up to about 22 A
from the surface. This indicates that NH; can easily penetrate the
alkyl tail of the films. At distances closer than 8 A an energy barrier
appears in all cases, which roughly matches the average location of the
ligand heads (e.g. 7.4 A for the upper carbon of the aromatic ring in
sulfonate films). The highest energy barrier is observed for the case of
sulfonates, with a maximum of 115 kJ/mol at 3.7 A from the surface.
Moreover, the local adsorption minimum found at 2.4 A is higher
in free energy (+62 kJ/mol) than the reference state where NH; is
outside of the film. In other words, the adsorption of NHj is endergonic,
which prevents corrosion. Phenate and salicylate films present lower
free energy barriers, of 70 and 63 kJ/mol respectively. Furthermore,
in both cases the adsorption of NH; is exergonic, although less than
on the clean surface, with free energies of —35 kJ/mol for phenate and
—6 kJ/mol for salicylate.

Overall, the calculated free energy profiles show excellent agree-
ment with the corrosion initiation time experiments, indicating that
the three types of corrosion inhibitor films studied can be ranked, in
terms of their ability to prevent the diffusion of NH; towards the metal
surface, as follows: sulfonate > phenate > salicylate.

3.4. Analysis of the structure of the films

To understand and rationalize the corrosion inhibition performance
of the films, we evaluated their structural properties averaged over the
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Fig. 5. Atomic density of the films as a function of the distance to the Cu(111) surface.

equilibration trajectories. In this analysis, the first 0.5 ns of the MD sim-
ulations were discarded as thermalization points, and only subsequent
points were considered for the calculation of average properties.

We observe that the three films present similar average thickness,
calculated as the distance between the atoms positioned farthest and
closest to the surface. The thickness values are 21.7, 23.2, and 21.8 A
for sulfonate, phenate, and salicylate, respectively.

The global atomic density as a function of the distance to the
surface was determined via kernel density estimation, using a Gaussian
distribution with a width of 0.2 (Fig. 5). The integral of the atomic
density in z gives the total number of atoms in the films. In this sense,
it is worth noting that the total number of ligands differs, as well as the
total number of atoms per ligand, since sulfonate and salicylate have
both 103 atoms (including the Ca cation), whereas phenate has only 97
atoms.

We observe that all films have a maximum atomic density very
close to the surface, at a distance of about 2.6 ./°\, which coincides
with the statistical mode of the position of the Ca cations in the
films. However, after the first peak, sulfonate seems to preserve a well-
ordered structure in the z direction, perpendcular to the interface,
characterized by marked hills and valleys in the atomic density profile,
which contrasts with the relatively smoother atomic density of salicy-
late, and the clearly disordered profile of phenate. This is also reflected
in the distribution of Ca cations. In the sulfonate film, all Ca cations
are located close to the surface, with an average distance of 2.60 +
0.17 A. The low standard deviation indicates a consistent adsorption
structure for all ligands. In contrast, salicylate and phenate films show
larger deviations, with some Ca cations straying away from the surface,
resulting in average distances of 2.81 + 0.45 A and 4.17 + 1.83 A,
respectively. The difference likely arises from the tridentate adsorption
of sulfonate, which covers the surface with negative charges trapping
the Ca cations nearby.

We can also understand the film’s ordering by looking at the dis-
tribution of tilt angles of the ligand heads with respect to the surface
normal (Fig. 6). The angle measured was the one delimited by a vector
formed between the atom of the polar head immediately bound to the
aromatic ring (oxygen in phenate, carbon in salicylate, and sulfur in
sulfonate), and the carbon atom in the para position of the aromatic
ring. We observe that the sulfonate film has a narrow distribution,
with a statistical mode of 11 degrees and an average of 16 degrees,
corresponding to a film almost perpendicular to the surface. Salicylate
also has a mode of 11 degrees, but the distribution comprises a wider
range of tilt angles, shifting the average value to 31 degrees, and
incorporating a significant amount of flat (angle of 90 degrees) ligands.
Finally, phenate presents mode and average tilt angles of 42 and 44
degrees, with a significant number of ligand heads adsorbed flat on the
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Fig. 6. Tilt angle of the polar heads of corrosion inhibitor molecules on Cu(111) with
respect to the surface normal (i.e. 90° corresponds to flat adsorption). (a) Sulfonate,
(b) Phenate (c) Salicylate.

surface as well. The narrower distribution of sulfonate reflects its higher
degree of ordering.

Finally, a third molecular-scale variable that can be associated with
the diffusion of molecules through films is the fractional free volume
(FFV) [23-25,47], calculated as the free volume (V;) divided by the
total volume of the cell.

Ve
FFV =

100% 2)

tot

Large openings in the inhibitor film result in higher FFV, facili-
tating the diffusion of NH;, and thus lowering the inhibition efficiency
[48,49]. The free and occupied volumes inside the calculation cell were
obtained using the Connolly surface algorithm as implemented in the
BIOVIA Materials Studio software. The Connolly surface is calculated
as the surface defined by a probe of 1.63 A of radius (molecular
radius of NH3 [50]) rolling over the van der Waals surface formed
by the atoms of the film. In this way, small voids inaccessible for
NH; molecules are not counted in the free volume. To obtain more
representative numbers, the trivial free volume over 30 A away from
the surface (never accessed by the films) was subtracted from the total
free volume. Similarly, the volume corresponding to the Cu surface slab
was subtracted from the occupied volume. This analysis was performed
for 3 points along the equilibration trajectory of the 3 films generated
for each ligand, giving a total of 9 FFV values per ligand, from which
we obtain average values. Our results indicate that the sulfonate film
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Table 3
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Summary of the results. Experimental corrosion initiation time (CIT), free energy barrier for the diffusion of NH;, mode and average of the tilt

angle, and fractional free volume of the films.

Ligand CIT (h) AG barrier (kJ/mol) Mode tilt angle Average tilt angle FFV (%)
Sulfonate 12.38 115 11 16 22+ 0.7
Phenate 8.69 70 42 44 5.8 + 0.3
Salicylate 2.94 63 11 31 11.0 + 0.9

presents the lowest FFV, with an average of 2.2 + 0.7%, followed
by phenate and salicylate with FFV of 5.8 + 0.3% and 11.0 + 0.9%,
respectively. Sulfonate having the lowest FFV indicates that it should
present the highest opposition towards ammonia diffusion, in good
agreement with the trends in the diffusion barrier (Fig. 4), as well as
with the experimental results.

Table 3 provides a summary of the results for each of the three
corrosion inhibitor molecules studied, comparing the results of the
experimental analysis and the three main computational descriptors
evaluated.

4. Conclusions

In summary, we have employed a classical force field coupled with
an anisotropic Gaussian potential to simulate the diffusion of ammonia
through detergent-based films of calcium sulfonate, phenate, and sali-
cylate adsorbed on copper. Our findings indicate that sulfonate opposes
the highest energy barrier towards ammonia diffusion, which makes it
an effective corrosion inhibitor by preventing the interaction between
ammonia and the copper surface. Phenate and salicylate present lower
energy barriers and therefore are less effective. These results are in very
good agreement with our corrosion inhibition experiments, which show
that lubricant oils containing a sulfonate additive provide the longest
protection of the copper sensor against gaseous ammonia.

The effectiveness of sulfonate may be attributed to its well-ordered
structure compared to the other two types of films, as evidenced by
its atomic density profile and narrow distribution of ligand tilt angles.
Furthermore, the ability of a film to restrict the diffusion of ammonia
is also correlated with the fractional free volume (FFV) available.
Our models are consistent with this descriptor, as sulfonate presents
the lowest fractional free volume among the three types of films. The
agreement of the FFV with the free energy profiles suggests that it
could be a promising method for quickly screening corrosion inhibitors,
as its evaluation is straightforward and computationally inexpensive.
However, molecular models of the films are still required for this type of
analysis. To further advance the rational design of corrosion inhibitors
it is thus necessary to gain insight into the relationship between the
characteristics of individual molecules and the properties of the films
they form.

Overall, we have developed a computational protocol to assess the
performance of corrosion inhibitor films. We identify the free energy
of ammonia diffusion and the fractional free volume of the film as
good descriptors of corrosion inhibition efficiency, providing good
qualitative agreement with experiments. This protocol is a promising
approach for screening novel or modified formulations of corrosion
inhibitor additives.
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