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Abstract

A combination of electrochemical measurement and interface analysis have been applied to
characterise the interaction of OMID, an exemplar imidazoline-based corrosion inhibitor, with
carbon steel in 1 M hydrochloric acid. Corrosion inhibition efficiency data indicate that
excellent performance is achieved well below the critical micelle concentration. High
resolution X-ray photoelectron spectra demonstrate that, as the corrosion rate decreases, the
interface evolves towards one comprising OMID bound to film-free carbon steel. This latter
result provides key input for those researchers attempting to predict corrosion inhibitor
functionality through atomic scale interfacial modelling, and so identify next generation

chemistries.
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1. Introduction

Acid-driven corrosion is a major concern for a number of industries, including oil and gas
production, and effective methods to mitigate this phenomenon are of the utmost importance.
One widely applied approach is to add surfactants to the corrosive medium to effect corrosion
inhibition through binding to the substrate [1,2]. N-containing amphiphilic organic species are
extensively employed for this purpose due to their excellent corrosion inhibition properties.
Detailed understanding of their functionality, however, is quite limited, restricting knowledge-
based advances. Here, we make a substantive contribution to this topic through studying the
performance and interfacial chemistry of an exemplar imidazoline-based surfactant [3—11] for
corrosion inhibition of carbon steel in 1 M HCI; the structure of this species, which will

henceforth be referred to as OMID, is illustrated the Figure 1.

Published literature is consistent with OMID being a high performing corrosion inhibitor (CI)
for carbon steel in strong acids [7,8,10,11]. For example, Olivares-Xometl et al. report an
inhibition efficiency (n%) of 91% at a concentration of 100 ppm (~ 0.03 mM) in 1 M
hydrochloric acid (HCI) at room temperature [8]. In an analogous environment, we have
recently demonstrated that n% ~ 97% at an OMID concentration of 0.18 mM, which is the
critical micelle concentration (CMC) for this species under these conditions [11]; n% was
determined at CMC, as it is typically expected that a surfactant CI will almost certainly be

performing optimally at this concentration [2].

Concerning the chemistry of the inhibited OMID/carbon steel interface in 1 M HCI, Olivares-
Xometl et al. applied X-ray photoelectron spectroscopy (XPS) to gain insight [7,8]. They
concluded that adsorbed OMID is bound to a substrate terminated by both Fe** oxide (Fe203)
and chloride (FeClz). This result, however, is likely to be compromised, as no precautions
were seemingly taken to avoid post immersion oxidation. In the current study, we overcome
this issue, applying an approach developed in our group to acquire XPS spectra from air-
sensitive inhibited interfaces [12]. Building on Ref. [11], we systematically explore the

corrosion inhibition performance of OMID for carbon steel in 1 M HCI as a function of
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concentration, using both potentiodynamic polarisation (PDP) and linear polarisation
resistance (LPR) measurements. For selected OMID concentrations, we correlate corrosion
inhibitor efficiency with interface chemistry determined from XPS; ab initio calculations are

employed to support line shape selection for fitting of selected XPS core levels (CI 2p).

2. Materials and methods

Carbon steel samples (10 mm x 10 mm X 1.5 mm) supplied by RCSL Corrosion Monitoring
Ltd (see Ref. [11] for details of nominal composition) were employed for the acquisition of
both electrochemical and XPS data. For the former measurements, a sequence of SiC papers
(400 grit, 600 grit, 800 grit) were used to grind the samples, following mounting in epoxy resin
to expose a 1.0 cm? area. Subsequently, ethanol and de-ionised water were used to rinse the
samples, and then they were dried with flowing air. Samples for XPS were also ground initially
with SiC papers (400 grit, 600 grit, 800 grit, 1200 grit, 2400 grit, 4000 grit), and then polished
to a mirror finish with diamond paste (1 pm). Acetone and de-ionised water were used to
degrease these samples, after which they were dried as above. De-ionised water was used to
dilute 10.2 M HCI (analytical grade, Fisher Scientific) to produce 1 M HCI, and OMID was
added to form a series of / M HCI + x mM OMID solutions, where x lies in the range of 0 mM
to 0.1 mM. The OMID (97.7% purity) employed in this study had been synthesised and
characterised according to procedures outlined in Ref. [11], including determination of both its
CMC (0.18 mM) and propensity for hydrolysis in 1 M HCI; no evidence of hydrolysis was
found for the current experimental conditions. All of the data presented below, with the
exception of those from polished samples, were acquired from samples subsequent to

immersion for 4 h in naturally aerated / M HCI + x mM OMID at room temperature (25°C).

PDP and LPR data were acquired in a 1 L glass cell that contained the desired /M HCI + x mM
OMID solution. A three-electrode cell setup was employed, comprising a working electrode
(carbon steel), a counter electrode (platinum), and a reference electrode (saturated calomel
electrode) that was located in a separate vessel connected to the 1 L cell through a Luggin

probe. LPR (PDP) data were recorded with a computer controlled potentiostat (Ivium
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Compactstat), using the range -10 mV to +10 mV (-250 mV to +250 mV) with respect to open
circuit potential (OCP), and employing a scan rate of 10 mV/min (120 mV/min). Corrosion
rate values were determined from LPR measurements, using standard methodology [13], with
the Stern-Geary coefficients being obtained from corresponding PDP data; relevant equations
are provided in Supplementary Material. PDP graphs are shown without the so-called IR drop

correction, which is essentially a feature of finite solution resistance [14].

A Zeiss EVO-50 SEM was used to evaluate substrate morphology post immersion. Images
were acquired from samples only subjected to LPR measurements, as the larger polarisation
experienced during PDP may induce the alteration of substrate features. Adhered corrosion
products were removed from the substrate prior to imaging through gentle scrubbing followed

by washing with de-ionised water and acetone, and drying under a stream of air.

A Kratos Axis Ultra spectrometer, equipped with an Al Ko X-ray source (hv = 1486.6 eV, Ahv
~0.16 eV) and a 165 mm hemispherical energy analyser, was used for XPS measurements. To
mitigate post-immersion oxidation, samples were immersed in / M HCI/ + x mM OMID
solutions inside an inert atmosphere (N2) glove box attached to the load lock system of the XPS
spectrometer [12]. Following removal of a sample from solution, it was exposed to a flow
nitrogen to prevent solution evaporation from the substrate surface and resulting physical
deposition of non-volatile solution constituents. Data acquisition was performed at normal
emission (O = 0°), using an ~ 3 mm X ~ 2 mm analysis area. Pass energies of 80 eV and 20
eV were used to record overview spectra and higher resolution single core level spectra,
respectively. Samples were mounted on a sample plate using double sided vacuum compatible
adhesive carbon tape, and exposed to a flood source of low energy electrons (< 3 eV) to avoid
charge accumulation during measurements. The metallic Fe peak at a binding energy (BE) of

706.7 eV was used to calibrate (£ 0.1 eV) the spectra [15].

Spectral fitting was carried out using CasaXPS software [16]. As regards Fe 2p spectra, only

the Fe 2p32 component was considered, in accordance with previous work [17,18]. To fit the
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Fe*" and Fe*" states, multiplets comprising 3 and 4 Gaussian-Lorentzian (GL) line shape
functions, respectively, and up to two broader GL line shape functions for satellite peaks have
been employed [17-19]. The GL function uses a single adjustable parameter to define the line
shape, i.e. GL(p). p, which lies in the range 0 < p < 100, describes the degree of Gaussian-
Lorentzian mixing, where GL(100) (GL(0)) is a pure Lorentzian (Gaussian) line shape. All of
the other photoelectron peaks were also modelled with GL line shape functions, except for the
metallic iron (Fe’) Fe 2p core level and the CI 2p signal assigned to adsorbed chlorine atoms
(see below). These peaks were modelled with a Gaussian-convoluted Lorentzian based
asymmetric (LF) function, which uses four adjustable parameters to define its line shape, i.e.
LF(a, B, w, m) [20]. a and B specify the spread of the tail to higher and lower BE, respectively,
relative to the Lorentzian function maximum. The degree of peak asymmetry is defined by the
difference between o and 3, and w is a damping factor to limit the range of asymmetry. m
describes the width of the Gaussian used for convolution. Shirley-type functions were used to

account for inelastically scattered background electrons in all of the presented data [21].

Application of an asymmetric line shape is well known for metallic substrates [22,23], but
requires further justification for adsorbed species, i.e. atomic chlorine in this case. To this end,
following an approach detailed in Ref. [24], hybrid exchange density functional theory (DFT)
has been employed, using the CRYSTAL 17 program [25,26], to compute pertinent projected
electronic density of states (PDOS). These calculations used all electron triple valence basis
sets with polarisation, i.e. 8-64111d41G for iron atoms and 86-311G with the addition of a

diffusive d-orbital for chlorine atoms.

3. Results and discussion

PDP curves, for a series of OMID concentrations (0 mM to 0.1 mM) in 1 M HCI, are depicted
in Fig. 2. It can be observed that the addition of OMID inhibits corrosion as the current density
systemically shifts to lower values with increasing concentration. Also, there are no significant
changes in the corrosion potential as a function of OMID concentration. Consistent with

previous work [7,8,10], this behaviour is indicative of OMID behaving as a mixed-type CI,

6



with both the anodic and cathodic reactions being similarly impeded [27]. Furthermore, the
gradients of the anodic and cathodic reactions are typical of activation-controlled kinetics, i.e.
all polarisation curves exhibit approximately Tafel-like behaviour [13]. The numerical values
of these gradients are listed in Table S1 of Supplementary Material. For the anodic branch,
there is no significant variation with OMID concentration, but there is a systematic increase
for the cathodic branch for OMID concentrations > 0.001 mM. This behaviour may indicate a
change in mechanism of the cathodic reaction, suggesting inhibition is not achieved through

simply blocking active anodic/cathodic sites.

The corrosion rate of carbon steel in / M HCI + x mM OMID, determined from LPR
measurements after immersion for 4 h, is plotted (red markers) as a function of increasing
OMID concentration in Fig. 3; Table S1 in Supplementary Material lists the Stern-Geary (B)
coefficients, and other relevant data, employed to calculate these corrosion rates. Evidently,
increasing the concentration of OMID in bulk solution shows an essentially asymptotic
decrease in the corrosion rate towards a limiting value. The uninhibited corrosion rate (I M
HCI + 0 mM OMID) was determined to be 3.75 + 0.07 mm/y, which reduced to 0.13 + 0.01
mm/y for / M HCI + 0.1 mM OMID.

SEM images of carbon steel samples are also consistent with a significant reduction in
corrosion rate for / M HCI + 0.1 mM OMID. Fig. 4 shows representative SEM images of (a)
a polished sample, (b) a sample following immersion in / M HCI + 0 mM OMID, and (c) a
sample following immersion in / M HCI + 0.1 mM OMID. Both the polished sample and that
immersed in / M HCI + 0.1 mM OMID display a similar morphology, with polishing lines
being clearly evident. In contrast, for the sample immersed in / M HCI + 0 mM OMID, the
surface finish appears to be significantly degraded, i.e. roughened as a result of corrosion.
These qualitative observations support the quantitative changes in corrosion rate determined
from electrochemical measurements. Furthermore, they demonstrate that localised corrosion
(e.g. pit formation) is not an issue for the substrate in this environment, which would undermine

the performance of OMID as an effective CI.



To facilitate comparison of the performance of OMID with related studies and/or other Cls,
corrosion inhibition efficiency (n%) is also plotted (blue markers) as a function of increasing
OMID concentration in Fig. 3. This widely applied figure of merit for corrosion inhibition is
defined as:

o _(U 3 I)
T]/O—TX1OO. (1)

U () is the uninhibited (inhibited) corrosion rate. Examining Fig. 3, n% ~ 96% at an OMID
concentration of 0.01 mM, increasing only slightly to ~ 97 % at 0.1 mM. Given that reagents
with n% > 95% are typically considered to be high performing CIs [28], it can be concluded
that OMID is performing as expected in 1 M HCI [7,8,11]. Interestingly, the inhibition
efficiency at 0.01 mM is almost identical to that found for OMID at CMC (0.18 mM) in this
environment [11], i.e. an almost optimal inhibition performance is achieved for OMID at a
concentration more than one order of magnitude less than CMC. This result is consistent with
other studies, where it is reported that the maximum corrosion inhibition efficiency is achieved
well below CMC [29-31]. Researchers suggest that this phenomenon is connected to the so-
called critical surface aggregation concentration (CSAC) of a surfactant, which is often
significantly lower than the CMC [2,32]; CSAC can be interpreted as the surfactant

concentration in bulk solution where a complete contact layer is formed on a solid substrate.

Turning to interfacial chemistry, Fig. 5 shows a series of overview XPS spectra acquired from
carbon steel samples subsequent to immersion in / M HCIl + x mM OMID; a spectrum of a
polished sample is also displayed. Focusing on the latter spectrum, as indicated by the
annotation, prominent features arising from the Fe 2p, O 1s and C Is core levels are apparent.
In accord with earlier studies [17,18,33], the Fe signal can be attributed to the carbon steel
substrate, O to both a surface oxidic film and adsorbed species, and C to adventitious surface

contamination.



Immersion in uninhibited 1 M HCI solution (i.e. / M HCI + 0 mM OMID) leads to noticeable
changes in the corresponding overview XPS spectrum in Fig. 5. Firstly, there is an obvious
loss in intensity of the O 1s feature, suggesting depletion of the surface oxidic film. Peaks
assigned to the Cl 2s and 2p core levels also appear, which can be attributed to interaction of
the substrate with Cl anions in the acidic solution. The signal ascribed to Cu 2p almost certainly
arises from a minority substrate component, which is revealed following anodic dissolution of

Fe through corrosion [18].

Further modification of the overview XPS spectra in Fig. 5 are apparent following immersion
in 1 M HCI solutions containing various concentrations of OMID. Most importantly, a N 1s
peak appears, which is consistent with OMID binding to the carbon steel substrate. Moreover,
an increase in the intensity of this nitrogen signal is observed as the concentration of OMID is
increased. This trend suggests that, similar to other organic species employed to inhibit
corrosion at low pH, OMID adsorptions follows some kind of adsorption isotherm [27,28]. In
addition to the rise of the N 1s signal, there is a reduction in intensity of the peaks assigned to
oxygen and chlorine, suggesting further interfacial modifications as the inhibition efficiency
of OMID increases. The Cu 2p feature also diminishes, becoming absent in the presence of
0.1 mM OMID, which can most simply be correlated with reduced interfacial enrichment of

Cu at lower corrosion rates (higher corrosion inhibition efficiencies).

More detailed insight into interfacial chemistry can be gained from higher resolution XPS
spectra of individual core levels. Fig. 6 shows a series of N 1s core level XPS spectra acquired
from carbon steel samples, subsequent to immersion in / M HCI + x mM OMID, along with
one from a polished sample; it should be noted that the N 1s signal is employed as the key
indicator of OMID adsorption, as C 1s XPS data are inconclusive due to the persistent presence
of adventitious carbon [34]. Best fits to these spectra are also displayed; the BE and full with
half maximum (fwhm) of each GL line shape function is listed in Supplementary Material

(Table S2). Concerning the spectrum of the polished substrate, no N 1s features are evident,
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but two peaks, located at binding energies of 397.5 eV and 399.7 eV, appear following
immersion in uninhibited 1 M HCI. Analogous to the Cu 2p signal in the overview spectra (see
Fig. 5), it is proposed that these peaks arise from minority substrate components (labelled as
N! and N?), that are enriched at the surface through anodic dissolution of the Fe matrix. This
suggestion is supported by the diminution of the N! feature at BE = 397.5 eV as the

concentration of OMID, and hence corrosion inhibition efficiency, increases.

The N Is related intensity in the vicinity of BE = 399.7 eV in Fig. 6 increases with OMID
concentration, broadening and shifting to somewhat higher BE. On this basis, it is concluded
that the initial peak, assigned to a minor substrate component (N?), is replaced by signal from
adsorbed OMID. Consistent with analysis for carbon steel immersed in / M HCI + 0.18 mM
OMID in Ref. 11, where fitting and interpretation of the N 1s signal is discussed in detail, 5
GL line shape functions have been used to fit this feature. Briefly, it is concluded [11] that
these 5 components originate from the presence of two singly protonated forms of adsorbed
OMID; in bulk 1 M HCI solution the OMID head group is expected to be doubly protonated
[11]. These two singly protonated species are shown in Fig. 6, along with peak assignments.
Protonation occurs at either the primary amine group (—NH2 — —NH3") or imine group
(>C=N— — >C=NH"-), with the latter being the major adsorbed component; the tertiary amine

group (—N<) remains unprotonated, and so is common to both species depicted in Fig. 6.

Fig. 7 shows experimental Fe 2p, O 1s and Cl 2p core level XPS spectra, and the corresponding
best fits, acquired from carbon steel samples, subsequent to immersion in / M HCI + x mM
OMID, as well as from a polished sample; line shape functions, BEs, and fwhms of the various
peaks are listed in Supplementary Material (Tables S3, S4, and S5). Focusing initially of the

spectra acquired from the polished substrate, the presence of both Fe*/3*

multiplet states and
satellites, in tandem with a feature for metallic Fe (Fe?), as well as Ols peaks assigned to oxide
(labelled O*; BE ~ 530.0 e¢V) and hydroxide (labelled OH"; BE ~ 531.0 V), are consistent
with a thin oxidic film terminating the substrate [17,18,33]. The three higher BE O 1s

components, labelled O!, O?, and O, are ascribed to a combination of adsorbed OH (O') and
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adventitious RCxOy (0!, O?, and O?) species [17,18,33]; it should be noted that in earlier work
from our group, this region of the O 1s spectrum was fitted with 2 components (O! and O?),

but 3 components are currently preferred, as fitting is found to be more consistent.

Following immersion in uninhibited 1 M HCI, features arising from cationic iron in the Fe 2p
spectrum are generally diminished, with those for Fe?* being entirely quenched. The peaks
attributed above to O* and OH" are also absent in the corresponding I M HCI + 0 mM OMID
O Is data. Conversely, a significant Cl 2p signal appears, which is fitted with a single spin-
orbit split doublet; the CI 2p3>» component, labelled Clsare in Fig. 7 (c), has a BE of 199.1 eV.
In accord with previous work, these changes are concluded to be associated with the
replacement of the oxidic termination on the polished sample by a thin surface film of ferric
chloride (FeClz) in 1 M HCI [17,18]. This interpretation is supported by a relative increase in
intensity of the Fe 2p profile around BE ~ 715.6 eV, which can be associated with the presence

of a Fe3" satellite that has been observed in spectra acquired from bulk FeCls [35].

In the presence of OMID, the Fe 2p core level profiles in Fig. 7 (a) evolve further as a function
of concentration. More specifically, the Fe** contribution is continuously reduced, until there
is only a peak arising from metallic iron (Fe®) for / M HCI + 0.1 mM OMID, where 1% ~ 97%.
The CI 2p XPS data also vary with increasing OMID concentration, with a second spin-orbit
split doublet being introduced to achieve acceptable fitting. This additional signal is assigned
to adsorbed chlorine atoms [17,18]; the Cl 2p32 component of this doublet is labelled Clags in
Fig. 7 (c). Regarding the O 1s data in the presence of OMID, as shown Fig. 7 (b), each spectrum
is fitted with the same 3 components, labelled O', O%, and O°. Given that these features are
primarily attributed to adventitious RCxOy species, observed variations are not discussed

further.

As mentioned in the preceding section, asymmetric LF line shape functions have been
employed to fit Clags signals in Fig. 7 (c). The rationale for applying this line shape is based

on a recent study examining the adsorption of atomic O or S on Fe(110) [24], where it was
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demonstrated through DFT calculations that significant mixing of substrate and adsorbate
states results in a finite PDOS around the Fermi level (Er). This electronic coupling produces
an adsorbate XPS core level profile similar to that found for metals, i.e. asymmetric with a tail
to higher BE [22,23]. To verify that Clags hybridises similarly with iron, DFT calculations have
been performed for a (2x2) ordered overlayer of atomic chlorine on Fe(110). Figure 8 depicts
this structure, as well as the associated projected density of states, DFT-PDOS (-2 eV <Er <2
eV) computed following structure optimisation. As observed previously for both O and S
adsorbed on Fe(110) [24], no band gap is evident for either Fe or CI around Ef; Cl/Fel DFT-
PDOS ratio is ~ 0.2 at Er. On this basis, it is concluded that the CI 2p core level XPS profiles

for Clags should exhibit asymmetry, and so be fitted with LF line shapes.

[lustrating our interpretation of the XPS data, Fig. 9 provides a cartoon of the evolution of the
carbon steel interface as a function of environment. Moving from left to right, the iron
oxide/hydroxide film, displayed by the polished substrate, is replaced by an iron chloride salt
film following immersion in / M HCIl + 0 mM OMID. As the concentration of OMID
increases, the salt film coverage is reduced, becoming entirely absent for / M HCI + 0.1 mM
OMID (n% ~ 97%), i.e. the highly inhibited interface comprises OMID bound to film-free
surface. For I M HCI + <0.005 mM OMID, the surface is shown to be laterally heterogenous,
consisting of filmed and film-free domains. Given that the XPS measurements do not provide
any lateral spatial resolution, this model requires justification. Our argument centres upon the
asymmetry of the CI 2p XPS line shape for Clags being independent of OMID concentration
(see Table S5), suggesting that this species always bonds in a similar manner to the substrate,
i.e. adsorbs on film-free areas. If an appreciable fraction of Clags was located atop the iron
chloride film at lower OMID concentrations, a change in core level asymmetry would be

expected, resulting from a change in adsorbate/substrate electronic coupling.

Comparing the results presented here with previous work, the development of the interface
depicted in Fig. 9 approximates rather well to that reported by some of the current authors for

the same substrate/solution combination in the presence of another corrosion inhibitor, 2-
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mercaptobenzimidazole [17,18]. Most importantly, it is concluded for both corrosion
inhibitors that the well inhibited interface is film-free; this information is essential for

researchers attempting to model such interactions at the atomic scale.

One difference that does distinguish the present study from Refs. [17,18] is the use of an
asymmetric line shape for fitting the Cl 2p signal from Clags, and the resulting deduction that
the interface is laterally heterogenous for / M HCI + < 0.005 mM OMID. In the earlier work,
symmetric GL line shapes were employed to fit all of the Cl 2p components, including those
corresponding to Clags. Returning to these fits, it has been found that an asymmetric line shape
could also have been applied, but poorer signal-to-noise, partially a result of a lower Clags

coverage, prevents unique discrimination.

In another recent study of the corrosion inhibition of carbon steel in 1 M HCl by ammonium-
based ionic liquids [36], steps were also undertaken to avoid post immersion oxidation prior to
acquisition of XPS data. Similar to our work, they report that the signal from cationic Fe was

very much reduced on well-inhibited substrates; the remanent Fe?"/3*

signal is almost certainly
a result of the corresponding corrosion inhibition efficiency being apparently somewhat lower
(M% < 90%) than that reported here (n% ~ 96%) for an entirely film-free surface termination.
In sharp contrast, other contemporaneous XPS studies (e.g. [37-39]) of corrosion inhibition of
carbon steel in 1 M HCI suggest that surface oxides persist at high corrosion inhibition
efficiencies. These studies are, however, almost certainly compromised by an apparent lack of

effort to prevent exposure to the laboratory atmosphere during sample transfer to the XPS

instrument.

Finally, we would like to comment on the role of Clags in achieving excellent corrosion
inhibition efficiency. It is established, at least for some organic species, that the presence of
halide ions in solution, such as Cl(aq), increase their corrosion inhibitor performance [1,2].
Moreover, it is suggested (see, for example Ref. [36]) that this enhancement arises through

surface bound halide (e.g. Clags) acting as a bridge to facilitate the binding of positively charged

13



corrosion inhibitors to the substrate. Given that we have concluded here that adsorbed OMID
is singly protonated, such a bonding mode is feasible, i.e. OMIDH" - Clags — Fe. It should be
emphasised, however, that this possibility remains conjecture, and further effort is required to

gain proof.

Conclusions

In summary, a combination of electrochemical measurements and interface analysis have been
applied to elucidate the functionality OMID as a corrosion inhibitor for carbon steel in aqueous
1 M HCI at room temperature (25°C). It is demonstrated that the addition of 0.01 mM OMID
delivers excellent corrosion inhibition efficiency i.e. n% > 95%. Moreover, this concentration
is more than one order of magnitude below the CMC of OMID in this medium. XPS spectra
indicate that OMID adsorbs, as described previously [11], in two different singly protonated
forms, and that interface chemistry varies as a function of environment. Most notably, the
coverage of a surface salt film (iron chloride) diminishes as OMID concentration increases,
and OMID is bound to film-free carbon steel on a highly inhibited substrate. Finally, evidence
derived from CIl 2p XPS line shape analysis of Cligs suggests a heterogeneous substrate

termination at lower OMID concentrations, consisting of filmed and film-free domains.
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Figure Captions

A ball and stick model of OMID ((Z)-2-(2-(heptadec-8-en-1-yl)-4,5-dihydro-
1H-imidazol-1-yl)ethan-1-amine). The fragment labelled Head Group
comprises a heterocyclic ring (C3N2Hs) and a pendant side group (C2HsNH>).

The Tail Group is an unbranched aliphatic chain (Ci7H33).

PDP curves acquired from carbon steel after 4 h immersion in / M HCI + x mM

OMID, where x = 0 mM, 0.0001 mM, 0.001 mM, 0.005 mM, and 0.1 mM.

Mean corrosion rates (red markers) and n%’s (blue markers) plotted as a
function of OMID concentration; the dashed red and blue lines have been
inserted to guide the eye. Each mean value has been derived from at least two
independent LPR measurements, acquired from carbon steel after immersion
for 4 hin I M HCI + x mM OMID, and the associated error bar denotes the
standard deviation. n% = 95% is indicated by a horizontal dashed grey line.
The vertical dashed grey line marks the CMC of OMID in 1 M HCI at room

temperature [11].

SEM images (secondary electron mode) of carbon steel samples, acquired
following the removal of any adhered corrosion scale: (a) polished; (b)
subsequent to immersion for 4 h in / M HCI + 0 mM OMID; (c) subsequent to

immersion for4 hin I M HCI + 0.1 mM OMID.

Overview XPS spectra (hv = 1486.6 eV, Og = 0°) acquired from carbon steel
subsequent to immersion for 4 h in / M HCI + x mM OMID. The bottommost
spectrum was acquired from a polished substrate. Each spectrum has been

normalised using the total peak area of the Fe 2ps/; signal.
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Fig. 6

Fig. 7

Fig. 8

N Is core level XPS data (hv = 1486.6 eV, O = 0°) acquired from carbon steel
subsequent to immersion for 4 h in / M HCI + x mM OMID. The bottommost
spectrum was acquired from a polished substrate. Each spectrum has been
normalised using the total peak area of the Fe 2p3» components extracted from
the corresponding Fe 2p spectrum. Blue markers show best fits to the
experimental spectra (solid black lines), using GL (red lines) and Shirley-type
(broken grey lines) functions. Peak assignments, consistent with OMID
adsorbed in the two singly protonated forms depicted in this figure, are also

indicated. R = C7H33.

(a) Fe 2p, (b) O 1s, and (c) Cl 2p core level XPS spectra (hv = 1486.6 eV, O =
0°) acquired from carbon steel subsequent to immersion for 4 hin / M HCI + x
mM OMID. The bottommost spectrum in each panel was acquired from a
polished substrate. Each spectrum has been normalised using the total peak area
of the Fe 2p3» components extracted from the corresponding Fe 2p spectrum.
Blue markers show best fits to the experimental spectra (solid black lines), using
GL (red lines), LF (red lines), and Shirley-type (broken grey lines) functions.
Peak assignments are also indicated. For the Cl 2p spin-orbit split doublets (Cl
2p12 and Cl2ps12), the BE difference and intensity ratio were fixed at expected

values [16,17].

To the left, structure of ordered (2x2) overlayer of Cl atoms on Fe(110) (plan
and side views) optimised in DFT calculations to produce DFT-PDOS for Cl,
Fel, Fe2, and Fe3 (see labels in side view). The indicated Cl adsorption site
was found to be the most favourable of those tested during DFT modelling of a
5 layer Fe(110)(2x2)-Cl slab. To the right, the corresponding DFT-PDOS (-2

eV < Er <2 eV) are plotted.
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Fig. 9

Series of cartoons depicting the termination of carbon steel as a function of / M
HCI + x mM OMID, as derived from XPS data, the leftmost cartoon shows a
polished substrate. It should be pointed out that the lateral locations of some
species cannot be identified. For example, as shown here, OMID may adsorb

only on film-free areas of the surface for / M HCI + <0.005 mM OMID, or also

atop patches of iron chloride.
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