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Investigation of Corrosion Inhibitor
Adsorption on Mica and Mild Steel Using
Electrochemical Afomic Force Microscopy

and Molecular Simulations

Huiru Wang,*** Sumit Sharma,** Alain Pailleret** Bruce Brown,** and Srdjan Nesi¢***

Electrochemical atomic force microscopy (EC-AFM) experiments, including simultaneous linear polarization resistance (LPR) tests and in situ
AFM imaging, under a CO, atmosphere, were performed to investigate the adsorption characteristics and inhibition effects of a tetradecyldi-
methylbenzylammonium corrosion inhibitor model compound. When the inhibitor bulk concentration was at 0.5 critical micelle concentration
(CMC), in situ AFM results indicated nonuniform tilted monolayer formation on the mica surface and EC-AFM results indicated partial corrosion of
the UNS G10180 steel surface. At 2 CMC, a uniform tilted bilayer or perpendicular monolayer was detected on mica, and corrosion with UNS

G 10180 steel was uniformly retarded. Consistently, simultaneous LPR tests showed that corrosion rates decreased as the inhibitor concentration
increased until it reached the surface saturation value (1 and 2 CMC). Molecular simulations have been performed to study the formation of the
inhibitor layer and its molecular-level structure. Simulation results showed that at the initiation of the adsorption process, islands of adsorbed
inhibitor molecules appear on the surface. These islands grow and coalesce to become a complete self-assembled layer.
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INTRODUCTION

Carbon steel is widely used as the primary material for the
construction of oil and gas transmission pipelines. While
carbon steel has excellent mechanical properties and low cost,

it is susceptible to corrosion attack in typical service environ-
ments where water is invariably present along with crude oil
and gas. Corrosion-related accidents have been responsible for
heavy economic losses, risks to life, and environmental pol-
lution. Amphiphilic ionic surfactants containing polar head group
moieties, including nitrogen, oxygen, phosphorus and/or sul-
fur, and an alkyl tail, have been shown to exhibit excellent
corrosion inhibition properties even at low concentrations
(ppm level), and so are commonly used as corrosion inhibitors for
mild steel.”

The corrosion inhibition efficiency of these inhibitor
molecules is linked to their strong tendency to adsorb at metal/
water interfaces. The adsorption behavior of corrosion
inhibitors depends on their affinity for the metal interface,?
surfactant chemistry,® and bulk inhibitor concentration.® It is
important to understand how the nature of the adsorbed layer
and surface coverage of corrosion inhibitors vary with their
bulk concentration as this allows for optimizing the number of
corrosion inhibitors needed in field applications. Previous work
has focused on measuring corrosion rates at different inhibitor
concentrations.®>® These traditional electrochemical methods

only provide information about corrosion rates averaged over the
whole surface but do not provide any information about the
mechanism behind corrosion inhibition, and neither do they
detect localized or nonuniform corrosion.” Atomic force mi-
croscopy (AFM) fills this gap as it allows direct imaging of
adsorbed layers on various substrates, including metallic
surfaces, with a nanometric resolution.

Previous AFM studies of quaternary ammonium surfac-
tants on mica surfaces have demonstrated that the adsorption
morphology varies from spherical micelles, and meandering
cylindrical micelles to featureless bilayers, as the length of the alkyl
tail and types of counterion are varied.®° Molecular simulations
of surfactant adsorption have revealed that both the head group
size and intermolecular hydrophobic interactions influence the
nature of the adsorbed layer and its morphology.’®"’

Woodward, et al.,’? studied the growth kinetics of octa-
decylphosphonic acid-based self-assembled monolayers (SAMs)
on mica by ex situ AFM imaging of an incomplete surface layer,
and reported the formation of adsorbed surfactant islands. The
adsorption process was proposed to comprise nucleation
followed by growth and coalescence of the islands. Other studies
using ex situ AFM to study the growth of adsorbed SAMs have
reported similar nucleation and growth mechanisms.3""®

Most AFM studies of surfactant adsorption have been
performed on a mica surface. Although similar adsorption
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behavior has been observed on inert metallic surfaces, such
as gold,"®"” there are very few in situ AFM studies of surfactant
adsorption on carbon steel due to the dramatic alteration of
surface topography caused by corrosion during the measure-
ments."®"® However, it is important to study carbon steel as a
substrate in order to examine the effect of adsorption of
corrosion inhibitors on these surfaces considering its cor-
rosion is a severe problem in the oil and gas industry. Although
quaternary ammonium type inhibitors are widely used as
corrosion inhibitors, their adsorption and inhibition mechanisms
on carbon steel are incompletely understood. In this work,

in situ electrochemical AFM investigations have been
performed to study the effect of bulk concentration of a
quaternary ammonium corrosion inhibitor model compound on
the nature of the adsorbed layer formed on mica and G10180
(UNS G10180"), including determining its inhibitive effect on
CO, corrosion of carbon steel. To complement the experi-
ments, molecular simulations have been used to understand the
molecular-level organization of this corrosion inhibitor in the
adsorbed layer and study the kinetics of the formation of these
layers.

EXPERIMENTAL PROCEDURES

2.1 [ Synthesis of Corrosion Inhibitor Model
Compounds

In order to obtain required molecular structures and
purities, model quaternary ammonium inhibitors with varying
tail lengths are routinely synthesized, as bromide salts, and
characterized by our group.2°-?" The model compound used in
this work consisted of a polar head group, dimethylben-
zylammonium, and a hydrophobic tail comprising 14 carbon
atoms: tetradecyl (-C14H7), as shown in Figure 1 and
termed BDA-C14. The representative synthesis reaction for
this series of model compounds is described in previous
work.2"22 Proton nuclear magnetic resonance ('H-NMR)
spectroscopy was used to characterize the synthesized
model compounds, which showed them to be recovered at
99% purity levels. The detailed characterization procedure
has been reported in a previous publication by our group.??
By using a pure, well-defined surfactant-type organic cor-
rosion inhibitor such as the one selected in this study,
the mechanism of corrosion mitigation can be better
understood and modeled.

2.2 | Materials and Solutions

Mica, being an atomically smooth and polar surface, was
used in the first part of this study. Mica is composed of negatively
charged aluminosilicate layers in which the excess negative
charge arises from the substitution of tetrahedrally coordinated
Si** by AI®*.2® These layers are neutralized and kept together
by electrostatically bound potassium cations (K*). Half of them
are randomly associated with each of the two opposing sur-
faces after cleavage and can be exchanged for other cations in
aqueous solutions,?* which can produce strong electrostatic
interactions favorable for the adsorption of quaternary
ammonium-type corrosion inhibitors. In this study, before each
new AFM experiment, mica was mechanically cleaved to produce
clean and inherently flat surfaces with a roughness of the order
of 0.2 nm.

) UNS numbers are listed in Metals & Alloys in the Unified Numbering System,
published by the Society of Automotive Engineers (SAE International) and
cosponsored by ASTM International.
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Polar head

FIGURE 1. Molecular structure of tetradecylbenzyldimethylammonium
(BDA-C14).

The steel specimens were cut from a pipeline sample
made of UNS G10180 carbon steel (the steel composition is
listed in Table S1 in Supplemental Material), and successively
abraded using 400, 600, 800, and 1200 grit silicon carbide papers
followed by 9 pm, 3 pm, and 1 ym diamond particle loaded
paste on a polishing cloth. They were then washed with acetone,
ethanol, and water and then dried in the air, which leads to the
formation of a (sub)-nanometric oxide layer through slight oxi-
dation of the steel surface that induces a surface polarity.

Different bulk concentrations of the inhibitor were se-
lected: O ppm (blank), 25 ppm (0.5 CMC), 50 ppm (1 CMC), and
100 ppm (2 CMC). Here, CMC stands for critical micelle
concentration. The CMC of BDA-C14 was determined by mea-
suring changes in surface tension of aqueous solution of BDA-
C14 as a function of concentration using the du Noly ring
method with a Kriiss tensiometer,?® solutions of 1 wt% NaCl-
containing BDA-C14 were prepared using deionized water with
a conductivity of 18 MQ:-cm™". The solution was deoxygenated
by sparging with CO, for at least 2 h before beginning the
experiments, CO, was continuously introduced during the
measurements. Experiments were conducted at room temper-
ature (25°C), and the initial pH of the test electrolye was 3.9.
The test matrix was shown in Table 1.

Table 1. Experimental Conditions

Parameter Value

Materials Mica, UNS G10180 carbon steel
Inhibitor model Tetradecylbenzyldimethylammonium
compounds (BDA-C14)

Critical micelle 50 ppm

concentration

Inhibitor 0 CMC (0 ppm) 0.5 CMC (25 ppm)
concentrations 1 CMC (50 ppm) 2 CMC (100 ppm)
NaCl 1 wt%

concentration

Temperature 25°C

Initial pH 3.9

Atmosphere CO,, saturated

Techniques Contact mode EC-AFM imaging,

nanoscratching, and force curves,

scanning electron microscopy (SEM)
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2.3/ In Situ Contact Mode Atomic Force Microscopy
Measurements

AFM measurements were performed in situ in aqueous
solutions containing various concentrations of the inhibitor, using
the commercial molecular imaging atomic force microscope
system (i.e., a Pico-LE base and a PicoScan 2100" controller) in
contact mode to achieve imaging and nanoscratching of the
inhibitor film. Measurements were made at the substrate (mica or
carbon steel)/aqueous solution interface in order to determine
the structure of the adsorbed layer and surface coverage. Each
AFM image required approximately the same amount of time
(20 min) for a full scan unless specified. The scan rate of the AFM
probe was set to 1,000 nm/s for a 1 ym x 1 ym scan area on
mica. On UNS G10180 carbon steel, the general scan rate was set
to 8,000 nm/s for a 10 ym x 10 ym scan area. A resolution of
512 x 512 pixels was adopted for all AFM images. The AFM tips
used in these investigations (HYDRA-ALL-G-50", AppNano)
were made of silicon and were mounted on triangular cantilevers
with nominal spring constants of 0.284 N/m for nano-
scratching tests on mica and 0.049 N/m for imaging on
UNS G10180 carbon steel. Inhibitor layers could be imaged
repeatedly without causing tip-induced damage using a low load
(<2 nN) and during imaging the force setpoint has been set as
0. Inhibitors can also be scratched off of the substrate surface by
repeatedly scanning the layer at a much higher load.2® The
detailed procedure of scratching experiments has been intro-
duced in a previous publication.?”

2.4[In Situ Linear Polarization Resistance-Contact
Mode Atomic Force Microscopy Measurements
(Electrochemical Atomic Force Microscopy)

A custom-made AFM sample holder with a three-
electrode cell configuration (shown in Figure S1 in Supplemental
Material) was used for EC-AFM measurements, i.e., linear
polarization resistance (LPR) measurements which are performed
in parallel with in situ AFM experiments on the identical sample
surface at the same time. AISI 316L stainless steel and
UNS G10180 carbon steel were used as counter-electrode
and working electrode materials, respectively. A KCI saturated
AgCl/Ag reference electrode was placed in a compartment
separated from the main cell by a Vycor®" membrane.?®
LPR was used to obtain corrosion rates by polarizing the
working electrode from -10 mV to +10 mV with respect
to the corrosion potential at a scan rate of 0.125 mV/s. A value
of B=26 mV/decade was used to convert the polarization
resistance into a corrosion current and corrosion rate, based
on a previous mechanistic study of CO, corrosion in inhibited
systems.?® Tafel slopes and corrosion rates were recorded by
methods described in this previous study.?®

2.5 [ Molecular Simulations of Adsorption of Corrosion
Inhibitors

To complement the experiments, molecular simulations
were performed to study the adsorption of the selected corrosion
inhibitor on polar surfaces. The corrosion inhibitor was modeled
as an amphiphilic molecule with a linear alkyl tail. The goal of the
simulations was to study the formation and the molecular-level
arrangement of planar adsorbed layers of corrosion inhibitors,
which are difficult to ascertain in experiments. In molecular
simulations, motion of every atom in the system of interest is
simulated numerically. Every atom applies a distance-

T Trade name.

dependent force on every other atom around it. This force
depends on the nature of the atom. The distance-dependent
molecular forces are numerically integrated in time. Self-assembly
of adsorbed corrosion inhibitor molecules involves a large
number of molecules organizing in ordered structures. Such a
collective behavior occurs over long molecular time scales.
These large systems and long time scales are efficiently studied
using coarse-grained (CG) modeling, wherein chemical details
of individual atoms are ignored. Rather, certain groups of atoms
are represented by a single entity called a "bead”. This CG
approach significantly reduces the computational expense and
thus allows the study of long-time scale behavior of a large
number of molecules. In our CG description of a corrosion inhibitor
molecule, the entire polar group is represented by one bead,
and the alkyl tail is represented by a string of beads connected by
bonds. Such a CG system is designed to capture two basic
features: (a) strong affinity of the polar beads for the metal surface
and (b) hydrophobic interactions between the alkyl beads of the
inhibitor molecules. A detailed description of this model can be
found in a previous publication.'® Salient features of the utilized
CG model are described as follows.

Every CG corrosion inhibitor molecule is a linear, semi-
flexible string of beads. The bonds and angles between the beads
are modeled by harmonic potential functions. To incorporate
the hydrophobic effect, the interactions between the alkyl beads
forming the tail of the corrosion inhibitor molecules are
modeled using a Lennard-Jones (LJ) potential function.® The
solid surface is represented by a smooth plane that strongly
attracts the polar head bead of the corrosion inhibitor molecules.
The interaction between the surface and the polar beads is
modeled as a 9-3 potential function, which is the functional form
obtained by integrating the interactions from a semi-infinite
lattice of LJ atoms.>° Previous works have revealed that
amphiphilic molecules adsorb on mica in the standing-up
configuration, suggesting that the interactions of the polar
groups with the mica surface are much stronger than that of
the alkyl groups.®'32 Therefore, we set the interactions between
the alkyl beads and the surface to zero in the CG model. In this
simulation system, the surface occupies one face (z = 0) of the
simulation box. The opposite face of the simulation box is
modeled as a reflective surface to keep the volume of the system
finite. Periodic boundary conditions are used on the other
faces of the simulation box. The effect of water is incorporated by
performing Langevin dynamics simulation.®°

As is customary, reduced units are used in the simula-
tions, as for molecular scale dimensions using standard units,
i.e., specifying length in meters or energy in Joules, is not the
most convenient choice. Rather, custom length, energy, and
mass units are defined for a given molecular system. For the
system studied herein, we set the size of one alkyl bead (the
length parameter of the LJ potential) o = 1. We set the value of
thermal energy, kgT = 1 and the mass of one alkyl bead, m = 1.
The potential well-depth of the so-called "9-3 potential” is set
to 5 kgT. This value is similar to the binding energy of polar
moieties on a metal surface calculated using density functional
theory (DFT).3® The potential well-depth of the LJ interaction
between two alkyl beads is set to 0.065 kgT. This value ensures
that the total hydrophobic interaction between two alkyl tails is
close to kgT. The bond length between adjacent beads within a
molecule is set to 0.3 o. In the Langevin dynamics simulations, the
time-step is chosen to be 0.001 o(m/kgT)"2. The force con-
stants for bond and angle harmonic potentials are 100 kgT/c? and
50 kgT/radians?, respectively. The size of the simulation box is
20 0 x 20 0 x40 o. The total number of corrosion inhibitor
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molecules in the system is 400. We have confirmed the
invariability of our simulation results in a larger system with 800
molecules and simulation box size of 20 0 x20 0x 80 o.

RESULTS AND DISCUSSION

3.1/ In Situ Monitoring of Inhibitor Adsorption on Mica:
Atomic Force Microscopy Nanoscratching and Force
Curves

In a preliminary set of experiments, in situ AFM images
were obtained in a 1 wt% NaCl aqueous electrolyte in the
absence and in the presence of the inhibitor (Supplemental
Material—Figures S2[a] and [b], respectively). All of the images
are featureless, indicating that in situ AFM imaging can
sometimes give ambiguous results when it comes to detecting
adsorption of the inhibitor on mica. Therefore, AFM nano-
scratching tests and force curves were performed to investigate
the properties of the adsorbed inhibitor film.

In order to further investigate the structure of the
adsorbed layers, the thickness of the adsorbed layer for the 0.5
CMC and 2 CMC inhibitor concentrations was measured by
performing AFM nanoscratching tests in which a small area of the
inhibitor layer (200 nm x 200 nm) was removed from the
underlying mica substrate by repeatedly scanning at a critical
normal force (the critical force selection procedure is shown in
Figure S3 and with corresponding text in Supplemental Material).
The nanoscratching of the surface resulted in the formation of
a scratching print (hole) with uniform depth?6-2” on the condition
that the normal force applied during the nanoscratching step
was high enough: 20+1 nN for 0.5 CMC and 24+1 nN for 2 CMC
(see Figures 2[a] and [b]). Subsequently, the height difference
between scratched and nonscratched areas was determined
from the surface profiles, which corresponds to the inhibitor
film thickness. From these nanoscratching experiments, it is
found that the layer thickness of inhibitor on mica at 0.5 CMC
concentration is approximately 0.8+0.1 nm, which is about half of
one molecular length of the alkyl tail (1.64 nm). It is generally
assumed that if inhibitor molecules adsorb perpendicularly on the
substrate surface to form a monolayer, the thickness of this
monolayer should be equal to the alkyl tail length. Therefore,
considering the inhibitor film thickness measured by AFM
(~0.8 nm) (see Figure 2[a]) is smaller than the tail length (1.64 nm),
it is concluded that the inhibitor molecules must have
adsorbed as a tilted monolayer on the mica surface, as illustrated
in the schematic description in Figure 2(c). The molecular
orientation seen in Figure 2(c) was suggested by previous all-
atom molecular dynamics simulation results.®*

The same AFM nanoscratching tests were performed at a
2 CMC concentration (see Figure 2[b]). Scratching features with a
measurable depth, like the one observed at a 0.5 CMC con-
centration (see Figure 2[al]), were observed in the AFM images.
After measurement of the height profile, the layer thickness
formed on mica at 2 CMC was determined to be 1.5+0.1 nm,
which is about twice the film thickness of the tilted monolayer
at 0.5 CMC (0.8+0.1 nm, see Figure 2[a]), indicating a bilayer with a
tilted orientation is likely (see schematic illustration in Figure 2[d])
to form on mica for a 2 CMC bulk concentration. The alkyl tails in
this bilayer (partly) overlap with each other due to hydrophobic
interactions as found by previous molecular simulation results'®
and shown in the schematic description Figure 2(d). One imi-
dazoline type of inhibitor has also been reported to have the
monolayer formation at 0.5 CMC and bilayer formation at
2 CMC.2” While the titled bilayer orientation of the molecules
appears to explain the observation, one cannot rule out the
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possibility of a perpendicularly adsorbed monolayer at 2 CMC
(@s shown in Figure 2[d]) because the layer thickness (1.5
0.1 nm) is comparable to the molecular tail length (1.64 nm).

Repeated nanoscratching tests at 2 CMC with the same
24+1 nN normal force were conducted at many different loca-
tions on the mica surface and consistent layer thickness
results were obtained, indicating that a uniform tilted bilayer or
uniform perpendicular monolayer formed on the entire mica
surface. This was not the case for a 0.5 CMC, as in some locations
of the mica surface the tilted monolayer was not detected by
nanoscratching. Instead, a very different picture emerged: an
island (with a positive height contrast) was observed instead of
a hole (with a negative height contrast) in the AFM images
obtained after a nanoscratching step (see Figure S4 in Sup-
plemental Material). Repeated experiments on multiple samples
of mica all showed the same phenomenon, i.e., the two dif-
ferent topography features obtained after nanoscratching tests
at 0.5 CMC. This indicates that the tilted monolayer formed on
mica at 0.5 CMC was nonuniform.

Figure 3 shows the force-distance curves measured on
inhibitor layers formed on mica from 1 wt% NaCl solution in the
presence of inhibitor at 0.5 CMC and 2 CMC. Force curves were
also performed on bare mica in 1 wt% NaCl solution (analysis is
below Figure S5 in Supplemental Material) to compare with the
curves obtained on inhibitor layers. In the presence of an inhibitor
layer formed at 2 CMC, the tip experienced no force at large
separations between the tip and surface, as observed in Figure 3
(see the red-dashed curve). As the tip approached the mica
surface, there was an increasing repulsive force, which can only be
caused by the indentation of a soft and self-assembled (well-
ordered) inhibitor layer, by the AFM tip.2”3® The repulsive force
increased as the tip pushed closer towards the surface until a
point called “breakthrough”3® where there is a sudden decrease of
the force as the tip penetrates the inhibitor layer. The corre-
sponding force at the "breakthrough” penetration force was
measured to be around 0.8+0.1 nN. After the tip penetrated
through the layer, a further approach is easier and eventually
caused contact between the tip and the stiff underlying mica
surface,®” as illustrated by the linear part of the force curves that is
identical to the one obtained on bare mica. Multiple force curve
tests on different locations of the mica surface had repeatable
features (see Figure S5[c]), which indicates undoubtedly the
existence of a uniform inhibitor layer on the entire mica surface for
the bulk inhibitor concentration of 2 CMC.

In the case of 0.5 CMC, the AFM force curves (see Figure 3
blue curve) were qualitatively similar to those obtained ina 2 CMC
solution but with a smaller penetration force (around 0.4 nN,
what is half of the penetration force obtained at 2 CMC). The fact
that the penetration force at 2 CMC is twice the penetration
force at 0.5 CMC agrees with the tilted bilayer formation at 2 CMC
and tilted monolayer formation at 0.5 CMC determined by
nanoscratching tests. The nonuniform features of the layer formed
on mica at 0.5 CMC have also been detected by force curves, as
shown in Figure S5(b) in the Supplemental Material. Based on the
above discussion, it can be concluded that a uniform tilted
bilayer or perpendicular monolayer formed at 2 CMC while a
nonuniform tilted monolayer formed at 0.5 CMC on the mica
surface. This result is consistent with previous in situ AFM studies
of surfactant adsorption that were shown to proceed via two
different stages.’>'*"538 There is an initial nucleation period,
wherein rapid adsorption of BDA-C14 at the mica surface is
driven by electrostatic attractions between the cationic species
and anionic lattice sites existing on mica at random positions.
After the nucleation, a loosely packed sub-monolayer of adsorbed
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FIGURE 2. Topography images obtained after nanoscratching steps performed on inhibitor layers formed on mica: (a) at 0.5 CMC and (b) at 2
CMC. The lower schematics show likely molecular orientation in the case of: (c) a tilted monolayer formed at 0.5 CMC and (d) a tilted bilayer or
perpendicular monolayer formed at 2 CMC. (The layer thickness was determined by measuring the height difference between scratched and
unscratched areas on a height profile. Height profiles were plotted along the green line appearing at the corresponding topography image.)

BDA-C14 is formed on the surface, which then grows due to the
coalescence of isolated islands together to form a self-assembled
layer. Meanwhile, other sites remained sparingly covered by
disordered and loosely distributed inhibitor molecules due to the
low concentration of the inhibitor in the solution (0.5 CMC). At
higher concentrations (1 CMC and 2 CMC), however, uniform
coverage of the surface is achieved.

3.2 | Molecular Simulations of Corrosion Inhibitor
Adsorption

The AFM experiments described above provide inter-
esting insights into the adsorption behavior of a corrosion in-
hibitor model compound on mica at different concentrations.
Concrete conclusions were made, but certain fundamental
questions persist that need more in-depth analysis. Why do
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FIGURE 3. Force curves measured on mica surface in the absence and
presence of inhibitor (only the approach part of these curves is shown
here).

the molecules adsorb in patches rather than uniformly? Why
does this happen only at low concentrations? What is the exact
structural arrangement of the molecules in the adsorbed layer?
What is the growth process of the adsorbed layer? In order to
better answer these questions and understand the molecular-
level details of the formation and structure of adsorbed cor-
rosion inhibitor layers, for the experiments on mica using in situ
AFM and reported above in In Situ Monitoring of Inhibitor
Adsorption on Mica: Atomic Force Microscopy Nanoscratching
and Force Curves section, CG simulations of adsorption of
corrosion inhibitors on polar surfaces, such as mica, were per-
formed. In previous work, co-authors of this manuscript de-
veloped a theoretical model to predict adsorbed configurations
of corrosion inhibitors on polar surfaces.>® The model revealed
that the molecules adsorb by standing up on the surface unless
the alkyl tails have an appreciable affinity for the surface, which
results in the molecules adsorbing by lying flat on the surface.
Previous experiments have shown that amphiphilic molecules
adsorb on mica in the standing-up configuration.®’3? These
experiments suggest that alkyl tails do not have a strong
affinity for the mica surface. This conclusion is also supported by
fully atomistic simulations of adsorption of surfactants on
mica.*® To be reminded, in this CG model, the corrosion inhibitor
molecules were represented by a linear arrangement of beads,
with the first bead representing the polar head group and the
remaining beads representing the alkyl tails. The affinity of the
alkyl tails for the surface was set to zero. It was observed in
simulations that the adsorption proceeds via the formation of
patches (islands) of adsorbed molecules standing up on the
surface.

Figure 4(a) shows the calculated decline in the number of
patches of adsorbed molecules as a function of the extent of
adsorption. A large number of patches appeared during the
initial stages of adsorption. The corrosion inhibitor molecules
adsorb in the perpendicular orientation to the surface because
of the strong affinity of the polar group with the surface. The
molecules adsorb in patches because of the favorable
hydrophobic interactions between the alkyl tails."’ As the
adsorption proceeded further, these patches grew and coa-
lesced with each other to eventually form a continuous layer. The
extent of adsorption is defined as the fraction of the equilib-
rium concentration of adsorbed molecules. Islands of adsorbed
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molecules were identified by using the density-based spatial
clustering of applications with noise (DBSCAN) algorithm."%4
During the times of patchy adsorption, localized areas of
adsorbed molecules form because of the attractive hydrophobic
interactions between the alkyl tails of the inhibitor molecules.
Therefore, one can conclude that the patches of BDA-C14
molecules detected at 0.5 CMC on mica in the in situ AFM
studies reported above, in In Situ Monitoring of Inhibitor Ad-
sorption on Mica: Atomic Force Microscopy Nanoscratching
and Force Curves section, are also formed due to these hy-
drophobic interactions. Due to the small size of the simulation
system, the size of the observed patches is much smaller than
those observed in the experiments. At the final stages of the
adsorption in the simulations, the corrosion inhibitor molecules of
this type are readily adsorbed in a uniform self-assembled
layer on the surface.

Figure 4(b) shows a calculated snapshot of the adsorbed
corrosion inhibitor layer, and Figure 4(c) shows the distribution of
the center-of-mass of the corrosion inhibitor molecules in the
equilibrium adsorbed configuration. The snapshot of the inhibitor
layer and the distribution of molecules reveal that the mole-
cules are arranged in a patchy bilayer with one sharp peak at a
distance of 3.8 o indicating the first layer and a small peak at a
distance of 4.9 ¢ indicating the second layer.

The local arrangement of the molecules in the adsorbed
layer can be studied by calculating the radial distribution function,
g(r) in the xy plane (that is, the plane of the surface) of the
adsorbed molecules.33 Figure 4(d) shows the g(r), calculated by
determining the average number of molecules at a distance rin
the xy plane from a molecule, normalized by the density expected
in a uniform distribution. The regular peaks in the g(r) indicate
that the molecules in the adsorbed layer were arranged with a
long-range order. As the magnitude of the peaks decreases as
r increases, this implies that while the adsorbed layer had more
structure than a typical liquid, it was still fluid-like and not well
structured.

The molecular simulation results complement the
experiments and conclusions reported in In Situ Monitoring of
Inhibitor Adsorption on Mica: Atomic Force Microscopy
Nanoscratching and Force Curves section by providing insights
into kinetics of the adsorption process and the molecular-level
structure of the adsorbed inhibitor layers, information that is
difficult to obtain from direct experiments such as in situ AFM
investigations. However, there are certain limitations of molecular
simulations which need to be mentioned. First, while adsorp-
tion occurs on timescales of a few seconds to hours, molecular
simulations can only sample timescales of, at most, a few
microseconds. Therefore, in order to accelerate the adsorption
process, much higher concentrations are used in molecular
simulations. In one sense, this approach ignores the long time-
scales associated with the diffusion of the molecules towards
the surface, and only captures the adsorption phenomenon when
the local concentration of the inhibitors near the surface is
high. A second limitation of simulations is with respect to the
length scales that can be studied. Typically, simulations can
only study length scales of a few 100 nm, because the
computational complexity increases linearly with the number
of particles in the system. Therefore, the simulations cannot
capture the formation of macroscopic regions comprising
uniformly adsorbed layers and bare surfaces.

At this stage, a fairly good description of: (i) the ad-
sorption process of ionic surfactant-type corrosion inhibitors on
the polar surface of mica; and (ii) the morphology of the
resulting ionic surfactant-based deposits was established by
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FIGURE 4. Simulation results: (a) Number of distinct patches of adsorbed corrosion inhibitor molecules during the adsorption process observed
in simulations. Adsorption begins by the appearance of patches of adsorbed molecules on the bare surface. Over time, these patches grow and
coalesce and finally cover the entire surface. (b) A snapshot of the equilibrium configuration of adsorbed corrosion inhibitor molecules. The blue-
colored beads represent the polar head and the cyan-colored beads represent the alkyl tail. The corrosion inhibitor molecules self-assemble in a
fully formed first layer with their polar head toward the surface and a partially formed second layer in which the adsorbed molecules are
interdigitated in the first layer with their polar head away from the surface. (c) Distribution of the center-of-mass of corrosion inhibitor molecules
as a function of distance from the surface. The distribution shows that the adsorbed molecules form a monolayer with a partially formed
interdigitated second layer. (d) Radial distribution function in the xy plane, g(r) of corrosion inhibitor molecules in the adsorbed layer showing

signatures of an ordered arrangement of molecules.

associating in situ AFM investigations with CG molecular
simulations. These preliminary results can be correlated with the
adsorption behavior of this corrosion inhibitor on the polar
surface of slightly oxidized UNS G10180 steel and indicate how
this could be related to inhibition efficiency, as discussed
below, knowing that this is the real target of the investigations
reported in this manuscript.

3.3/ In Situ Monitoring of Corrosion Inhibition on UNS
G10180 Steel
3.3.1 | Linear Polarization Resistance Corrosion Rates
Measurements

Figure 5 shows the LPR corrosion rate measurements in
1 wt% NaCl aqueous electrolyte at different times for various
inhibitor bulk solution concentrations. They were performed in a
custom-made AFM cell (see Figure S1 in Supplemental Material).

It can be observed that, whatever the concentration, the cor-
rosion rate initially diminishes rapidly with time, before it levels off
at a relatively constant value for the remainder of the inhibition
experiment. It is thought that during the initial phase, the inhibitor is
adsorbing on the steel surface, which leads to an increase in the
surface coverage and therefore to better inhibition of corrosion as
a function of time. The stable value of the corrosion rate
reached after long exposure decreased when the inhibitor bulk
concentration is increased, initially quite dramatically, but as
higher concentrations were reached, there was less and less
change. This result agrees with the theory described by
Hackerman, et al., showing that the amount of adsorbed inhibitor
on the metal surface approached a maximum at a certain bulk
solution concentration, termed surface saturation concentra-
tion.*2#3 No more effective adsorption should be expected
once the surface saturation concentration is reached, which would
result in no further obvious decrease in the corrosion rate.
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FIGURE 5. LPR corrosion rates with time at various inhibitor concen-
trations for a CO, saturated 1 wt% NaCl aqueous electrolyte. The
error bar shows the minimum and maximum values from multiple
tests. Experimental conditions: 25°C, initial pH 3.9.

3.3.2| Atomic Force Microscopy Imaging of the
Corroding Steel Surface Topography in the Absence
of Inhibitor

The topography change of the steel surface immersed in
1 wt% NaCl aqueous electrolyte in the absence of an inhibitor is
presented in Figure 6. The immersion time described in the
text is the start time of each AFM image scan. Figure 6(a) shows
the image of the initial mild steel substrate before it is exposed
to the solution. Only polishing lines can be observed on the
surface when the steel sample was imaged in air. Figure 6(b)
shows the topography of the steel surface after 10 min of
exposure in the 1 wt% NaCl aqueous electrolyte in the ab-
sence of inhibitor. It can be seen that the steel surface imme-
diately displayed some new features, specifically, domains that
are relatively higher than the surrounding surface.

These newly formed features are related to cementite
(Fe3C), which is an inherent part of the steel and is laid bare by
corrosion leading to a rapid dissolution of the surrounding
ferritic matrix. The UNS G10180 has a bi-phase ferrite-pearlite
microstructure,** wherein pearlite itself is a two-phase
structure with lamellar cementite situated in a ferrite matrix,
forming a well-distributed network on the steel. From the
corrosion point of view, the Fe3;C present in pearlite phase is
nobler than the ferrite phase (a-Fe) and remains inert, and acts
as a cathodic site for the hydrogen evolution process.*’ As a
consequence, iron dissolved preferentially from the ferrite
phase (from matrix and pearlite), leaving the cathodic region
(lamellar Fe3C) intact,*®~4° which is shown on AFM images as
elevated areas (Figure 6[b]).

With prolonged exposure (images provided in Figures 6][c]
and [d] for 1 hand 4 h, respectively) polishing lines originally seen on
the fresh steel surface gradually disappeared. The average
height difference between inert cementite and the corroded sur-
rounding ferrite phases increased with exposure time as ferrite
dissolved continuously. According to the surface profiles shown in
Figures 6(b) through (d), the height difference between the
pearlite structure and surrounding ferrite is about 2010 nm
after exposure to the corrosive solution for 10 min, after a 1 h
exposure this height difference becomes about 90+30 nm.
About 3 h later, the height difference is ca. 260+30 nm.

45-46
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Assuming that the height difference between inert ce-
mentite regions and corroded ferrite can be taken as a measure
of the time-averaged local corrosion rate, it is estimated
from surfaces topography profiles shown in Figures 6(b) and (c)
and Equation (1) that the average corrosion rate between 10
min and 1 his 0.7£0.2 mm/y. Similarly, from Figures 6(c) and (d),
the time-averaged local corrosion rate from 1 h to 4 h
exposure is estimated as 0.5+0.2 mm/y, which is in the range of
the surface averaged corrosion rate as measured by LPR of
0.6+ 0.1 mm/y. Reproducibility of this method for corrosion rate
estimation from AFM images has been ascertained by re-
peating measurements with different steel specimens, and
error bars of estimated corrosion rates for the first hour and
1 h to 4 h have been provided in Figure S6 (Supplemental
Material).

Corrosion rate =

90 nm£30-20 nmﬁ:10minx60 @
50 h

2a (D)  365C) _ )
X 4(8) x106(ﬁ) =0.74+£ 0.2 mm/y (1)

3.3.3/| Atomic Force Microscopy Imaging of

the Corroding Steel Surface Topography in the
Presence of BDA-C14 Inhibitor at a 0.5 CMC Bulk
Concentration

A sequence of EC-AFM topography images was also
collected on the same steel surface at various exposure times in
1 wt% NaCl aqueous electrolyte in the presence of inhibitor at
various concentrations. At the 0.5 CMC bulk concentration, there
were regions of the surface that were protected and others
that were not. Figure 7 displays the topography images of a
typical unprotected region on the steel surface and reveals a
corrosion behavior similar to the one observed in an aqueous
solution in the absence of an inhibitor (see Figure 6). As
presented in Figures 7(b) and (c), sustained corrosion of the
ferrite phase was revealed by the continuous decrease of
surface height in the ferrite region with time, while at the same
time the cementite structures were conserved as in the
original steel surface. Based on the surface topography profiles
in Figures 7(a) through (c), the height differences between the
pearlite structure and surrounding ferrite are about 16+8 nm,
90+30 nm, and 300+60 nm, respectively, after exposure to the
0.5 CMC inhibitor solution for 10 min, 1 h, and 4 h, respectively.
It is estimated from these height difference values and
Equation (1) that the corrosion rate between 10 min and 1 h is
0.8+0.2 mm/y and the time-averaged local corrosion rate from
1 h to 4 h exposure is estimated as 0.6+0.3 mm/y, which are of
the same magnitude as those estimated for an inhibitor-free
solution as reported above. It could be therefore inferred that this
region was not protected at all, as it was either bare or was
covered by a disordered and loose inhibitor layer that offered
little or no protection.

Figure 8 shows an example of the surface topography of
an inhibited, well-protected, region of the steel surface in the
presence of inhibitor BDA-C14 at a 0.5 CMC bulk concen-
tration. Figure 8(a) shows the mild steel surface before exposure
to the aqueous solution. After 10 min in this solution, slight
corrosion of a-Fe has occurred, as revealed by the appearance
of cementite lamellae. Nevertheless, there was no further
obvious change in surface topography with an increased
exposure time of 4 h, as can be observed in Figure 8(c).
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FIGURE 6. EC-AFM monitoring of carbon steel topography: (a) in air; (b) through (d) in a CO, saturated 1 wt% NaCl aqueous electrolyte after
(b) 10 min, (c) 1 h, and (d) 4 h exposure times. Height profiles were plotted along the green line appearing at the corresponding topography
image. Experimental conditions: 25°C, initial pH 3.9. The scan rate here is set to be twice the general scan rate in In Situ Contact Mode Atomic
Force Microscopy Measurements section in order to capture the fast-changed surface.

The slight corrosion seen in Figure 8(b) after 10 min can consistent with the corrosion inhibition kinetics detected by
be attributed to the inhibitor adsorption kinetics. Within the first ~ LPR (shown in Figure 5 above), where the most rapid de-
few minutes of exposing the steel surface to an inhibited crease in the corrosion rate was seen in the first 10 min to
solution, the inhibitor kept on adsorbing and it took some time 20 min.
before it was able to form a SAM, so that in this period the Based on these AFM images obtained at 0.5 CMC bulk
ferrite corroded somewhat, leaving the striped cementite la- concentration, nonuniform coverage by the inhibitor was
mellae behind (Figure 8[b]). Between 10 min and 4 h, no indicated, through evidence of nonuniform corrosion on the
further changes in the steel surface were observed, and it can  mild steel surface, which is qualitatively similar to what was
be safely assumed that in this period the inhibitor adsorbed seen on mica under comparable conditions. Multiple
on this part of the steel surface and formed a SAM, which experiments have been conducted in order to establish re-
prevented the further dissolution of the ferrite phase. This is peatability, with the same results. An AFM image taken at the
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FIGURE 7. EC-AFM monitoring of carbon steel surface topography (example of a weakly protected region) in a CO, saturated 1 wt% NaCl
aqueous electrolyte in the presence of inhibitor at 0.5 CMC after: (a) 10 min, (b) 1 h, and (c) 4 h exposure times. Height profiles were plotted along
the green line appearing at the corresponding topography image. Experimental conditions: 25°C, initial pH 3.9.
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FIGURE 8. EC-AFM monitoring for carbon steel surface topography (example of a well-protected region): (a) in air; (b,c) in a CO, saturated 1 wt%
NaCl aqueous electrolyte in the presence of inhibitor at 0.5 CMC after (b) 10 min and (c) 4 h exposure times. Height profiles were plotted along
the green line appearing at the corresponding topography image. Experimental conditions: 25°C, initial pH 3.9

boundary region is provided in the Supplemental Material as
Figure S7 which clearly shows the nonuniform coverage
features with half surface protected and half surface corroded.
Due to the high magnification and small field of view of the
AFM, it was difficult to estimate the size of these well-
protected and poorly protected regions on the steel surface
with this technique. Therefore, after the AFM experiments, the
steel samples immersed for 4 h in the 0.5 CMC aqueous
solution were transferred to an SEM chamber for surface
characterization. Figure 9(b) shows an example of the to-
pography of an unprotected region at approximately the same
magnification as the one used in the AFM images shown in
Figures 7 and 8. Similar topography is observed with significant

corrosion of the ferrite phase and the cementite structures
remaining unchanged. The SEM image of a protected region
(Figure 9[c]) indicates some slight corrosion by the ap-
pearance of cementite morphologies. However, polishing lines
can still be seen clearly on the steel surface, revealing that
further dissolution of ferrite was prevented with a longer
exposure (4 h). The SEM image obtained at a lower mag-
nification (Figure 9[a]) indicates a boundary between a weakly
protected (highly corroded) region and a well-protected
(barely corroded) region, confirming the partial protection
behavior of the BDA-C14 inhibitor at 0.5 CMC concentration
and nonuniform corrosion of the steel surface. The diameter of
these patches was of the order of a few hundred microns.
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FIGURE 9. Ex situ SEM images of the steel specimen used for EC-AFM imaging (see Figures 7 and 8) after a 4 h exposure in a CO, saturated 1 wt
% NaCl aqueous elecrolyte containing 0.5 CMC BDA-C 14 inhibitor: (a) lower magnification of a boundary between weakly protected and well-
protected regions, (b) higher magnification, weakly protected region, and (c) higher magnification, well-protected region. Experimental

conditions 25°C, initial pH 3.9.

3.3.4 | Atomic Force Microscopy Imaging of the
Corroding Steel Surface Topography in the
Presence of BDA-C14 Inhibitor at a 1 CMC Bulk
Concentration

Figure 10 shows results for the intermediate condition of
1 CMC bulk concentration. Multiple images on different locations
of the same steel surface did not show any significant or
sustained corrosion. The steel surface topography at the end of
the experiment either showed slight corrosion (Figure S5[c]) or
no corrosion, i.e., the surface preserved essentially the same
topography as that observed before the exposure. This
implies that at a 1 CMC concentration, the inhibitor achieved
a saturation coverage for the steel surface by forming a
protective self-assembled layer, similar to what was seen at 2
CMC, described below. The slight discrepancies seen in to-
pography on different parts of the surface (slight corrosion vs. no
corrosion at all) may depend on the nucleation and kinetics of
self-assembled layer formation at different locations on the
surface. Considering this initial stage of adsorption was short
(of the order of 10 min), after which saturation inhibitor coverage
reduced the corrosion rate to an extremely low value over the
entire surface of the sample, only a small variation in the surface
topography was seen. However, as shown by LPR corrosion
rate results (Figure 5), corrosion did not stop, it continued at a low
rate (of the order of 0.1 mm/y). This translates into a total of

approximately 1 ym corrosion depth over the 4 d, something that
could not be clearly identified in the AFM images due to short
exposure durations.

3.3.5| Atomic Force Microscopy Imaging of the
Corroding Steel Surface Topography in the Presence
of BDA-C14 Inhibitor at a 2 CMC Bulk Concentration
Figure 11 displays the surface topography of mild steel
images using EC-AFM in the presence of an inhibitor at a 2 CMC
bulk concentration. The topography is similar to that observed
at 1 CMC. If it is assumed that the adsorption of the inhibitor
reached a saturation coverage with a protective self-assembled
layer at 1 CMC, then it is logical that the same behavior was also
obtained at 2 CMC. This is consistent with the LPR measure-
ments shown in Figure 5, where similar final corrosion rates are
measured for both 1 CMC and 2 CMC bulk concentrations.
Interestingly, the corrosion kinetics of UNS G10180
steel, and its variation as a function of the bulk concentration of
inhibitor, can reasonably be related to the adsorption
mechanism of the inhibitor as revealed by molecular simulations
applied to polar surfaces. Whatever the bulk concentration of
the inhibitor, LPR measurements reveal in a first step a fast
decrease of the corrosion rate that could result from the
nucleation and ongoing growth of patches (islands) formed by
the adsorption of an inhibitor, according to molecular
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FIGURE 10. /n situ monitoring of steel morphology (case of a protected region) by AFM (a) in air, (b, c) in a T wt% NaCl aqueous solution in the
presence of inhibitor at 1 CMC after (b) 10 min, (c) 4 h exposure time. In the profiles, the y axis shows the heights in nm as a function of distance in
um measured along the green line shown in the corresponding AFM topography image.
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FIGURE 11. In situ monitoring of steel topography (case of a protected region) by AFM (a) in air, (b, c) in a 1 wt% NaCl aqueous solution in the
presence of inhibitor at 2 CMC after (b) 10 min, and (c) 4 h exposure time. In the profiles, the y axis shows the heights in nm as a function of
distance in um measured along the green line shown in the corresponding AFM topography image.

simulations. LPR measurements also allowed identification, in a
second step, of a steady-state corrosion rate that is lower
when the bulk inhibitor concentration is higher. This second
step could correspond to a stage where initially formed
adsorbed inhibitor patches have coalesced together to form a
single and uniform inhibitor adsorbed layer, as revealed again
by molecular simulations. EC-AFM experiments have revealed
that such situations can be reached at a bulk inhibitor con-
centration of 1 CMC and higher. At 0.5 CMC, inhibitor islands
formed and resulted in nonuniform coverage, i.e., a patchwork
of well-covered regions and weakly covered regions, resulting in
a high corrosion rate (space-averaged) as evidenced by LPR
measurements.

CONCLUSIONS

> |n this research, in situ AFM and EC-AFM experiments were
performed on mica and UNS G10180 steel, respectively, in order
to develop a better understanding of the adsorption mechanism
of a model inhibitor compound: tetradecyldimethylbenzylammo-
nium (BDA-C14) at different bulk concentrations. On the basis of
these experimental results and corresponding molecular simula-
tions reported in this work, several conclusions can be drawn.
> The BDA-C14 corrosion inhibitor shows concentration-
dependent surface coverages and adsorption behavior on both
mica and carbon steel substrates, which can be correlated. At a
0.5 CMC bulk concentration, in situ AFM studies performed on
mica indicate that the BDA-C14 forms a nonuniform tilted
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monolayer. This observation can be correlated with what has been
found on UNS G10180 steel, a partial protection phenomenon
involving a patchwork of weakly protected and well-protected
regions observed at the same bulk inhibitor concentration by
EC-AFM. The simultaneous LPR corrosion rate measurements also
reveal the steady-state corrosion rate at 0.5 CMC is greater
than those obtained at higher inhibitor concentrations. The mo-
lecular simulation results are helpful to explain this phenomenon
as they demonstrate that the adsorption of inhibitor molecules
goes through two phases: nucleation and island growth, leading
eventually to larger inhibitor islands whose size and population
could be limited by bulk inhibitor concentration.

> Furthermore, in situ AFM studies were performed to show
that, for a 2 CMC inhibitor concentration, a uniform BDA-C14
tilted bilayer or perpendicular monolayer forms on the mica
surface. Parallel EC-AFM studies prove that UNS G10180 steel
undergoes a uniform and slow corrosion phenomenon across
its entire surface, indicating a uniformly efficient protection
performance of the BDA-C14 inhibitor (similar to that obtained
at 1 CMC). This is related to the saturation coverage of the
UNS G10180 steel by the inhibitor layer. This high protection
efficiency was confirmed by LPR measurements. Molecular
simulations also confirmed that BDA-C14 islands could
coalesce together to form a uniform adsorbed layer when

the inhibitor bulk concentration is high.

> Further experiments are currently underway to strengthen
and deepen the understanding of the inhibition mechanism of
UNS G10180 steel corrosion by BDA-C14 as well as the
evaluation of the performance of this inhibitor by comparison
with other common corrosion inhibitor molecule types.
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Here is the procedure of EC-AFM experiments in a CO,
atmosphere. Firstly, the solution is deoxygenated by sparging
CO, for at least 2 hours outside the AFM set up before
experiments begin. Secondly the sample and electrochemical
cell shown in Figure SM-1 were installed on the AFM equip-
ment with a sealed homemade environmental chamber. CO, gas
was continuously sparged in to the environmental chamber
during the whole experiments to create a CO, atmosphere
around the EC-AFM cell. The deoxygenized solution was
transferred to the EC-AFM cell through a syringe to guarantee
CO, saturated solution would not be exposed to air.

The pH was measured in a flask where the solution was
saturated with CO, before experiments begun at 25°C, and then
the solution was transferred to the EC-AFM cell inside the AFM
environmental chamber and was in contact with CO, atomo-
sphere immediately. During this process the pH of solution
would not change because it was always CO, saturated at the
same temperature.

Figure SM-3 shows the results of the scratching tests,
where removal of the inhibitor molecules in the scratched area
was achieved by gradually increasing the normal force applied
by the cantilever. This procedure has been described in more
details in a previous publication [1]. In particular, it has been
shown that the normal force used during these scratching tests
is not sufficiently high to scratch away bare mica and therefore
only the adsorbed BDA-C14 molecules were removed.

When the normal force was too small to penetrate the
inhibitor layer, the AFM image obtained after scratching shows the
unaltered morphology of an adsorbed layer (Figure SM-3a1).
When the applied force was high enough to penetrate the layer but
was not large enough to remove the inhibitor molecules, some
disturbanceinthetopography of the layer was observed (Figure SM-
3b1), however the surface profile revealed that the inhibitor
molecules were not removed from the scratching prints. When the

force was large enough to remove the inhibitor molecules, a
scratching print (hole) could be clearly observed in the topography
image and in the surface profile (Figure 3a in manuscript). When
the force was increased further, the depth of the scratched feature
did not increase. In our experimental conditions, the layer was
completely removed with a 24+ 1 nN operating normal force (shown
in Figure 3a). Considering that mica is a hard surface, and that
previous studies[1]showedthatevenanormalforce of 60 nNdid not
result in any damage to the mica, we can conclude that the
scratching feature (hole) seen in Figure 3a is a removed patch of
inhibitor layer rather than a damaged mica surface. So, the
surface profile reveals the inhibitor layer thickness.

As mentioned in the manuscript section 3.1, in some
locations of the mica surface at 0.5 CMC, a positive height contrast
instead of a hole (with a negative height contrast) was detected
in the AFM images obtained after a nano-scratching step (see
Figure SM-4). These AFM nano-scratching tests (Figure 3a and

Ag/AgCl reference electrode

Investigated sample:
mild steel or iron

Working electrode

Counter electrode
AlSI 316L

Connected with potentiostat

Figure SM-1: Custom-made sample holder for EC-AFM experiments

Table SM-1. Elemental composition of UNS G1018 steel (Fe balance)

Element Al As C Co Cr Cu Mn Mo
Amount (wt%) 0.008 0.006 0.18 0.003 0.12 0.18 0.75 0.02
Element Ni P S Sb Si Sn Ta w
Amount (wt%) 0.065 0.011 0.021 0.009 0.16 0.009 0.028 0.014
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Figure SM-2: AFM topography images and surface profiles obtained on mica in 1 wt% NaCl aqueous solutions (a) in the absence of inhibitor (b) in
the presence of BDA-C14 at a 2 CMC bulk concentration. The surface roughness in both images is less than 1 A. Height profiles were plotted

along the green line appearing at the corresponding topography image.
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Figure SM-3: Topography images of inhibitor layers formed on mica. At 2 CMC with various normal forces applied on cantilever: (a1) <2 nN,
(b7) 21 nN. Height profiles were plotted along the green line appearing at the corresponding topography image.

SM-4) indicate the inhibitor film formed at 0.5 CMC is non-uniform.  organized in the form of a SAM, it did not produce any hole, but

When a AFM nanoscratching test was carried out on a portion of rather an island [2,3], as observed in Figure SM-4. An explanation
the surface where there was a self-assembled monolayer (SAM), for this observation can be found in the literature related to AFM
the high force exerted by the AFM tip leads to layer removal and nanolithography and nano-grafting [4-7]. One can think of a

a hole was created [1,2], as shown in Figure 3a. However, when the  scenario explaining how these islands were created during the
same AFM nanoscratching test was performed on another nanoscratching test: when a high normal force is applied, the tip
location of the surface which was weakly covered by some pushed around the inhibitor molecules that were adsorbed in a

adsorbed inhibitor molecules with lower density and not disordered way on the surface and piled them into a "heap” that
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Figure SM-4: Topography images obtained after nano-scratching
steps performed on inhibitor layers formed on mica at 0.5 CMC with
positive height contrast.

was registered as an island in the AFM scan performed after the
nanoscratching step. This apparently did not happen when
scanning was performed with a low normal force because the force
applied was not high enough for displacing the adsorbed in-
hibitor molecules. AFM force curves tests (discussed in the second
half of section 3.1 and also in below Figure SM-5 and corre-
sponding text) will provide further confirmation on the layer
structure at different inhibitor concentrations.

The AFM force curves shown in Figure SM-5 measure the
tip-sample interaction force as a function of tip-sample distance in
1 wt% NaCl solution with various BDA-C14 inhibitor concen-
trations. The horizontal axis represents the AFM tip/sample dis-
tance during the approach of the cantilever. The Y-axis shows
the cantilever deflection which is proportional to the interaction
force. For each experiment three repeating curves are dis-
played to address the repeatability of the observed phenomena.
The Force curves were performed on bare mica in 1 wt% NaCl
solution firstly as a baseline. On the bare mica surface, when the tip
is far away from the sample, there is no interaction between the
tip and the surface so that the force is almost zero, as shown in
Figure 3 and Figure SM-5a (see the horizontal part of the
curves). As the tip approaches the surface, the cantilever deflects
towards the sample due to the increasing attractive van der
Waals forces. Indeed, as the tip approaches the sample surface
even more closely, the gradient of attractive force (will increase
and finally exceeds the cantilever spring constant [8-11]. So, at a
certain distance, the attractive force becomes larger than the
resistive force of the cantilever [12,13], and thus the cantilever tip
will "snap” into contact with the sample surface. Further ap-
proach of the AFM cantilever, pushing against a stiff mica surface,
results in a rapid rise in the force curve, corresponding to a
strong positive/repulsive force which increases linearly with dis-
tance, caused by the cantilever bending upwards.

The AFM force curve obtained at 2 CMC BDA-C14
solution have been analyzed in detail in manuscript (Figure 3).

SUPPLEMENTAL MATERIAL
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Figure SM-5: AFM force curves obtained on mica in 1 wt% NaCl
aqueous solutions (a) in the absence of inhibitor (b) in the presence of
BDA-C14 at 0.5 CMC bulk concentration. Non-uniform adsorption
status (covered region and non-covered region) were observed.
(c) in the presence of BDA-C14 at 2 CMC bulk concentration. Repro-
ducibility has been observed in at least three samples.

A repulsive force feature indicating the existence of well-
organized inhibitor film was observed on the force curves at 2
CMC (Figure 3 and Figure SM-5c). In the case of 0.5 CMC BDA-
C14 solution (Figure SM-5b), AFM force curves corresponding to
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Figure SM-6: average corrosion rate estimated from cementite-ferrite
height difference in AFM surface profiles and error bar of repeating
experiments for steel immersed in 1 wt% NaCl aqueous solution in the
absence of inhibitor in the first hour immersion and between 1 to 4
hours immersion.

some regions of the mica surface were qualitatively similar to
those obtained in a 2 CMC solution with the curve denoted as
“mica in 0.5 CMC densely covered region " (see blue solid
curve). However, in other regions of the mica surface, as shown in
Figure SM-5b with the curve denoted as “ mica in 0.5 CMC
weakly covered region” (see red solid curve), the force curve was
similar to that of the bare mica surface, indicating that the
adsorbed inhibitor molecules produced a weak and disordered
coverage with little intermolecular interaction. These force
curves results are in good agreement with the interpretation of
the nano-scratching tests performed at a 0.5 CMC inhibitor
concentration: a non-uniform coverage of the mica surface by
the inhibitor layer is detected.

As can be seen from Figure SM-7, there exists a clear
partial corrosion on UNS G10180 steel under this 0.5 CMC
concentration. On the left part of the image is the protected
region, which shows polishing lines still can be observed after
4 hours immersion and the surface roughness is within 20nm

pm nm
20
15 600
10 400
5 200
0 0
0 5 10 15 20

(similar with the polished surface before immersion). On the right
part is the corroded region, the height difference between
protected region and non-protected region can be up to 270+50
nm (profile a and b). Apparently the cementite structure
remained noble and intact in the non-protected region, as indi-
cated in profile b. The surface height of cementite in non-
protected region is almost the same with the corroded region,
while the ferrite structure in non-protected region has cor-
roded a lot and has a much smaller height.
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Figure SM-7: EC-AFM topography imaging for steel in a 1 wt% NaCl aqueous solution in the presence of inhibitor at 0.5 CMC for 4 hours——the
boundary region between protected area and non-protected area. Both a and b are the horizontal cross section profiles to show the surface
roughness difference between protected area and non-protected area.



