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ARTICLE INFO ABSTRACT

Article history: Integrated attenuated total reflection — Fourier transform infrared spectroscopy (ATR-FTIR) — Electro-
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promising inhibiting capacities and were all shown to chemisorb at the MgO/Mg(OH), surface by
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carboxylate bond formation. Orientation analysis using polarized infrared light showed that carboxylate
bonds established using aliphatic carboxylate compound aligned perpendicular to the magnesium sur-
face, whereas carboxylate bonds with aromatic compounds were oriented in plane with the magnesium
surface. This different orientation is associated to the involvement of m-interactions in the MgO/Mg(OH);
— aromatic carboxylate adsorption. Additionally, DFT calculations revealed that the addition of hetero-
atoms (i.e. N or OH) in the molecular structure contributes to increased adsorption energies, indi-
cating that next to carboxylate groups also these hetero-atoms are involved in interfacial interactions.
Integrating the ATR-FTIR setup with an electrochemical cell allowing for simultaneous EIS measurements
lead to two surface phenomena determining the inhibition efficiency. Surface hydroxylation processes on
one hand forming a MgO/Mg(OH); layer on one hand, and the chemisorption of carboxylate compounds
on the other hand. The inhibition efficiency was found to increase in following order: FA < PDC < MSA
and was mainly associated to the formation of a MgO/Mg(OH); layer. SS was shown to act as a corrosion
accelerator rather than a corrosion inhibitor. Despite its high sensitivity for water, both surface processes
could be followed in situ by means of ATR-FTIR. Simultaneously, protective properties of the formed films
could be quantified by means of EIS. Consequently, integrated ATR-FTIR — EIS methodology has shown to
be highly valuable for gaining in-situ insights in the inhibition mechanism, while quantifying the inhi-
bition efficiency. This was even possible for highly active metal substrate as magnesium, although further
developments are suggested if one aims to quantify electrochemical constants related to corrosion and

other surface processes measured at the low frequencies (i.e. < 1 Hz).
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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corrosion resistance concerns the introduction of corrosion in-
hibitors. Typically, corrosion inhibitors are chemical compounds
which promote the formation of an insoluble and stable layer at the
surface [1]. However, due to its high activity, such effective com-
pounds are limited for magnesium [2]. Magnesium is a lightweight
material that is gaining more attention from industry. Its high
abundancy together with its high-strength-to-weight ratio and
ease of machining and recycling offers a wide range of applications
[3,4]. Yet, its high intrinsic and microgalvanic corrosion suscepti-
bility remains a major drawback limiting its implementation in
industrial engineering. In order to find adequate corrosion in-
hibitors, fundamental insights on both inhibition efficiency and
inhibiting mechanism are required. Quantification of the corrosion
inhibition efficiency is generally obtained by means of electro-
chemical measurements, such as electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization (PDP) mea-
surements [5—10]. On the other hand, corrosion inhibition mech-
anisms are commonly derived using local techniques indicating the
onset of corrosion and surface sensitive and/or vibrational tech-
niques revealing the chemisorption mechanisms of protective
species [11]. However, although electrochemical techniques
demonstrate the time-dependency of corrosion inhibiting mecha-
nisms, these studies are rarely accompanied with in situ chemical
analysis [12—14]. This is primarily associated to the challenges that
come with in situ measurements in aqueous media, which are not
only faced using vacuum-techniques such as X-ray photoelectron
spectroscopy or scanning electron microscopy, but also for scan-
ning kelvin probe force measurements, where the interpretation of
Volta potential values is complicated by the presence of water [15].
More recently, the use of in situ optical techniques has been re-
ported to in situ monitor surface phenomena, such as the onset of
corrosion [16]. Although the development of such approach was
shown to provide valuable information for correct EIS data inter-
pretation, it does not give molecular insights on the ongoing
corrosion inhibiting mechanism. Consequently, up to now, there is
still a need for a platform that offers in situ molecular insights on an
interfacial level, without interference of bulk water and which is
compatible with EIS measurements to simultaneously indicate the
inhibition mechanisms and efficiency. Contrary to Fourier trans-
form infrared spectroscopy (FTIR), in situ Raman is not sensitive for
bulk water and has therefore been proposed as a promising
vibrational tool to study chemisorption mechanisms in aqueous
media without interference of prominent water signals [17].
Nonetheless, because of its low surface sensitivity its use is typically
restricted to noble metals, as Ag, Au and Cu, which are known to
create a surface enhancement effect resulting in extremely high
surface sensitivity [ 18]. Promising efforts have been taken to extend
the use of surface-enhanced Raman scattering (SERS) to other
substrates [19—22]. Meanwhile, the capacities of in situ attenuated
total reflection (ATR)-FTIR remained underexplored [15]. This is
primarily associated to its high sensitivity for polar bonds giving
dominant water signals that may interfere with the signal of in-
terest [23]. Yet, due to its different selection rules, ATR-FTIR is
highly complementary to Raman and can be used to study inhibi-
tion mechanisms involving both organic [7] and inorganic mole-
cules [24,25]. However, next to its high sensitivity for bulk water,
the requirement for IR-transparent and thus model metal sub-
strates forms another limitation to the use of ATR-FTIR. Metals can
be partially IR-transparent if they are being applied in thin nano-
layers, for example by means of physical vapour deposition. How-
ever, exposure of such thin films to an aqueous environment is
particularly challenging for active substrates such as magnesium.
When this thin metal film is brought in direct contact with an in-
ternal reflection element (IRE) one speaks of ATR-FTIR in the
Kretschmann configuration [26]. The IRE is characterized by a

higher refractive index compared to the medium (e.g. air or elec-
trolyte) above the metal, which results in total internal reflection of
the incident IR-beam at the IRE-metal interface. During this inter-
nal reflection an evanescent wave is generated perpendicular to the
IRE surface. The charges in the evanescent wave create an electric
field that extends into medium above the metal surface, as shown
in Fig. 1. The electric field polarizes the dielectric thereby inducing a
second wave, referred to as the surface plasmon polariton [27]. This
phenomenon reduces the intensity of reflected light explaining the
name attenuated total reflection-FTIR. The accessibility of metal-
electrolyte interfaces from the metal side allows for the integra-
tion of an electrochemical cell in the ATR-FTIR setup, creating the
opportunity to monitor molecular phenomena at the surface, while
simultaneously probing electrochemical properties such as oxide
resistance and barrier properties [28—30]. Consequently, such an
integrated setup could be very useful to gain fundamental in situ
insights in inhibiting mechanism of corrosion inhibitors [7].

In addition to experimental work, density functional theory
(DFT) calculations have shown to be useful for achieving a more
comprehensive understanding of corrosion inhibition mechanisms
and efficiencies [31—35]. DFT-computed parameters, such as the
energy difference (AEy) between the highest occupied (HOMO)
and the lowest unoccupied molecular orbital (LUMO), can describe
the affinity of the corrosion inhibitors to transition metal ions, thus
potentially indicating a relationship to the corrosion inhibition ef-
ficiency when the underlying inhibition mechanism is based on
complex formation with corrosive species [10]. Further in-
vestigations of Seifzadeh et al. indicate AEy; also to play arole in the
complexation of Mg ions [36] as well as the adsorption on Mg-
based alloys [37]. However, successful correlation of the HOMO-
LUMO gap and inhibition efficiencies strongly depends on the
investigated substrate, and hence a general relationship cannot be
established [10,38—41]. Provided that the inhibitor adsorption is
decisive for the inhibition efficiency, also adsorption energies
derived from atomistic simulations can be an important parameter;
strongly binding molecules would correlate with high inhibition
efficiencies and vice versa [29]. Respective calculations are per-
formed on model substrates, similar to ATR-FTIR. Yet, as simula-
tions can be computationally rather demanding, the adsorption
environment is often simplified by e.g. excluding the solvent, thus
introducing discrepancies between theoretical and experimental
conditions [42], which have to be taken into account. Hence, defi-
nition of the model requires sufficient attention in order to obtain
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Fig. 1. Integrated ATR-FTIR — EIS approach for in situ studies on inhibition mechanism
and efficiency of corrosion inhibitors for magnesium.
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significant results [39].

A thorough systematic screening of 151 compounds, both inor-
ganic and organic, was conducted on their corrosion inhibiting ef-
ficiency towards six magnesium alloys [8]. From this, 2,5-
pyridinedicarboxylate, 3-methylsalicylate and fumarate, were
suggested to be capable of forming complexes with iron cations and
were subsequently more fundamentally studied, characterizing
their corrosion product layers [2]. Two different trends in inhibiting
mechanisms were observed, passivation of the surface by forming a
protective film on one hand, and forming complexes with dissolved
impurities, such as iron cations, on the other hand. The latter pre-
vents redeposition of impurities more noble than magnesium
which is a driving force for microgalvanic corrosion [43,44]. This
lead to the insights that 3-methylsalicylate acts as a cathodic in-
hibitor, binding to iron cations impeding microgalvanic corrosion.
Whereas 2,5-pyridinedicarboxylate and fumarate, despite their
ability to form iron complexes, prominently showed anodic inhib-
iting behaviour by forming an adsorptive protective layer [2]. It is
obvious that impurities and hence the susceptibility to micro-
galvanic corrosion play a crucial role in inhibition requirements for
magnesium alloys.

This work aims to investigate the capabilities of the ATR-FTIR
integrated with an electrochemical cell, allowing EIS measure-
ments while monitoring vibrational oxide and adsorbate evolu-
tions. In situ ATR-FTIR measurements were performed using s- and
p-polarized IR-light to gain insights in the orientation of the
inhibiting molecules when adsorbing to magnesium. In addition to
molecular information for unravelling an adsorption mechanism,
complementary EIS measurements were performed to measure
oxide film resistances indicating the inhibiting performance.
Moreover, DFT computations were performed for a more compre-
hensive understanding of the investigated inhibitor molecules at
the magnesium surface. Here, the prevailing conditions in neutral
to alkaline solutions, were mimicked by a proton exchange of the
carboxylic acids at the MgO (100) surface, resulting in magnesium
hydroxide and deprotonated carboxylates.

The ability of the integrated setup to simultaneously probe in-
hibition mechanisms and efficiency was validated on high purity
(HP) magnesium in aqueous environments. Previously, the deter-
mining role of iron impurities on the corrosion mechanism of
magnesium alloys has been extensively described. However, due to
the application of thermally vaporized model substrates the
contribution of iron impurities (T, = 1538 °C at Patm) on thermally
vaporized magnesium (T, = 650 °C at Patm) substrates is expected
to be negligible when using the integrated ATR-FTIR — EIS setup.
Therefore, obtained inhibiting efficiencies are compared to previ-
ously reported results on magnesium alloys to validate the pro-
posed approach for industrially relevant substrates used in the
engineering applications.

2. Experimental

Materials and chemicals: Inhibitor solutions containing 0.05 M
2,5-pyridinedicarboxylic acid (>98%, Sigma-Aldrich Chemie
GmbH),3-methylsalicylic acid (99%, Sigma-Aldrich Chemie GmbH),
sodium salicylate (>99.5%, Sigma-Aldrich Chemie GmbH) and
fumaric acid (98%, Alfa Aesar) were prepared in demineralized
water. The pH of the inhibitor solutions was adjusted to pH 7 + 0.3
using 1 M NaOH.

Magnesium films with a thickness of approximately 20 nm were
thermally vaporized by means of physical vapour deposition (PVD)
on germanium internal reflection elements (PIKE Technologies,
60°) by means of a high-vacuum evaporation system (VCM 600
Standard Vacuum Thermal Evaporator, Norm Electronics). The
source material for the PVD substrates was resublimed pure Mg (a

Table 1
Elemental composition of high purity magnesium used in this work as a source of
PVD.

Element Al Ca Cu Be Fe Mn Ni Si Zn Zr Mg

02 12 73

Impurity level, ppm <100 14 5 10 7 21 25 99,97%

by-product during Mg sintering process), which composition is
shown in Table 1. The high purity of the magnesium source used
together with the low melting point of magnesium compared to the
impurities present in the source material are expected to result in
magnesium films with a level of impurities significantly lower than
that in the source material.

Attenuated total reflection — Fourier transform infrared spectros-
copy with integrated electrochemical cell for electrochemical imped-
ance spectroscopy measurements: The FTIR apparatus was a
Thermo-Nicolet Nexus equipped with a liquid-nitrogen cooled
mercury-cadmium-telluride (MCT-A) detector and a nitrogen-
purged measurement chamber with a Veemax Il single reflection
ATR accessory. IR-light was configured with an incident set angle of
80°. A precision manual polarizer (PIKE) was mounted on the
Veemax III and set to 90° for p-polarized and 0° for s-polarized IR-
light. Prior to the in situ chemisorption studies, infrared back-
grounds were obtained of magnesium coated germanium internal
reflection elements immersed in demineralized water. Subse-
quently, demineralized water was quickly replaced by the inhibitor-
containing solution for in situ ATR-FTIR — EIS measurements.
Infrared spectra were collected every 3 s and averaged from 16
cycles with a resolution of 4 cm~L The control of the spectra
acquisition and data analysis (peak position and area quantifica-
tion) was managed by the OMNIC 8.1 software package (Thermo-
Electron Corporation, Madison, WI). EIS measurements were
performed using a SI1286 electrochemical interface Solartron
potentiostat over a frequency range from 10° to 10! Hz, 7 points
per decade and a sinusoidal amplitude of 10 mV. This gives an
analysis time of ca. 1.7 min per EIS cycle. On the other hand, ATR-
FTIR data has been averaged from 16 spectra collected every 3 s,
giving an intermediate time of 27 s. Time acquisition occurred upon
immediate contact of magnesium substrate with solution. EIS
measurements were conducted in the electrochemical cell of PIKE
Technology designed for the Veemax III accessory, which has been
in-house modified to reduce the exposed contact area to 1 cm?,
allowing the application of an electric connection outside the
exposed contact area. As a result a conventional three-electrode
setup was build, with a platina mesh as counter electrode and
Ag/AgCl/sat. KCl (+0.197 V vs standard hydrogen electrode) as
reference electrode. Impedance plots were recorded on at least
three samples for each inhibitor solution and processed using
Zview from Scribner Associates Inc.

Density functional theory computations: DFT computations were
performed using the plane-wave code Vienna Ab Initio Simulation
Package (VASP) [45] [—] [48] with the projector augmented wave
(PAW) method. As van der Waals (vdW) interactions may have a
significant impact on the adsorption energies of organic molecules
[49], the exchange-correlation (XC) functional optB88-vdW
[50—53] was employed for all DFT calculations in this study. This
functional, which belongs to the group of van der Waals density
functionals (vdW-DF), accounts for dispersion interactions by
including a non-local correlation part in the exchange-correlation
energy instead of using external input parameters. Still, some ap-
proximations are assumed, such as that the vdW interactions are
considered to be pairwise additive. By optimizing the correlation
part of the original vdW-DF by Langreth, Lundqvist and colleagues
[54], Klimes et al. introduced the “opt” functionals [50,51], which
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have been successfully applied to numerous systems [55—62].
Particularly, the optB88-vdW functional is considered to represent
well the subtle energetic contributions of weak interactions in the
adsorption of organic molecules [63—65].

All computations were performed using a 4 x 4 x 1 I'-centered
grid of k-points [66]. The plane-wave expansion was limited by a
cutoff energy of 520 eV. During the relaxation process, the atomic
positions were allowed to adjust until the Hellmann—Feynman
forces were less than 5 meV A~L. For the relaxation process, the
systems were pre-converged using the conjugate gradient algo-
rithm; subsequently a quasi-Newton algorithm was employed,
which is efficient close to a minimum. In a third computation step,
the structure was investigated statically to obtain more accurate
total energies via the tetrahedron method with Blochl corrections
[67].

The MgO/Mg(OH), interface was modeled using a slab of five
MgO(100) layers in a 2 x 2 surface cell. An illustration of the model
along with some potential adsorption sites [68] on the Mg (100)
surface can be found in the Supplementary Material. With respect
to the number of carboxyl groups within the adsorbed inhibitor
molecules, hydrogen atoms were co-adsorbed accordingly on the
oxygen sites of the MgO(100) surface, resulting in a partially hy-
droxylated surface — representing the start of the passivation layer
formation — and leaving the deprotonated inhibitor molecule to
adsorb. Atoms in the two bottom layers were kept fixed in their
bulk-like positions, whereas the remaining layers were free to
relax, thus being able to respond to occurring forces due to
adsorption or surface effects. A vacuum region of around 20 A was
added above the surface slab in order to avoid interaction between
periodic images [69]. A dipole correction was applied to compen-
sate for slab asymmetry [70,71]. The binding energies Eg of the
adsorbed inhibitor molecules on the partially hydroxylated
MgO(100) surface were determined as the difference between total
energies of the educts, Eygsorbate gas a1 Esypstrates S Well as the total
energy of the product, Egyps,ads:

EB = Eadsorbate,gas + Esubstrate - Esubs+ads

Hence, for Eg>0 the corresponding adsorption structure is
energetically favorable and vice versa, assuming negative total
energies.
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3. Results

3.1. In situ ATR-FTIR kinetic study of magnesium in demineralized
water without organic inhibitors

Fig. 1 presents the dynamic behaviour of magnesium in dem-
ineralized water without organic compounds. Broad bands at 3378
and 1670 cm™', specific to O—H stretching and bending modes
illustrate the hydration of the surface during immersion in water.
Furthermore, the higher wavenumber region is characterized by a
sharp negative peak at 3700 cm~! attributed to brucite, Mg(OH),
[72]. The sharpness of this characteristic peak relates to the absence
of hydrogen bonds in this compound [3], whereas its negative in-
tensity relative to the background (collected prior to immersion)
relates to the conversion of brucite into species of which the hy-
droxide ions are involved in hydrogen bonds [3]. Meanwhile,
additional vibrational bands appear at 1176 and 860 cm™~! consis-
tent with the deformation of H,O or OH™ [73]. Although all aqueous
solutions are initially neutral, anodic dissolution reactions accom-
panied with cathodic oxygen reduction reactions generating hy-
droxide anions thereby locally increasing the pH to 10.5 [74]. Due to
this instant local pH increase, rapid formation of Mg(OH); is ex-
pected within seconds upon adding an aqueous electrolyte [74].
Formation of the Mg(OH), is governed by the constant value of the
solubility product. Local pH is buffered by formed Mg(OH), as
generated hydroxide ions (OH™) are being consumed for the for-
mation of Mg(OH),. In addition to the formation of a hydroxylation
layer, two new peaks at 1382 and 1530 cm ™! arise upon prolonged
immersion in demineralized water. The growth of these peaks is
assigned to the formation of magnesium carbonate complexes
originating from the presence of ambient CO, dissolved in the
aqueous solution [72]. In Fig. 2 (b) the quantified peak areas of the
Mg—OH peak at 1176 cm~! and the summed peak area of the car-
bonate peaks positioned at 1530 and 1382 cm™! are plotted as a
function of immersion time. From these plots it is seen that native
magnesium oxide rapidly hydroxylates upon immersion in dem-
ineralized water, reaching their maximum intensity after 1.2 min,
where after they decline again. Meanwhile carbonate peaks
assigned to magnesium carbonate complexes are being formed.
However, their reducing peak intensities upon prolonged submer-
sion illustrate that neither the magnesium hydroxide layer, nor the
magnesium carbonate layer are stable in the aqueous environment.
The poor stability of hydroxide layers formed during immersion of
magnesium in neutral aqueous environment has been reported

—a— Mg-OH (b)
- Coez. H
s r y
® @
8+ N 19
E / \. ©
x L/ s g 1%
8 Lo l_.\ 1]
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6 // l\. g . Om
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Fig. 2. (a) in situ ATR-FTIR spectra of magnesium exposed to demineralized water, (b) quantified Mg—OH and CO3~ peak areas as a function of immersion time.
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previously [22].

3.2. In situ ATR-FTIR adsorption study of carboxylic corrosion
inhibitors on magnesium

3.2.1. 2,5-Pyridinedicarboxylate (PDC)

Fig. 3 (a) presents the adsorption kinetics of neutralized PDC
from aqueous solution using magnesium immersed in demineral-
ized water as background. The spectrum shown in green illustrates
the reference spectrum collected in absence of magnesium. Char-
acteristic peaks in this reference spectrum positioned at 1577 and
1387 cm™! are attributed to asymmetric and symmetric carbox-
ylate stretching vibrations indicating the deprotonation of PDC acid
at neutral and alkaline pH values (pKa; = 2.35, pKa, = 4.64 for 2,5-
pyridinedicarboxylic acid at 20 °C and ionic strength 0.5) [75].

Above the reference spectrum the dynamic behaviour of native
magnesium oxide in PDC solution is illustrated. Similar to the
reference, asymmetric and symmetric carboxylate peaks posi-
tioned at 1584 and 1384 cm™! appear during submersion of mag-
nesium in PDC solution. Near the asymmetric carboxylate peak at
1584 cm~! a second peak is noted assigned to OH-bending vibra-
tions originating from bulk water. In addition, a new peak posi-
tioned at 1249 cm~! assigned to Mg—OH bonds appear upon
immersion. Similar to the kinetics of magnesium in demineralized
water, this is associated to the formation of a hydroxylated

—— Reference

14 \ h{ . S t,: hydroxylation
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~——0.5 min

——2.3min
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magnesium oxide (MgO/Mg(OH) ,) layer. The quantified peak areas
of the magnesium hydroxide (Mg—OH) and asymmetric and sym-
metric carboxylate (COO™) peaks are plotted in Fig. 3 (b). After
1.5 min the Mg—OH peak area declines, while the carboxylate peak
area rapidly increases. This implies that surface hydroxide end-
groups are being consumed during the formation of magnesium-
carboxylate bonds. After 3 min of immersion, both the asym-
metric and symmetric carboxylate peaks and the Mg—OH peak
reach a plateau. This indicates that chemisorption occurs rapidly,
resulting in stable carboxylate bonds, which are able to resist
replacement by water.

3.2.2. 3-Methylsalicylate (MSA)

The reference ATR-FTIR spectrum of MSA, shown in green in
Fig. 4 (a), illustrates peaks at 1597, 1476 and 1395 cm™, attributed
to carbon-carbon stretching vibrations in the aromatic ring,
asymmetric and symmetric carboxylate stretching vibrations,
respectively. The indication of carboxylate peaks in the reference
spectrum again illustrate the deprotonated state of the inhibitor
molecules at neutral and alkaline pH values (pKa; 2.82,
pKa, = 14.6 for 3-methylsalicylic acid at 25 °C and ionic strength 0.1
and 0 for Kaj and Kaj, respectively) [76].

During the adsorption of MSA on magnesium, rapid peak for-
mation is observed in the lower IR-frequency region, i.e. 1300-
800 cm~ . Similar to previously discussed kinetics of water and 2,5-
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Fig. 3. (a) in situ ATR-FTIR adsorption spectra, (b) quantified Mg—OH and COO~ peak areas as a function of immersion time in PDC solution.
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Fig. 4. (a) in situ ATR-FTIR adsorption spectra, (b) quantified Mg—OH and COO™~ peak areas as a function of immersion time in MSA solution.
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pyridinedicarboxylate, these broad bands, assigned to Mg—OH
bonds, are related to surface hydroxylation reactions. Again a
reduction of Mg—OH bonds is noted upon prolonged immersion.
Similar to PDC, the reduction of Mg—OH is associated to the con-
sumption of magnesium hydroxide end-groups during the forma-
tion of carboxylate bonds with MSA. This is confirmed by the
growth of peaks at 1527 and 1476 cm™!, assigned to asymmetric
and symmetric carboxylate bond vibrations In addition, a new peak
at 1606 cm™! attributed to aromatic ring (C=C) stretching vibra-
tions appears after 8 min of immersion in MSA solution. Further-
more, Fig. 4 (b) illustrates that both Mg—OH and COO~ peak areas
keep evolving during prolonged immersion in MSA, whereas dur-
ing immersion in PDC solution a plateau value was reached after
3 min of immersion in PDC solution.

3.2.3. Sodium salicylate (SS)

Fig. 5 (a) illustrates the adsorption kinetics of salicylate
(pKaj = 2.8, pKay = 13.4 for salicylic acid at 25 °C and ionic strength
0.1) [77] on MgO/Mg(OH),. Analogous to the reference spectrum,
three distinct peaks instantaneously appear at 1607, 1470 and
1370 cm ! attributed to aromatic ring vibrations, asymmetric and
symmetric carboxylate stretch vibrations, respectively. The lack of
distinct peaks in the lower wavenumber region (1000-1300 cm™!)
demonstrates the lack of surface hydroxylation. On the contrary,
the negative peak observed at 1097 cm™! refers to Mg(OH), layer
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breakdown. This magnesium hydroxide consumption can be
associated to the chelating abilities of salicylate forming soluble
magnesium salicylate complexes (pK = 4.7) [78]. The formation of
such magnesium salicylate complexes is evidenced by the growth
of asymmetric and symmetric carboxylate peaks at 1470 and
1370 cm~!, respectively. The quantified peak areas of these
carboxylate peaks are illustrated in Fig. 5 (b). It can be seen that
magnesium-carboxylate complexes are formed rapidly, whereas
the Mg—OH bonds associated to the MgO/Mg(OH), layer instan-
taneously decline.

3.2.4. Fumarate (FA)

The green curve in Fig. 6 (a) presents the reference ATR-FTIR
spectrum of FA in solution in absence of magnesium. Two distinct
peaks positioned at 1564 and 1373 cm™! attributed to asymmetric
and symmetric carboxylate bonds are noted, which again illustrates
its deprotonated state in the respective solution (pKa; = 2.85,
pKa, = 4.1 for fumaric acid at 25 °C and ionic strength 0.1)7".
However, in situ ATR-FTIR data does not reveal spectral features
correlated to the chemisorption of FA. On the other hand, imme-
diate growth of broad peaks in the low IR-region indicates the
formation of a hydroxylated layer. Simultaneously obtained EIS
spectra, shown in Fig. 6 (b), demonstrate increasing impedance
values upon immersion. However, the increase of impedance is
minor compared to the other inhibitor solutions. Therefore, the
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Fig. 5. (a) in situ ATR-FTIR adsorption spectra, (b) quantified Mg—OH and COO~ peak areas as a function of immersion time in SS solution.
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protective properties of the established hydroxylated layer are
suggested to be limited.

3.3. EIS study of magnesium immersed in carboxylic corrosion
inhibitor solutions

The Bode plots shown in Fig. 7, present the EIS data recorded
simultaneously with the ATR-FTIR measurements shown in
Figs. 3—6. It is noted that the impedance modulus increases
instantaneously during submersion of magnesium in the inhibitor
solutions. Similar also the phase angle increases and broadens
during submersion of in the inhibitor solutions, which is associated
to the formation of a protective layer, as suggested by the in situ
ATR-FTIR measurements.

The EIS data obtained during submersion in PDC, MSA, SS and FA
solution are highly scattered at low frequencies (10" - 10° Hz) due
to fast dissolution of magnesium substrate leading to non-
stationarities. Therefore, EIS fitting has been performed in the fre-
quency region 10°—10* Hz. Within this region one timeconstant can
be distinguished from the phase angle plots associated to the for-
mation of a protective film. Consequently, the hydroxylated MgO(/
Mg(OH), layer and its chemisorbed carboxylate species are
considered as one protective film. The protective properties of this
dynamic film are being quantified by fitting the EIS data using an
electrical equivalent circuit (EEC) containing one timeconstant. This
EEC is illustrated in Fig. 8, and is composed of the electrolyte
resistance Re, followed by the time-constant associated to the
formed protective film (f), with R¢ representing the film resistance
and CPE¢ being the constant phase element describing the capaci-
tance of the film. It is very likely, that a second time-constant
representative for electrochemical processes at the MgO/Mg(OH),
— electrolyte interface exists at lower frequencies. However, due to
largely scattered EIS data (caused by non-stationarity) these pro-
cesses are not quantified by EIS fitting. In the case of sodium sa-
licylate, shown in Fig. 7(e—f), the phase angle values obtained
between 10% - 10% Hz exceeds —90°. Because of this unusual feature,
reliable fitting could not be performed in the frequency region of
interest. Therefore, no fitting results are displayed in the Bode plots
measured during immersion in sodium salicylate, shown in
Fig. 7(e—f). Moreover, the associated decrease of surface area
eventually (in ca. 5 min) leads to the loss of magnesium layer, which
is in line with the ATR-FTIR — EIS data shown in Fig. 5, where so-
dium saliclyate was described as a corrosion accelerator rather than
a corrosion inhibitor.

The resulting fitting values associated to the protective proper-
ties of the MgO/Mg(OH); film and its chemisorbed carboxylate
species are given in Table 2.

The evolution of quantified capacitance properties (Q and n)
associated to film formation during submersion in inhibitor solu-
tion are shown in Fig. 9(a) and (b), respectively. All carboxylic in-
hibitor solutions are shown to reduce the film CPE Q value. These
reducing CPE Q values imply reduced polarizability of the formed
film indicating increased protective properties during prolonged
immersion in the respective inhibitor solutions [79,80]. From Fig. 9
(a), reducing CPE Q values are noted in the following order:
FA > PDCA > MSA. Therefore, the film formed during submersion of
magnesium in MSA solution has the lowest polarizability and thus
the highest protective properties. In line with these results, Fig. 9
(b) demonstrates increasing n-values during submersion of MSA
approaching the ideal capacitor during prolonged immersion of
magnesium. Conversely, the n-values are shown to decrease upon
immersion of magnesium in FA and PDC. Whereas the values of FA
remain close to its initial values, the decrease is highly pronounced
in the case of PDC. Therefore, the formed film in PDC solution is
suggested to be less homogeneous compared to FA and MSA.

The resulting film resistance (R¢) of MgO/Mg(OH), evolution is
shown in Fig. 10. Increasing film resistances with prolonged im-
mersion times are observed in following order: MSA > PDC > FA.
These results are in accordance with those reported by Maltseva
et al. who attributed the higher barrier properties during immer-
sion in MSA compared to PDC and FA to the formation of a dense
and stable MgO/Mg(OH); layer [81,82]. PDC gives the second best
inhibiting efficiency, although a delay time can be noted. The
slightly better performance of PDC compared to FA is expected to
relate to additional surface interactions with the pyridine ring
electrons (m-interactions) and nitrogen atom. Finally, SS shows the
poorest protection capacities which was attributed to the formation
of soluble magnesium salicylate complexes. Because of its chelating
capacities, salicylate was shown to act as a corrosion accelerator for
high purity magnesium, which is reflected in the electrochemical
measurements as rapid dissolution of magnesium disconnecting
the electrochemical cell. Because of this, film resistance values for
magnesium in the presence of SS are not shown in Fig. 10.

From Fig. 10, it is inferred that increased film resistance values
are noted after a delay time of approximately 3 min. The ATR-FTIR
results presented in Fig. 11 (a) demonstrate that within this time lag
oxide hydroxylation takes place. The growth of a hydroxylated
MgO/Mg(OH), layer takes place instantaneously, reaching a
maximum intensity within less than 2 min. Thereafter, the hy-
droxide concentration reduces, which is associated to hydroxide
consumption required for carboxylate bond formation as indicated
by the increasing carboxylate peak areas shown in Fig. 11 (b). The
strong Mg—OH peak area decay noted for PDC relates to the
deprotonation of the second acid group of PDC [81,82]. This is in
line with the higher asymetrica carboxylate peak area observed for
PDC, referring to a two-end adsorption, where both carboxylate
groups coordinate to magnesium cations at the MgO/Mg(OH);
surface. Therefore, the increased film resistance, shown in Fig. 10
can be attributed to two surface phenomena, being the formation
of a MgO/Mg(OH), layer, as well as the chemisorption of carboxylic
compounds.

3.4. Orientation analysis using s- and p-polarized IR-light

To further investigate the binding mechanism of carboxylic
compounds on the evolving MgO/Mg(OH), layer, orientation
analysis of the chemisorbed carboxylate species has been per-
formed using p- and s-polarized IR-light. The use of p-polarized
light (90°) probes molecular vibrations with their transition dipole
moment perpendicular to the surface, whereas s-polarized light
(0°) probes molecular vibrations with their transition dipole
moment in plane with the surface.

In situ ATR-FTIR spectra of PDC, MSA and SS obtained using p-
polarized IR-light are shown in Fig. 12(a—c) respectively. Spectral
features are limited to negative bands characteristic for species
present in the background. Therefore, chemisorption of these aro-
matic compounds could not be monitored using p-polarized IR-
light. On the other hand, FA, presented in Fig. 12 (d), clearly dem-
onstrates two distinct peaks positioned at 1570 and 1366 cm™!
attributed to asymmetric and symmetric carboxylate bonds
respectively. The separation of both peaks by 181 cm~! suggests a
bridging bidentate carboxylate coordination [83]. Additionally,
their high sensitivity for p-polarized IR-light indicates that
carboxylate bonds are highly oriented perpendicular to the mag-
nesium oxide surface. Furthermore, it can be seen that only MSA
has positive OH bands at 3560 cm™ .. This observation is in line with
the previously discussed stabilization of the hydroxylated MgO/
Mg(OH); film by MSA.

In situ ATR-FTIR spectra of PDC, MSA and SS obtained using s-
polarized IR-light are shown in Fig. 13(a—c) respectively. For PDC
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and SS hydroxylation (indicated in blue) followed by carboxylation
(indicated in red) is observed using s-polarized light, which is
similar to the trends observed using non-polarized IR-light. This
once again illustrates that the hydroxylated surface is not stable in
the respective solutions. On the other hand, in situ ATR-FTIR
adsorption spectra of MSA, shown in Fig. 13 (b), demonstrates
simultaneous hydroxylation and carboxylation. Both processes are

Table 2
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Fig. 10. Film resistance evolution during immersion in the respective inhibitor
solutions.

shown to be stable confirming the capability of MSA to stabilize
formed hydroxide layers. Next to carboxylate peaks, also aromatic
ring vibrations (indicated in green) are excited using s-polarized IR-
light. This together with the absence of vibrational bonds using p-

Fitting parameters of EIS spectra obtained in ATR-FTIR electrochemical cell during adsorption of magnesium in the respective inhibitor solutions.

Time/min Rso1/Qcm [2] Q (CPEg)/uSs" cm—2 n (CPEy) R¢/Qcm [2] 2 [2]
2,5-PDC
0.0 83+ 0.5 85.6 + 3.0 0.75 + 0.01 287 +3 1.6 x 1073
1.7 85+03 503 +14 0.80 + 0.01 518 +4 7.0 x 1074
33 85+ 0.6 428 +13 0.79 + 0.01 1092 + 17 1.1 x 1073
4.9 84+ 0.6 393 +0.9 0.77 + 0.01 1839 + 23 1.1 x 1073
6.7 83 £ 0.6 39.0+ 038 0.76 + 0.01 2275 + 27 89 x 1074
8.4 82+ 0.5 325+ 06 0.75 + 0.01 3595 + 67 6.6 x 1074
3-MSA
0.0 150 + 0.5 202 +04 0.83 + 0.01 1192 + 8 1.2 x 1073
1.7 150 + 1.3 163 + 0.5 0.83 + 0.01 5081 + 136 26 x 1073
33 150 + 1.1 13.6 + 03 0.85 + 0.01 6630 + 189 3.0 x 1073
4.9 151 + 0.6 11.7 +0.1 0.86 + 0.01 10,551 + 94 43 x 107
6.7 153 + 0.6 10.6 + 0.1 0.87 + 0.01 12,062 + 105 39 x 1074
8.4 153 + 0.5 9.8 +0.1 0.88 + 0.01 13,250 + 112 3.7 x 1074
FA
0.0 25+02 90.1 +2.7 0.85 + 0.01 330+4 1.7 x 1073
1.7 26 +0.2 80.5 +2.9 0.85 + 0.01 516 + 11 23 %1073
33 26+ 0.3 744 + 2.7 0.85 + 0.01 754 + 20 28 x 1073
4.9 26+0.3 66.8 + 2.2 0.85 + 0.01 999 + 20 34 %1073
6.7 26 +0.3 66.4 + 2.2 0.84 + 0.01 1173 + 26 37 x 1073
8.4 26 + 0.3 62.0 + 2.0 0.84 + 0.01 1291 + 30 3.7 x 1073
100 0.90
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Fig. 9. Inhibitor film CPE fitting values (a) Q and (b) n.
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polarized IR-light, indicates that aromatic compounds are oriented
in plane with the MgO/Mg(OH), surface. The in plane orientation
observed for aromatic compounds suggest that strong interactions
are taking place between metal oxide and m-electrons of the aro-
matic ring [84]. Conversely, chemisorption of FA is not elucidated
using s-polarized IR-light, which confirms the highly oriented
bridging bidentate coordination perpendicular to the magnesium
oxide surface.

COO',, peak area/ a.u.
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In situ ATR-FTIR results (a) Mg—OH peak and (b) asymmetric carboxylate peak area evolution during immersion in PDC, MSA and FA solution.

Using polarized IR-light, ATR-FTIR revealed two adsorption
orientations distinguishing aliphatic from aromatic structures.
Fig. 14 (a) depicts FA with its hydrocarbon backbone in plane with
the MgO/Mg(OH), surface but with a transition dipole of the
carboxylate bonds perpendicular to the substrate explaining its
sensitivity for p-polarized IR-light. Conversely, PDC, presented in
Fig. 14 (b), shows an orientation of both the hydrocarbon backbone
with aromatic ring as well as the transition dipole moment of the
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Fig. 12. P-polarized ATR-FTIR spectra of magnesium during immersion in inhibitor solutions containing (a) PDC, (b) MSA, (c) SS and (d) FA.
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Fig. 14. Graphical representation transition dipole moments carboxylates bonds and the corresponding polarized IR-light beams used to probe them; (a) FA, (b) PDC.

carboxylate bonds in plane with the MgO/Mg(OH), surface. In line
with their sensitivity for s-polarized IR-light, the latter represen-
tation is assumed to also apply for SS and MSA. The graphical
representation given in Fig. 14 also illustrates why surface hy-
droxylation processes are more distinct in FTIR spectra using s-
polarized IR-light compared to p-polarized IR-light as shown in
Figs. 12 and 13, respectively.

3.5. Adsorption study using DFT calculations

For a more comprehensive understanding of the adsorption
behaviour of the investigated inhibitor molecules at the MgO/

Mg(OH), interface, density functional theory (DFT) computations
were performed. Fig. 15 presents the two orientations upright and
flat to the molecular symmetry plane being perpendicular and in
plane with the magnesium (hydr)oxide surface, respectively.
Monodentate and bidentate chelating starting structures always
relaxed to one of these orientations. From the obtained adsorption
energies, preferential orientation of the molecules in plane (flat)
with the partially hydroxylated MgO (100) surface is demonstrated
for a surface coverage 6 = 0.25 monolayers (ML). The highest
adsorption energy is obtained for PDC. However, due to a varying
number of co-adsorbed hydrogen atoms, adsorption energies from
inhibitors yielding different numbers of carboxylate groups are not
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Fig. 15. The DFT-computed adsorption structures of the investigated inhibitor molecules including their respective adsorption energies on the partially hydroxylated MgO(100)
surface for a coverage 6 = 0.25 ML. The structures are categorized into upright and flat, according to the orientation of the molecular symmetry plane relative to the substrate.

directly comparable. Yet comparing dicarboxylic acids; PDC
(Eadgs = 2.92 eV) and FA (Eags = 2.26 eV) and the monocarboxylic
acids; MSA (Eags = 2.73 eV) and SS (Eags = 2.36 eV) reveals that
molecular structures with additional hetero-atoms (nitrogen atom
or hydroxyl groups respectively) increase the adsorption energy. As
a consequence, it is expected that also hetero-atoms are involved in
the interaction with magnesium (hydr)oxide. In addition, based on
the preferred in plane orientation, it is inferred that the two car-
boxylic acid groups of the dicarboxylic acids (PDC and FA) are
involved in the adsorption, leading to a two-end adsorption
mechanism. These results are in line with the ATR-FTIR output
presented in Fig. 14.

4. Conclusions

Surface phenomena, including both hydration and dissolution,
as well as inhibitor chemisorption mechanisms were followed in
situ using the integrated ATR-FTIR — EIS setup. Submersion of
magnesium into aqueous solution was shown to induce two surface
processes: (1) surface hydroxylation reactions forming a MgO/
Mg(OH), layer and (2) chemisorption phenomena. In demineral-
ized water dissolved CO, was shown to chemisorb to the MgO/
Mg(OH); layer, but the formed carbonate complexes were shown to
be unstable. Conversely, when carboxylic acid compounds were
added to the aqueous solution, stable magnesium-carboxylate

bonds were formed, which were able to resist replacement by
water. Orientation analysis using polarized IR-light showed the
transition dipoles of carboxylate bonds established with aromatic
compounds are in plane with the surface, whereas those observed
for aliphatic FA are oriented perpendicular to the surface. Sup-
portive DFT calculations confirmed the in-plane orientation of ar-
omatic compounds allowing for m-interactions between the
aromatic ring and MgO/Mg(OH),. Also the hydrocarbon backbone
of FA, oriented in plane with the surface, allowing for a two-end
adsorption. In addition DFT indicated increased adsorption en-
ergies when additional hetero-atoms (Being N or OH) were added
to the molecular structure. Quantification of the film resistances at
consecutive immersion times gave insights in the protective
properties of the formed film consisting of a MgO/Mg(OH), layer
with chemisorbed carboxylate species. MSA showed the highest
inhibiting performance which was attributed to the stabilization of
the MgO/Mg(OH); layer. On the other hand, SS was shown to act as
a corrosion accelerator dissolving MgO/Mg(OH),. Hence, combined
use of ATR-FTIR and EIS highlighted the predominant role of the
MgO/Mg(OH); layer in terms of inhibitor performance. Therefore,
the integrated ATR-FTIR — EIS setup is proposed as a highly valuable
tool to simultaneously describe inhibiting mechanisms and effi-
ciency. Further development of the proposed in situ screening
methodology is recommended. The first recommendation on
further development of the integrated ATR-FTIR —EIS methodology
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for corrosion inhibitor screening relates to the low quality EIS data
in the low frequency region. For rapid evolving systems such as
immersion of magnesium substrate in corrosive environments, it is
suggested to combine ATR-FTIR Kretschmann measurements with
multisine EIS. Two major advantages of multisine EIS over classical
EIS are firstly, it may significantly reduce the analysis time which is
beneficial for the stationarity requirement of EIS, since this is
challenging for rapid evolving systems and secondly, if non-
stationarities or non-linearity’s occur during the analysis time,
they can be quantified using odd random phase analysis. The sec-
ond recommendation relates to the translation of pure model
magnesium substrates, to the inhibition mechanisms occurring on
magnesium alloys used in engineering applications. The inhibiting
efficiencies demonstrated in this work using pure magnesium
substrates were in accordance to those reported previously on as-
cast commercial purity magnesium (CP—Mg342) and high purity
magnesium (HP—Mg51) [81,82]. Mimicking such alloys by means of
thermal evaporation would be highly interesting to gain more
fundamental insights on the role of impurities on corrosion inhi-
bition mechanisms.
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