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Abstract

The efficiency of AA5754 aluminium alloy corrosion inhibition achieved with maleic, malic, succinic, tartaric,
citric, tricarballylic acids and serine in alkaline environment (pH 11) was examined. Selected corrosion
inhibitors are characterized by different numbers and distribution of carbonyl and hydroxyl groups within
their molecules. We have proposed and verified a novel approach for determining the adsorption isotherms
based on the impedance measurements in galvanostatic mode (g-DEIS), allowing to distinguish subtle
changes in the adsorption dynamics. It was shown that g-DEIS precisely determines the inhibitor
concentration required for the full coverage of aluminium surface with the adsorbed inhibitor monolayer.
Our approach was then cross-verified with the ellipsometry, cyclic polarization and classic EIS measurements,
while the SEM and XPS analyses served to determine changes in the surface topography and chemistry. We
have demonstrated that the investigated compounds significantly decelerate the corrosion rate of AA5754 at
low inhibitor concentrations. Inhibition efficiency exceeds 99% at 6.9 mM for tricarballylic, 8.1 mM for citric
and 12.0 mM for tartaric acid. The inhibition efficiency was primarily dependent on the high number of
carbonyl groups in the molecule, while the inhibition provided by monocarboxylic amino acid (serine) was
negligible, reaching 60% at 20 mM. The plotted isotherms fitted the Langmuir adsorption model, with similar
values of Gibbs free energy for each studied inhibitor. The adsorption of carboxylic acids onto the surface of
aluminium occurred via ligand exchange mechanism. On the basis of electrochemical and XPS studies, we
claim that the role played by hydroxyl groups is secondary, while their presence slightly worsens the

corrosion resistance of aluminium.
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1. Introduction

Aluminium and its alloys owe their high corrosion resistance to thin passive layer of Al,0; [1], a process that
occurs spontaneously as a result of the reaction with oxygen present in the air or dissolved in electrolytic
environment. The passive layer is thermodynamically stable in the pH range between 4 and 9; exceeding this
range results in a metal corrosion [2,3]. In alkaline environments, for pH > 9, the corrosion rate is controlled
by the anodic dissolution of metal to Al(OH),™ ions [4] through three main factors related to the kinetics of
electrode reaction, mass transport and conductivity of passive layer on the metal surface [5-7]. The
mechanism of aluminium corrosion in alkaline solutions can be divided into two competitive processes on
the metal surface, i.e. direct metal dissolution and electrochemical formation/dissolution of aluminium
hydroxide layer. The first process is characterized by high intensity, which translates directly into high
corrosion rates. With progressing exposure of aluminium to an alkaline solution, Al(OH); starts to limit the
diffusion rate of ions reducing the corrosion rate [4,6,8]. Furthermore, the corrosion rate of aluminium in
alkaline solutions is greatly influenced by physico-chemical properties of the environment, such as
temperature, pH, conductivity etc. Detailed information on the corrosion mechanism of aluminium and its
alloys in alkaline environments can be found in [9-14].

The enhanced corrosion rate of aluminium and its alloys in alkaline environments is a serious problem that
significantly hinders the application potential of these materials. For example, the utilization of aluminium
from batteries and fuel cells constituting an energy source for electric and hybrid vehicles [7,15-18]. The
alkaline corrosion of aluminium is also a common problem for the industry, where the chemical cleaning
agents used for removing contaminants from metal surfaces often have pH above 11. This is frequently
observed, among others, in the paper industry (elements of printing presses) as well as in the transport
industry (radiators).

Numerous inorganic and organic compounds were investigated with regard to their corrosion inhibition
efficiency in aluminium. For instance, Macdonald and English [19] revealed the corrosion inhibition
properties of Sn0s%*, Ga(OH)s~, In(OH)s, MnO4*, BiOs*. Awad et al. [20,21] investigated phosphates and
chromates in strongly alkaline environments to determine the use of these compounds as metal passivators.
The authors did not find high inhibitor efficiency for phosphates, most likely due to the very high pH value
that was unfavorable for the formation of phosphate passive layer. Chromates revealed some corrosion
inhibition properties at high concentrations, while at low concentrations, these compounds catalyzed the
corrosion processes. Among the organic corrosion inhibitors, tributyl cerium phosphate [22-24],
benzotriazole [25], 8-hydroxyquinoline [26-28], 2-mercaptobenzothiazole [29-31] and sodium benzoate [32]
are the most frequently studied compounds. The inhibition efficiency for each of these compounds was
reported to exceed 90%, while the inhibition mechanism is connected to the adsorption of functional groups
such as C=0, C=S on a metal surface. The studies carried out by Amin et al. [33] on selected polyacrylic acids

in alkaline solutions revealed similar inhibition mechanism in case of the aforementioned polymers. The
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corrosion inhibition efficiency increased with increasing inhibitor concentration, molecular weight of the
compound and exposure time.

Among the large group of organic compounds, citric acid is one of the most efficient corrosion inhibitors with
regard to aluminium and its alloys in aqueous alkaline environments [34—37]. The reduction in corrosion rate
is based on the strong complexing properties of Al** ions and the formation of chelate complexes [34,38-40].
Miller showed the inhibition effect of citric acid acting as aluminium pigment in waterborne paints [34].
Solmaz et al. [41] studied the inhibition properties of citric acid in high-purity aluminium (99.99%) in 2 M
NaCl at pH 2, revealing an increase in inhibition efficiency up to a critical concentration of 1-10° M. Above
this critical concentration, the corrosion inhibition efficiency decreased. Similar studies were carried out by
Kiyak and Kabasakaloglu [42], who concluded that the electrochemical and chemical reactions associated
with the dissolution of aluminium and precipitation reactions are competitive and depend directly on the pH
of the solution, presence of a buffer, and polarization scan rate. Further improvement in the corrosion
inhibition properties of citric acid was studied by Sarangapani et al. [43]. Their studies proved that among
numerous inorganic compounds only metal oxides that stimulate the formation of anions (i.e. ZnO;, As,0s,
Al;0s) can also increase the corrosion inhibition efficiency in alkaline environments. Efficiency of carboxylic
acids as corrosion inhibitors of aluminium alloys depends on inhibitor concentration and electrolyte pH. The
maximum efficiency should be observed below Al,Os isoelectric point, at pH < 9 [34,38].

A detailed study on the interaction of citric acid with AA5754 alloy in a bicarbonate buffer at pH 11 was also
presented by Wysocka et al. [37] who proposed a novel approach towards constructing the adsorption
isotherms based on the instantaneous impedance spectra analysis in galvanostatic mode (g-DEIS). The critical
concentration of citric acid, sufficient to obtain full coverage of aluminium surface with the adsorbed
monolayer at pH 11, was determined to be approx. 9 mM. The verification of the obtained results by using
classic corrosion studies allowed the authors to conclude that the proposed methodology is an effective and
valuable tool for monitoring the adsorption process on metal surfaces.

The interaction of citric acid with the aluminum surface, leading to the formation of complex compounds,
occurs via two terminal carboxyl groups and the hydroxyl group [38,44]. Therefore, it can be assumed that
other compounds classified as carboxylic acids and their derivatives should also exhibit inhibitory activity.
Yurt et al. [45] performed calculations of the inhibitory efficiency of six amino acids (glycine, aspartic acid,
valine, alanine, phenylalanine and glutamic acid) at pH 5, and six hydroxycarboxylic acids (glycolic acid, malic
acid, lactic acid, mandelic acid, benzyl acid, citric acid) at pH 8. The authors also investigated the correlation
between an experimentally-indiced pitting corrosion resistance and the molecule properties, such as electric
charge density on active centers, dipole moment or highest occupied energy (HOMO) and the lowest
uncluttered molecular orbital (LUMO). The authors concluded that physical adsorption and chemical

adsorption play a key role in inhibiting the pitting corrosion of aluminum by the investigated corrosion
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inhibitors. Based on the quantum calculations, it was stated that hydroxycarboxylic acids are donors and the
amino acids are acceptors of free electron pair during the adsorption process.

The relationship between the structure of carboxylic acid and its inhibition properties was further elucidated
in the work of Moussa et al. [46] on aromatic and aliphatic carboxylic acids. In the case of aromatic
compounds, the inhibition efficiency depends, to a large extent, on the number and position of carboxyl
groups as well as the presence of other substituents in the aromatic ring. The corrosion inhibition of aliphatic
carboxylic acids increases with increasing carbon chain length. Brito and Sequeira [36] studied the
electrochemical behavior of pure aluminium in the presence of various carboxyl acids, amino acids and
guaternary amines. The authors concluded that most of these compounds are efficient corrosion inhibitors in
alkaline environments. Based on the analysis of globally pooled results, the authors derived the following
sequence of tested organic compounds in terms of decreasing efficiency: quaternary amines > amino acids >
organic acids. The corrosion inhibition efficiency of organic acids increases with increasing number of
carboxyl groups, although lactic and malic acids did not exhibit inhibition properties under test conditions.
The present work provides a detailed investigation of the corrosion inhibition efficiency offered by selected
tricarboxylic and dicarboxylic acids as well as serine, a monocarboxylic amino acid. The studies were carried
out in a bicarbonate buffer at pH 11. The research goal was to investigate to what extent the subtle
structural changes, such as the amount and distribution of the carboxyl and hydroxyl groups, and the
presence of unsaturated bonds or amino groups affect the corrosion inhibition efficiency of carboxylic acids.
Our secondary aim was to further verify the previously proposed method for adsorption isotherm estimation,
which is based on the dynamic impedance measurements in galvanostatic mode (g-DEIS) during progressive
injection of corrosion inhibitor. Monitoring of instantaneous impedance changes offers a unique possibility

to distinguish even subtle changes in the electrochemical behavior of the investigated aluminium alloy.

2. Experimental

2.1 Sample preparation

Samples were prepared from commercial purity AA5754 alloy. The alloy’s chemical composition was verified
by means of Energy Dispersive X-Ray Spectroscopy (EDS). Alloy additives in wt.% were as follows: 3.6 % Mg,
0.5 % Mn, 0.3 % Fe, 0.3 % Si and 0.1 % Cr. The samples had cylindrical shape, 10 mm in diameter and 5 mm in
thickness. After being cut from a rod, each sample underwent mechanical treatment, i.e. grinding
(waterproof abrasive papers SiC 600 and 1500) and polishing (diamond suspension 6 and 1 um with a mirror
finish on 0.05 um silica). This pretreatment was carried out on Digiprep 251 (Metkon, Turkey). Finally, the
samples were rinsed in demineralized water, degreased in acetone, dried and enclosed in capsules made of
PEEK, assuring their electric contact. The electrochemically exposed surface area was 0.5 cm?2. The SEM and

EDS studies revealed two primary types of metal precipitates that form micro-galvanic cells with the
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aluminium alloy matrix, i.e. anodic Mg.Si and cathodic AlFe(Cr,Mn) (see Fig. 1.) The anodic phase in particular

had the high susceptibility to undergo oxidation processes, even when exposed to atmospheric air [47].

2.2 Inhibitor compounds

The planned research was performed on a group of selected dicarboxylic and tricarboxylic acids and serine,
each having similar structural formula. The primary goal was to discover the direct effect that various
functional groups have on the corrosion inhibition efficiency, in order to further assess and possibly enhance
the corrosion protection mechanism displayed by this group of organic compounds. For this purpose,
compounds having different numbers of hydroxyl, carboxyl and amine groups were utilized. Citric acid was
used as a reference in these studies, since it is known that it offers outstanding corrosion inhibition
properties with regard to aluminium alloys in alkaline media [37]. The full list of investigated compounds,
with their acronyms used in this work, is presented in Table 1.

From now on, the acronyms given in Table 1 will be used to label the investigated inhibitor compounds. Its
arrangement is the following: NAME(XY), where the numbers in brackets represent the amount of X —

carboxyl and Y — hydroxyl groups in the molecule of investigated organic compound.

2.3 Dynamic impedance measurements for the construction of adsorption isotherms

The determination of an adsorption isotherm is one of the most commonly used procedures for studying the
thermodynamic effect of the corrosion inhibitor interaction with the protected metal surface; it is primarily
employed to investigate inhibitors displaying the anodic and mixed protection mechanism [48-50]. The
construction of the adsorption isotherm is based on the analysis of inhibitor interaction with metal and the
efficiency of corrosion rate reduction at a given concentration of inhibitor. In the corrosion studies, it is
assumed that the surface coverage with adsorbent &is equal to the inhibition efficiency of adsorbate /E% The
adsorption isotherms can be estimated from the electrochemical (both DC and AC techniques) [37,49],
volumetric [51], or even gravimetric studies [48,52]. Each of them holds certain advantages and
disadvantages, however, neither allows for (i) the estimation of inhibitor concentration that is sufficient for a
full metal surface coverage with the adsorbed inhibitor monolayer, nor for (ii) the calculation of
instantaneous changes in the inhibitory effect with varying concentration of corrosion inhibitor.

The determination of dynamic instantaneous changes in the investigated system as a result of corrosion
inhibitor interaction solves this problem. Such assessment can be implemented by means of Dynamic
Electrochemical Impedance Spectroscopy (DEIS), an approach proposed by Darowicki [53] and successfully
used for investigating highly non-stationary electrochemical and corrosion processes [47,54-56]. The
approach employs the idea of introducing a perturbation into the investigated system via a package of
simultaneous multiple signals in a wide range of frequencies. The response signal is then processed within

the so-called analysis window, required to locate the impedance spectrum obtained from Fourier
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Transformation in the time domain. Therefore, during the DEIS measurements the system must remain
stationary for as long as the length of the analysis window, which is typically between 1 and 10 seconds.
Furthermore, the measurements can be carried out on-line and superimposed with the DC polarization
techniques [57,58].

The DEIS approach allows for the determination of both the above-mentioned properties through impedance
data analysis in the time domain, with ascending inhibitor concentration as an independent variable.
Drawing the adsorption isotherm is based on estimation of inhibition efficiency through monitoring of
instantaneous changes in charge transfer resistance Rcr with reference to R, value in the absence of

corrosion inhibitor:

R 1
IE%=<1—£>*100% W
RCT

Furthermore, the dynamic impedance analysis also allows for designating the inhibitor concentration that is
sufficient for a full coverage of metal surface with the inhibitor. A detailed description of this operation is
given in Section 3.3.

The basic obstacle encountered during the DEIS measurements is the alteration of the corrosion potential
value Ecrr due to the injection of corrosion inhibitor. It is known that in case of anodic corrosion inhibitors,
when the inhibitory effect is provided by a direct or indirect passivation process, Ecrr shifts towards more
positive values. This is illustrated in Fig. 2 for each investigated inhibitor compound. The concentration of
corrosion inhibitor that offers higher inhibitor efficiency can be already roughly estimated on the basis of
changing E..rr, given that the injection rate of the corrosion inhibitor is known.

This feature has forced us to conduct the measurements in the galvanostatic mode under zero current
conditions, jpc = 0 in order to avoid the imposition of additional polarization components onto the
investigated object. The causality condition of the impedance measurements would have been broken
otherwise, hindering the proper comparison of various inhibitor compounds. Dynamic Electrochemical
Impedance Spectroscopy in galvanostatic mode (g-DEIS) was implemented for the first time by Ryl et al.
[47,59] to study cavitation erosion-corrosion phenomenon, where the corrosion potential was shifted under
erosion exposure by up to 300 mV and the generated polarization currents led to a decrease in R¢r by two
orders of magnitude. A similar approach has also been successfully employed in our previous studies on

corrosion inhibitors [37].

2.4 Dynamic impedance setup and measurements

The corrosion studies were carried out by means of a setup consisting of two cells connected with a
peristaltic pump, described in details in previous study [37]. The electrochemical measurements were carried
out in a corrosion cell in the absence of corrosion inhibitor for the first 1000 s and then at its increasing

concentrations. A three-electrode setup was used with the investigated aluminium alloy as a working
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electrode (WE), Ag|Ag:0 as a reference electrode (RE) (E°= +0.174 V vs SHE), and the platinum mesh as a
counter electrode (CE). Peristaltic pump PP 1-05 (Zalimp, Poland) was set to dose the corrosion inhibitor
from the secondary cell to the corrosion cell at a constant flow rate of 0.37 mL/min. The concentration of
investigated corrosion inhibitor in the secondary cell was selected in such a way as to assure that its
concentration in the corrosion cell will be 20 mM at the end of a 6000 s long experiment. The primary
electrolyte was bicarbonate buffer (pH 11) prepared from 0.05 M NaHCO; + 0.1 M NaOH. The initial
electrolyte volume in the corrosion cell was 350 mL.

As previously mentioned, the DEIS measurements were conducted in galvanostatic mode (g-DEIS) under zero
DC current. The system setup for impedance measurements was composed of Autolab PGSTAT 128N
(Metrohm, Netherlands) potentiostat/galvanostat connected to two measurement cards, namely, PXI-4464
for the generation of AC signal, and PXI-6124 for the acquisition of AC/DC signals. The aforementioned cards
were operating in PXle-1073 chassis (all from National Instruments, USA). The g-DEIS measurements were
performed using multisinusoidal perturbation signal composed of 30 elementary signals of various
frequencies in the range between 4.5 kHz and 0.5 Hz, with 8 points per decade of frequency. The sampling
frequency was 128 kHz. The phase shifts and amplitudes of each elementary signal were adjusted individually
by optimization software written in LabView environment to ensure that the resulting peak-to-peak
amplitude of multisinusoidal signal meets the linearity condition of impedance measurements. It has been
assumed that the amplitude of response signal cannot exceed 20 mV. Additionally, a voltage divider was
used to adjust perturbation amplitude throughout the measurement in order to take into consideration
substantial changes in current-voltage dependence as a result of inhibitor injection. Upon registration, the
acquisition signal was sequenced with an analysis window 10 s in length, and subjected to Fourier
Transformation. A similar approach was successfully adopted in previous g-DEIS studies [37,47]. Details on

the fundamentals of DEIS methodology can be found elsewhere [53,60,61].

2.5 Supporting corrosion studies

Supporting electrochemical measurements, i.e. cyclic polarization (CP) and electrochemical impedance
spectroscopy (EIS) were carried out by means of Gamry Reference 600+ potentiostat (Gamry Instruments,
USA) for cross-verification purposes. Each sample was conditioned for 20 minutes prior to its examination for
this purpose. EIS measurements were carried out in potentiostatic mode using sinusoidal perturbation signal
with a frequency range between 10 kHz and 100 mHz, in descending order. The peak-to-peak amplitude of
each sinusoidal signal was 15 mV. CP scans were recorded in the polarization range between -0.25 vs Erand

+2.00 V vs Ag|Ag,0. The scan rate was 2 mV/s.
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2.6 Microscopic and spectroscopic surface analysis

The physico-chemical examination of inhibition efficiency provided by the studied corrosion inhibitors as well
as various forms of interaction between the metal and inhibitor compound was carried out by means of
scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), X-ray photoelectron
spectroscopy (XPS) and ellipsometry. SEM microscope S-3400N (Hitachi, Japan) was used for surface
degradation analysis in the microscopic scale. It was equipped with a tungsten filament and operated in
secondary electron mode, at 20 kV. The microscope was expanded with EDS detector UltraDry
(ThermoFisher Scientific, USA) for the examination of surface chemistry. Furthermore, high-resolution XPS
analyses were performed on Escalab 250Xi (ThermoFisher Scientific, USA), equipped with a monochromatic
AlKa source. These measurements were carried out at 10 eV pass energy and an energy step size of 0.05 eV.
The X-ray spot was 250 um. Charge compensation was assured through flood gun, while the final calibration
was carried out by shifting the X-axis (binding energy, BE) for peak characteristics of adventitious carbon 1s
at 284.6 eV. Proper peak differentiation was verified using Al2p3 peak for metallic aluminium, measured on
AA5754 prior to electrochemical studies as reference (72.7 eV).

The ellipsometry measurements were performed by using single wavelength ellipsometer ELX-02C (DRE,
Germany) operating 632.8 nm laser at 70° angle of incidence. These measurements were carried out on-line
during the electrochemical studies at variable concentrations of corrosion inhibitor in the 80 mL

electrochemical cell (Horiba, France).

3. Results and discussion

3.1 Corrosion measurements

A series of g-DEIS measurements were performed by injecting a corrosion inhibitor and monitoring
instantaneous changes in the resulting impedance spectra. The exemplary spectra in Nyquist projection are
presented in Fig. 3a-c for serine as well as succinic and citric acids, the latter two being the representatives of
di- and tricarboxylic acids, respectively. In each case, time is marked on the Z-axis, where the first 1000 s
served for initial sample conditioning in bicarbonate buffer (pH 11), followed by the injection of corrosion
inhibitor from the secondary cell. The shape of impedance spectra for serine are changing only slightly, which
is equivalent to a small change in the corrosion inhibition efficiency. On the other hand, the remaining
samples showed a significant increase in impedance loop radius over time, typically after 3000 to 4500 s into
the experiment (2000 to 3500 s after the inhibitor injection).

The knowledge about the instantaneous value of corrosion inhibitor concentration at any given time point
and the recorded instantaneous impedance spectra allow for a precise determination of inhibitor/metal
interaction. In order to perform such analysis, it is essential to fit the impedance data by using an electric
equivalent circuit (EEC). The above task is particularly challenging when taking into consideration the

dynamic changes in equilibrium at the metal's interface and the necessity to consider both boundary cases
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with such a circuit, i.e. active corrosion in the absence of inhibitor, and the occurrence of protective
adsorbed layer in the presence of inhibitor. EEC must also reflect the true values (and their changes) of the
real components. The most adequate EEC is presented in Fig. 4a, where it consists of two parallel sub-
circuits. The first sub-circuit characterizes the adsorbed protective layer formed by the corrosion inhibitor,
while the second one describes electrochemical processes on the active surface. The surface coverage is
represented by 6, and thus the active area is denoted as (1-6). This EEC was successfully applied by Juttner
[62] and Mansfeld [63] to analyze the pitting corrosion in aluminium. Its application for this study is limited
due to two factors, i.e. dynamically changing value of 8 and the restricted frequency range of g-DEIS
measurements [61]. Furthermore, due to the dielectric character of adsorbed inhibitor layer, its electrical
resistance is relatively high and not taking part in charge transfer, and thus can be omitted. The limitation of
frequency range to ~1 Hz also neglects the impact of diffusion transport represented by the Warburg
element. Usually, the restriction of impedance spectra in the frequency domain is a disadvantage of DEIS-
based techniques. However, it allows for further simplification of EEC to the form presented in Fig. 4b. The
actual shape of the impedance spectra, presented in Figs 3a-c, reveals the heavy overlapping of both time-
constants in the frequency domain. This phenomenon results in the increase in capacitance dispersion. The
capacitance dispersion is described by the surface distribution model, representing the surface areas of
different electric properties on the metallic surface of aluminium. The main contributor to the capacitance
dispersion is the dynamically changing surface coverage with the investigated corrosion inhibitor, as
visualized in Fig. 4d. Therefore, due to time-constant overlapping, the EEC may be further simplified to
singular time-constant circuit, with a constant phase element (CPE) placed instead of capacitance, R(QR), in
order to properly consider the capacitance dispersion factor. Such EEC representation is often found in
similar studies [1,58,64—66]. The impedance of CPE is given by eq. (2), and it represents a combination of the
adsorbed inhibitor layer capacitance and double layer capacitance.

Zepg = [QUw)"] ™! (2)
It is worth noting that the exponent n is the measure of surface heterogeneity. For an ideal capacitor, n = 1.
In such case, its behavior will, to a large extent, depend on the degree of surface coverage (see Fig. 4d), as
demonstrated later in the paper.
Figure 4e presents changes in the resultant charge transfer resistance Rcr at the metal/electrolyte interface
obtained on the basis of g-DEIS instantaneous spectra which were analyzed with R(QR) EEC. Thus, the
application of g-DEIS allows for precise determination of the corrosion inhibition efficiency for any given
concentration of corrosion inhibitor throughout the measurement by monitoring the latter parameter. In
order to do so, the inhibitor concentration was plotted on the X-axis for the known concentration and flow
rate of inhibitor from the secondary cell (0.37 mL/min). Data plotted in Fig. 4e confirmed that in case of both
tricarboxylic acids the concentration required to achieve the pronounced increase in charge transfer

resistance at the metal/electrolyte interface was the lowest among the investigated compounds. Both
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tricarboxylic acids displayed almost a three orders of magnitude increase in the value of Rcr for
concentrations below 10 mM, followed by all the dicarboxylic acids being equally efficient (< 15 mM). Here,
an increase in Rcr for succinic and maleic acids is significantly higher than for malic and tartaric acids, possibly
because of the absence of hydroxyl groups in the structure of the inhibitor molecule. The least effective was
serine, which is a monocarboxylic amino acid. A slow but continuous increase in Rcr was observed as a result
of serine injection. A simple observation can be made that the compounds having the same number of
carboxylic groups act very much alike, while the influence resulting from the presence of hydroxyl groups is
small.

In order to verify the g-DEIS approach, classic corrosion studies were also performed by means of
electrochemical impedance spectroscopy (EIS) and cyclic polarization measurements (CP). In order to verify
the g-DEIS approach, classic corrosion studies were also performed by means of electrochemical impedance
spectroscopy (EIS) and cyclic polarization measurements (CP). Neither of these can be performed under
dynamically changing electrolytic conditions, thus two inhibitor concentrations (4.5 and 20 mM) were used
to compare results. More detailed CP, EIS and g-DEIS comparison for citric acid is presented elsewhere [37].
The measurements obtained from the EIS and CP analyses are presented in Fig. 5 and Fig. 6, respectively.

The analysis of EIS and g-DEIS spectra was carried out using the same R(QR) EEC at the same frequency
range. The EIS results are much more scattered in the low frequency range due to non-stationary conditions
during the active corrosion of aluminium (c = 4.5 mM). This behavior was previously described in literature
[14,66]. Nevertheless, the highest corrosion inhibitor efficiency of tricarballylic acid, manifested by the
biggest impedance loop at c = 4.5 mM, confirms that a very low concentrations of this compound is sufficient
to reduce the corrosion rate. At higher inhibitor concentration, both tricarboxylic acids performed the best,
while the effect of serine was negligible. The values of impedance parameters and inhibitor efficiency
obtained with the g-DEIS and EIS techniques for the inhibitor concentrations of 4.5 and 20 mM are presented
in Table 2.

The cyclic polarization curves presented in Fig. 6 show the current-voltage dependence for aluminium alloys
exposed to bicarbonate buffer, and how the addition of selected inhibitors affects these curves due to the
corrosion inhibition process. In the case of electrolytic measurements in the absence of corrosion inhibitor,
the current stabilizes at 103 A cm™ after the initial period of active metal dissolution. The stabilization of
current density is related to the formation of the corrosion product layer, as evidenced by the lowered
current density with increasing anodic polarization. The polarization curves obtained in the presence of the
investigated carboxylic acids revealed a reduction in current density in the passive state. The compounds
having two carboxyl groups per molecule showed smaller change in current in the passive state compared to
the compounds with three carboxyl groups, while serine at a concentration of 4.5 mM had a very small
inhibitory effect. The processes associated with formation of the corrosion product layer and adsorbed

inhibitor molecules layer are competitive at low inhibitor concentrations, as demonstrated on the base of
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SEM and XPS studies [37]. Energetic surface heterogeneity due to the presence of corrosion products islands
for low adsorbate concentrations usually translates to stronger adsorption. It can be assumed that the
presence of a corrosion product layer will positively influence the formation of the protective adsorbate
layer. An increase in the inhibitor concentration up to 20 mM significantly reduced the aluminium corrosion
rate for each investigated dicarboxylic and tricarboxylic acid. The current density in the passive state was less
than 10° A cm™, and the value of this parameter was again lower for tricarboxylic acids. The inhibition
efficiency, IE4 was calculated using the Tafel extrapolation procedure [67—70]. The obtained values increased
from approx. 60 to over 97% due to the increased inhibitor concentration.

The differences between various corrosion studies should be attributed to the different forms of system
perturbation and susceptibility of the EIS and CP measurements to non-stationary conditions. Furthermore,
cyclic polarization does not provide direct information on the electrochemical process occurring at the
metal/electrolyte interface, while the corrosion rate may only be estimated using the Tafel extrapolation
approach, a transformation of Butler-Volmer equation. The error increases in the presence of adsorbed or
passive layers [71,72]. EIS allows the assessment of both the mechanism and the kinetics of the corrosion
process in certain cases. The analysis requires to maintain the stationary conditions as well as linear current-
voltage dependence during polarization, otherwise the shape of impedance spectra is affected. Furthermore,
similarly to g-DEIS, it requires the analysis by means of EEC. The g-DEIS method also requires the fitting
procedure but allows us to measure the changes in instantaneous values of electric parameters as often as
every few seconds, and unaffected by non-stationary conditions. Its major flaw is the restricted frequency
range, where is it difficult to characterize the processes with very high relaxation times, such as diffusion or
charge transfer through organic coatings [73]. Corrosion products may start to form during sample
conditioning when proposed measurement procedure is used. This might have an influence on the
adsorption mechanism. If observed, restriction of sample conditioning duration is advised.

Table 2 contains the values of inhibition efficiency for the investigated carboxylic acids that had been
determined via three different measuring techniques, i.e. g-DEIS, EIS and CP. The differences between the
inhibition efficiencies estimated with each technique are particularly noticeable at low inhibitor

concentrations (under non-stationary conditions), and close to negligible at high inhibitor concentrations.

3.2 Microscopic and spectroscopic analyses

The scanning electron microscopy (SEM) micrographs confirmed the diversity of surface failures in the
materials exposed to various carboxylic acids. The micrographs also revealed a similar behavior in the case of
compounds having the same number of carboxylic groups. For this reason, Fig. 7 shows only selected and
representative micrographs, resulting from 6000 s exposure to bicarbonate buffer containing 4.5 and 20 mM
of corrosion inhibitor. As expected from the outcome of impedance studies, the lower inhibitor

concentration of 4.5 mM was not sufficient to form a full coverage with the adsorbed inhibitor molecules on
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the surface of aluminium alloy. At the same time, the corrosion attack was mild and mostly proceeded in the
direct vicinity of intermetallic particles, affecting the surroundings of AlFe(Cr,Mn) particles that are cathodic
in respect to the alloy matrix (Fig. 7a,b). The failure was more severe in the presence of serine compared to
any of the carboxylic acids. It is also worth noting that in case of dicarboxylic acids, the lowest amount of
material loss at the inhibitor concentration of 4.5 mM was observed for succinic acid. On the other hand, the
anodic Mg,Si phase was not notably influenced within the time of exposure, which is likely due to the
thermodynamic stability of Mg(OH), in alkaline media, shifting the corrosion potential of Mg.Si phase
towards more cathodic potentials [74]. The high concentration of Mg within this phase was confirmed by the
EDS analysis. The similar influence of microstructure on the corrosion behavior of aluminium alloys is well
documented for various environments displaying mild corrosive hazard [75-78].

For both tricarboxylic acids in question, represented by citric acid in Fig. 7c, the local corrosion of
intermetallic particles may be neglected. At the same time, much higher surface coverage by the inhibitor
compounds is clearly visible in the SEM images in the form of large dark areas. The nature of these areas was
initially confirmed by the EDS technique (EDS map of carbon in the inset of Fig. 7c) and later on, by XPS. A
number of studies revealed the possibility of a catalytic effect at such low concentration of anodic corrosion
inhibitor due to the formation of passive-active galvanic cells between the areas with and without the
adsorbed passive layer [78—80]. This scenario was not observed in the case of investigated carboxylic acids,
as confirmed by the g-DEIS measurements where increased inhibition efficiency was already notable at low
inhibitor concentrations.

The SEM micrographs registered after exposure to the buffer containing 20 mM di- or tri-carboxylic acid did
not reveal any surface corrosion failure, either general or in the vicinity of galvanic microcells formed by the
microstructure. Both anodic Mg,Si and cathodic AlFe(Cr,Mn) particles were unaffected. Thus, the corrosion
studies suggesting that 20 mM is the sufficient inhibitor concentration to enable wide corrosion protection
have been confirmed. The situation is different in the case of serine (see Fig. 7d), where the general
corrosion process was already limited, but the chemistry as well as the topography of surrounding
intermetallic particles have been altered. While serine offers some input into corrosion inhibition efficiency,
it is significantly lower than that of dicarboxylic and tricarboxylic acids. For each investigated dicarboxylic
acid, the corrosion inhibitor concentration required to form the adsorbed monolayer is higher than that of
tricarboxylic acids (refer to Fig. 4d). Thus, we came to the conclusion that in the case of monocarboxylic
serine, its critical concentration might be even higher. Therefore, we performed another experiment
employing the corrosion inhibitor concentrations up to 100 mM. However, the obtained inhibition efficiency
was not visibly improved. At the same time, the surface of aluminium alloy exposed to 100 mM serine
became covered with various forms of agglomerated species, as can be seen in the inset of Fig. 7d. The most
likely explanation of this phenomenon is the effect occurring in surfactants and related to the critical

(maximum) inhibitor concentration, which is not higher than CMC [81-83]. Therefore, it can be assumed that
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serine cannot efficiently form the protective adsorbed passive layer in a wide range of applied
concentrations, or the formed layer does not offer the barrier properties.

High-resolution XPS spectra were measured in the binding energy (BE) range of Cl1s, O1s, Al2p3 and Mgls
photopeaks in order to determine the interaction types between the studied inhibitor compounds and the
aluminium alloy surface. The analysis was performed after exposure to the electrolyte containing 20 mM of
corrosion inhibitor, as in the case of microstructural analysis by SEM. The aim of the performed analysis was
the qualitative and quantitative comparison of various chemical species present at the metal/electrolyte
interface and the determination of inhibition mechanism. The XPS results are presented in Fig. 8 and Table 3.
The deconvolution of XPS spectra within C1s BE range was performed using three primary components to
distinguish the chemistry characteristics of organic corrosion inhibitors [37,84]. The primary component,
present at BE of 286.2 £ 0.2 eV, is attributable to C-O bonds. The second component, most visible in the case
of both tricarboxylic acid and succinic acid, is strongly shifted towards higher values, ranging between +2.9
and up to +4.2 eV, which is characteristic for C=0 bond in ester, carbonyl and carboxyl functional groups.
Finally, C-C/C-H aliphatic bonds were deconvoluted at 285.1 eV. For each investigated inhibitor compound,
the adsorbed layer formed on the aluminium surface was mainly composed of C-O bonds whose contribution
was not always the same. For tricarboxylic acids and succinic acid, the share of C-O bonds was the highest,
exceeding 25 at.%, while it remained relatively high for the rest of dicarboxylic acids, with an exception of
maleic acid. For the remaining two inhibitors in question, the C-C to C-O ratio observed on the aluminium
surface was much higher, revealing the altered chemistry of the adsorbed layer. Contrary to serine, the high
concentration of C-C aliphatic bonds in maleic acid did not translate into low inhibition efficiency. For the
serine sample, a small peak appeared at 287.7 eV, which is attributable to the C-N bonds of amine groups.
The high-resolution XPS spectra measured within O1s energy range were also composed of three individual
components, whose presence is often observed on the surface of metal samples [80,85-88]. The main
component (identified as OH/CO) was located at 532.8 = 0.2 eV. It is most frequently attributed to the
surface hydroxyl groups of aluminium, and also to oxygen in carbonyl or ester groups that were expected
within the adsorbed passive layer formed in the presence of the studied corrosion inhibitors. Further
distinction between the various species analyzed within O1s OH/CO peak was possible after applying the
estimation proposed by McCafferty and Wightman [88]. This approach was proposed in the studies on the
determination of surface hydroxyl group concentration in metal oxides. The contribution from the carbonyl

and hydroxyl groups can be quantified by using eq. (3-5).

C1
1015 _ 1¢o° . (at.%C) , j01s (3)
€O Gl 4 Cls 4 €15 " \at. %0/ OH/CO
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where I;' is the contribution from the given type of bond X, quantified by using one of photopeaks, Y: O1s or
Cl1s, while at.%C and at.%0 are the overall contributions of carbon and oxygen. Thus, the contribution from
the hydroxyl groups can be estimated by subtracting the results from eq. (3) and (4) from the total intensity
of O1s OH/CO photopeak, as presented in eq. (5).

The outcome of the aforementioned estimation is presented in Table 3. It is clearly visible that according to
the suggested mechanism of inhibition provided by carboxylic acids, the highest inhibition efficiency
corroborates the highest contribution from C-O bonds and also from carbonyl bonds. For both tricarboxylic
acids in question, their shared amount exceeded 26%. The third highest amount of adsorbed C-O and C=0
species was observed for succinic acid, which is also in good agreement with the observed corrosion
inhibition efficiency. In the case of maleic acid, the high share of hydroxyl groups should be connected to the
electrophilic addition of water to unsaturated bonds in the presence of H* ions. Naturally, the smallest area
of O1s peak attributable to C-O and C=0 bonds was observed for monocarboxylic serine. Here, a small 1.0 %
contribution from nitrogen in amine groups (BE of 400.2 eV in N1s peak [89]) was also included. The results
corroborate previous findings on aromatic carboxylic acids in alkaline environment, connecting the inhibition
efficiency with the adsorption of carbonyl groups on the aluminium surface and their electron density [46].
Furthermore, the lower the inhibition efficiency, the higher the contribution from aluminium hydroxide
species on the analyzed sample surface, which is direct evidence for lower corrosion resistance in the
presence of a specific investigated compound.

The remaining two components of O1s spectral deconvolution were ascribed to the metal oxide species 0%,
shifted by -1.1 eV, and the chemisorbed water within the layer, shifted by +1.6 eV with regard to the major
OH/CO peak. According to the literature review, the peak position of OH- and O species are typically 1.1 to
1.5 eV apart [87,88]. When comparing the chemistry of the adsorbed layer formed on aluminium by citric
acid interaction in alkaline environment, Wysocka et al. [37] observed that the amount of chemisorbed water
is the highest for actively corroding samples compared to the samples protected by corrosion inhibitor. The
authors explained this observation by the higher hydration of nonstoichiometric corrosion products. A similar
finding was observed in the present study, based on the comparison with the results obtained for the
reference sample exposed to bicarbonate buffer (pH 11) only. A decrease in the amount of chemisorbed
water on the metal surface is in good agreement with the ligand exchange mechanism of adsorption [38,90].
The amount of chemisorbed water varied among different inhibitors (from 1.6 to even 4.7 %), however, it did
not reach the highest value for serine as would be expected on the basis of corrosion studies. On the other
hand, the lowest amount of metal oxide species was recorded for both tricarboxylic acids displaying the
highest corrosion resistance, which corroborates previous findings [37].

No significant differences were recorded in the chemistry of Al2p3 peak for the investigated di- and
tricarboxylic acids; each Al2p3 peak was composed of two peak doublets located at 72.8 and 75.3 £ 0.1 eV.

These peak doublets are typically associated with the metallic aluminium (Al) and its naturally grown Al,O;
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(Alox1). The presence of Al peak indicates small thickness of formed adsorption layer, not exceeding 10 nm,
due to limited depth of XPS signal acquisition. The Al,:Al.; ratio for the aforementioned samples was similar,
ranging between 0.3:1 and 0.6:1, which suggests a negligible difference in the layer thickness. The serine
sample revealed significant differences, with the Al, peak missing and the Alox; peak shifted by +0.8 eV. This
feature marks the appearance of non-stoichiometric corrosion products on the surface of aluminium
exposed to alkaline environment and is yet another proof of the low inhibition efficiency of serine [14]. Thick
films, with thickness exceeding 10 nm, conceal the contribution of metallic Al. The broadening and positive
BE shift of oxide peaks within the nonstoichiometric corrosion product layer (Al.2) together with concealed
Al contribution were also confirmed in the present studies for the reference sample measurements in the
absence of corrosion inhibitor.

It is important to note that plausible errors in the XPS analysis result from the aluminium contact with
atmospheric air followed by the formation of naturally grown Al,O3 passive layer as well as atmospheric
contamination with adventitious carbon [78,91]. These side effects were only partially limited by the short
duration of sample storage between the corrosion tests and XPS examination, while sample etching prior to

the XPS measurements was not possible due to the very small thickness of the investigated layers.

3.3 Adsorption isotherms for various carboxylic acids on the aluminium alloy surface
One of the primary conditions required to construct an adsorption isotherm is that the maximum
concentration used should not exceed the concentration for which the adsorbed species form a full
monolayer coverage on the metal surface [92]. This condition is particularly difficult to meet when using
classic corrosion measurements, such as the gravimetric or cyclic polarization measurements. During our
previous studies on citric acid, we claimed that the g-DEIS approach surpasses classical tools of analysis in
this regard [37] because the exact determination of inhibitor concentration necessary for the formation of
3D adsorbed layer can be achieved through instantaneous monitoring of capacitance changes. The resulting
capacitance C of the investigated surface is described by eq. (6):

C = £0&rA (6)

d

where, A is the investigated surface area, d is layer thickness, and &, and &, are the electric constant and the

relative static permittivity, respectively. According to the SEM micrographs presented in Fig. 7, none of the
samples displayed significant variation of surface area due to the corrosion process. The material loss was
measurable only in case of serine. Since the value of dielectric constant for thin adsorbed layers is very
similar with regard to a bicarbonate buffer and the investigated carboxylic acids, the primary component
affecting the layer's capacitance is the thickness of this layer. Also, the direct determination of the optical
constants of dielectric films from the ellipsometry measurements is not possible for very thin layers (< 10 nm

thickness) [93].
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In this study, due to spatial heterogeneity of the electrode throughout the exposure time, the electric double
layer capacitance is represented by the constant phase element (CPE) in accordance with eq. (2). The
exponent n in this equation is a measure of surface heterogeneity. For solid electrodes immersed in aqueous
solutions, the typical n values range between 0.7 and 0.9, depending on the factors such as roughness and
porosity, intermetallic particles, adsorbed layers etc. [47,94,95]. In order to determinate the concentration of
corrosion inhibitor that is sufficient for the formation of the adsorbed monolayer, c3p, an effective
capacitance Ce need to be estimated on the basis of CPE parameters. Hirschorn et al. [96] proposed such a
model for the surface distribution of time constants. Thus, Ces can be estimated by using eq. (7):

LT )
R.+R.;

Corr = QY "(
Monitoring the effective capacitance changes is assumed to be sufficient for the determination of csp. To
confirm this assumption, we performed the single-wavelength ellipsometry measurements, which can be
carried out in situ via g-DEIS while a peristaltic pump injects the corrosion inhibitor into the corrosion cell.
Therefore, the ellipsometry measurements enabled the cross-verification of both procedures. The
determination of layer’s thickness on the basis of ellipsometry typically requires a fitting procedure by using
the measured ellipsometric angles 4 and  [97,98]. However, for thin films of few angstroms, such as the
ones observed on the polished metal surfaces, the increase in thickness can be easily estimated on-line by
using the Drude approximation [93,99]. The approximation states that the change in A4 ellipsometry angle is
proportional to the thickness of the investigated film, as expressed in eq. (8):

§4°=24°—A=Cyd (8)
where, A° is the film-free value for A4 and C, is the proportionality constant. For films which are only few
angstroms thick, it is said that the change in 4 is more important than its absolute value [93]. Conveniently,
the value of A measured at the start of the experiment on aluminium immersed in the bicarbonate buffer at
pH 11 can be approximated by 4° since aluminium oxides are not thermodynamically stable in this pH range.
In Fig. 9, using citric acid as an example, the changes in effective capacitance C. calculated from the
impedance studies using CPE as well as the changes in §4° measured via single-wavelength ellipsometry are
presented. The capacitance value was only slightly affected by the citric acid addition in the amount equal up
to the inhibitor concentration of 7.5 mM, and it showed a very abrupt drop at concentrations > 7.5 mM. It
was previously speculated that the observed drop is correlated to the increase in the adsorbed layer
thickness (refer to eq. (8)) [37]. This hypothesis has been validated by the changes in §4°. Due to the very
high sensitivity of ellipsometry, it was possible to confirm that there was virtually no increase in the layers
thickness at the beginning of the experiment. The observed small variation of §4° should be connected to
the formation of 2D inhibitor monolayers on the aluminium alloy surface and the hydrogen reduction
reaction in the very early stage of the experiment. Furthermore, a gradual yet significant increase in §4°

precisely coincides with the decreased value of effective capacitance parameter. The aforementioned

16


http://mostwiedzy.pl

A\ MOST

conclusion is also in good agreement with the observed changes in the CPE exponent n (at the top of Fig. 9),
which at first showed large variation due to the instantaneous formation of “isles” consisting of 2D adsorbed
corrosion inhibitor, with dynamically changing size and stability. However, once the inhibitor fully covered
the metal surface in the form of a monolayer, the electrochemical homogeneity on the surface increased,
giving an effect in stabilization and increased n values. This observation is of particular importance because it
also shows that the continuous monitoring by using DEIS/g-DEIS allows for the determination of changes in
the surface homogeneity throughout the process.

A similar approach was applied for all the remaining corrosion inhibitors in order to estimate the critical
concentration of a given compound that is sufficient for the formation of 3D adsorbed monolayer on the
aluminium alloy surface. The changes in Ce With varying inhibitor concentration are presented in Fig. 10,
while the values of c3p are summarized in the table contained in the same figure.

We suggest the use of term inhibition yield to describe the lowest inhibitor concentration, which is sufficient
for significant increase of inhibition efficiency, here connected to full coverage of protected metal surface
with adsorbed inhibitor layer. Such optimal inhibitor concentration is often bound to CMC [100,101]. It is
clear that the concentration sufficient for the formation of adsorbed monolayer on the surface of aluminium
alloy is much lower for both investigated tricarboxylic acids and it does not exceed 8 mM. In the case of the
investigated dicarboxylic acids, the csp values are similar and in the range of 12-13 mM. It can thus be
concluded that the tricarboxylic acids not only possess higher inhibition efficiency, resulting from the charge
transfer resistance and Tafel extrapolation measurements, but they are also characterized by higher
inhibition yield, being able to form the adsorbed monolayer at lower inhibitor concentrations.

At very low corrosion inhibitor concentrations, i.e. below c3p, the behavior of each carboxylic acid is very
similar and characterized by the stable value of effective capacitance, or its slow increase. This feature is
most likely related to the gradual change of relative static permittivity within the electric double layer, small
differences in the double layer capacitance among the investigated samples and, to a lesser extent, the
variation of the electrolyte temperature (+ 1 °C). On the other hand, when the adsorbed monolayer is
already formed, the influence of inhibitor concentration on the effective capacitance is negligible, suggesting
negligible differences in the structure of forming adsorbed layers.

Among many different types of adsorption isotherms used in the corrosion inhibitor studies, the Langmuir
isotherm adsorption model is most frequently employed in relation to aluminium alloys [102-106]. Its
primary conditions are: (i) adsorbate molecules attach to the active sites of the adsorbent surface, (ii) the
maximum possible level of adsorption corresponds to the formation of adsorbate monolayer, and (iii) all
active sites are equally valuable and the adsorbed molecules do not interact with each other thus the
adsorption energy should be constant regardless of surface coverage. The second aforementioned condition
is the hardest to fulfill in the corrosion studies, and is the primary advantage of the g-DEIS approach, as

explained earlier. The more complex adsorption models take into consideration factors such as the surface
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heterogeneity and the presence of areas having different adsorption energy (Temkin isotherm [104]) or
interactions between the adsorbed molecules (Frumkin isotherm [103]). However, it is fundamental to
realize that the adsorption isotherm provides information about the resultant heat effect of all the processes
occurring at the adsorbent/adsorbate interface, including but not restricted to sorption, hydration or
dissolution processes. Therefore, the exact determination of individual input from each process in
electrolytic environment is impossible. Furthermore, the non-linear behavior of the proposed isotherm may
result from failure to comply with the second assumption of Langmuir isotherm. This example was previously
evidenced in the case of citric acid studies in alkaline media [37].

The Langmuir adsorption isotherms were plotted for each investigated corrosion inhibitor on the basis of
instantaneous Rcr values obtained from the g-DEIS measurements, as presented in Fig. 11a. The isotherms
were drawn for the corrosion inhibitor concentration not exceeding the concentration at which the
formation of adsorbed inhibitor monolayer occurs, i.e. cinn < c3p (refer to inset of Fig. 10), which was different
for each investigated compound. The linear behavior of surface coverage log(6/1 — ) plotted against the
corrosion inhibitor concentration log(c,) confirmed that the investigated compounds interacting with the
aluminium metal surface follow the Langmuir adsorption isotherm model. Furthermore, high density of data
points in these plots was also very time-efficient thanks to the g-DEIS approach, thus offering the improved
accuracy in the process of deriving a general equation for the isotherm. Fig. 11b presents the same results
obtained by using the same approach, however, without the limiting condition of maximum concentration,
csp. The slope of linear function obtained in Fig. 11a corresponds to the logarithm of equilibrium constant
log(Kc) and thus allows for the determination of Gibbs free energy, AG by using eq. (9):

AG = —RTIn(Kc) (9)
where, c is the molar concentration of water (55.5 M). The obtained AG values for each investigated inhibitor
are summarized in Table 4.

The negative AG values allow for the conclusion that for each investigated corrosion inhibitor, its interaction
with the aluminium surface in a bicarbonate buffer is spontaneous in nature [107,108]. It should be
emphasized that the adsorption mechanism for all investigated corrosion inhibitors is similar, as proved by
small variation in AG values. The values of free Gibbs energy not exceeding -20 kJ mol* are often reported in
case of physical adsorption mechanism, where the binding forces are purely electrostatic. More negative AG
values are typical for chemisorption and the formation of chemical bonds between filled 7orbitals in the
oxygen atoms and partially unoccupied 7orbitals in the d-block metals. Therefore, in this particular case, it is
difficult to clearly distinguish between the two adsorption mechanisms, as follows: (i) due to the excess of
negative charge on aluminium surface, adsorption between an electron and the donor carbonyl group,
further connected to negatively charged oxygen atom, is not highly plausible, and (ii) pure chemisorption is
also unlikely due to large electropositivity and the lack of d orbitals involved in the formation of chemical

bonds with an inhibitor molecule. Therefore, it is most likely that the reduction in the corrosion rate
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mediated by carboxylic acids can be described by the ligand exchange model, as a result of creating
coordination compounds embedded in the hydrated oxide layer on the metal surface. The coordination
compound is formed between the organic acid anions contained in the electrolyte and AI** cations resulting
from the metal dissolution. Chemisorption mechanism may only occur on the adsorbed layer of metal oxides
rather than directly on the metal surface. It is worth noting that the abrupt increase in isotherm slope after
the monolayer formation (see Fig. 11b) indicates an increase in chemisorption effect and the formation of
thicker layer with better barrier properties [109], further confirmed by the ellipsometry studies (refer to Fig.
9). The resulting inhibition efficiency will, to a large extent, depend on the sequestration of Al** cations. This
adsorption mechanism is also applicable in relation to serine (4G = -20.71 kl/mol). The adsorption process is
possible from the thermodynamic point of view, and has been confirmed by the XPS analysis. Amine groups
are electrophilic, thus can be adsorbed chemically and physically onto the aluminium surface. Being
bidentate ligands, amino acids can also be described by the ligand exchange model. However, the ligand
exchange is not highly efficient in the case of amine groups, as observed in the electrochemical and XPS
studies.
The following sequence describes the investigated compounds taking into consideration the inhibition yield,
from highest to lowest:

CAR(30) > CIT(31) > [ TAR(22) = MAL(21) = SUC(20) = MAE(20) ] > SER(11).
The corrosion inhibition efficiency varied with the corrosion inhibitor concentration; the variation was most
pronounced at concentrations not exceeding csp. It was observed that both the inhibition efficiency and
inhibition yield are primarily related to the adsorption of carbonyl —C=0 groups on the metal surface and
significantly increases with increasing number of carbonyl groups per inhibitor molecule. High inhibition
efficiency is provided by tricarboxylic acids even at low inhibitor concentrations, as a result. The differences
in IEx may thus be related to the electron density of the carbonyl groups as well as the size of the molecules
[46,110]. These results corroborate the studies by Sarangapani et al. [111] on citric, succinic, malic and lactic
acids.
In contrast to the carbonyl groups, the presence and number of hydroxyl groups in the inhibitor molecule do
not significantly alter either corrosion inhibition efficiency at high inhibitor concentrations or inhibition yield.
Tricarballylic acid, which does not contain the hydroxyl groups, is characterized by a slightly lower cs3p value,
while its inhibition efficiencies at concentrations exceeding cs3p are almost the same. Compared to
tricarballylic acid, the presence of hydroxyl group in citric acid shifts the isoelectric point of alumina by
almost one unit of pH further into the acidic area, affecting the pH in the vicinity of aluminium surface as well
as decreasing the molecule mobility. The inhibition yields of all analyzed dicarboxylic acids are very similar.
However, the highest inhibition efficiency at concentrations exceeding c3p was observed for succinic acid,

which does not contain the hydroxyl groups.
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4. Conclusions

We have clearly demonstrated that the increase in the corrosion inhibition efficiency due to the presence of
carboxylic acid is primarily connected to the amount of carbonyl groups per inhibitor molecule. Aluminium
protected by any of the investigated tricarboxylic acids, namely, tricarballylic acid or citric acid, was
characterized by the highest measured values of charge transfer resistance, with each technique challenged
only by succinic acid in the g-DEIS measurements.

The adsorption isotherms plotted for each investigated compound displayed the similar values of Gibbs free
energy, ranging between -21 and -17 kJ/mol, which demonstrated the same mechanism of the adsorbed
layer formation. It was postulated that the protection mechanism is based on the ligand exchange
mechanism. The similarity of the structure and thickness of each layer formed by di- and tricarboxylic acids
was also confirmed by the effective capacitance monitoring, XPS and the ellipsometry studies at high
inhibitor concentrations. The adsorption layer was primarily composed of C-O bonds, as revealed by the XPS
analysis. On the other hand, the layer formed by inhibitors with higher corrosion resistance had significant
contribution from the carboxyl and carbonyl groups present in its structure. It was also revealed that the
formation of adsorbed layer is preceded by a decrease in the amount of chemisorbed water on the metal
surface. This finding corroborates the proposed ligand exchange mechanism of adsorption that affects
barrier properties offered by the layer.

The higher the number of carbonyl groups, the better the corrosion inhibition effect. However, the increased
number of carbonyl groups also had an effect on the inhibition yield, allowing for more effective formation of
the adsorbed monolayer at lower inhibitor concentrations due to the sequestration of Al** ions. The critical
inhibitor concentration, csp, which is sufficient for a full coverage with the adsorbed monolayer, was the
lowest for tricarballylic acid (approx. 6.5 mM) and citric acid (approx. 8.0 mM), i.e. ca. two times lower than
for any dicarboxylic acid.

The amino acid serine offered the lowest inhibition efficiency by far. While the thermodynamics of the serine
adsorption process was similar to that of other investigated compounds, the adsorbed serine layer was not
offering comparable barrier properties and inhibition efficiency. The presence of only one carbonyl group in
the serine molecule is the most likely reason for this. The amine group of serine does not improve the amino
acid’s complexing properties and chelate formation.

The effect due to the presence and number of hydroxyl groups in the inhibitor molecule is secondary
compared to the carbonyl group contribution. However, the XPS studies revealed that the most efficient
inhibitors had the lowest number of hydroxyl groups on the aluminium surface. It was also observed that
succinic and maleic acids, which do not have the hydroxyl groups in their molecules, displayed better
inhibition efficiency than malic and tartaric acids. Furthermore, citric acid showed lower inhibition yield
compared to tricarballylic acid. The only difference between these two acids is the absence of hydroxyl group

in tricarballylic acid. This subtle variation in the structure of inhibitor molecule did not alter its inhibition
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efficiency at concentrations above 10 mM. For each investigated corrosion inhibitor, an increase in its
concentration in a bicarbonate buffer led to the improved inhibition efficiency. This feature is not always the
case for anodic corrosion inhibitors, where the presence of active-passive galvanic microcells may cause an

increase in the corrosion rate at low inhibitor concentrations.
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Figures

a) SEM b) Al 0

Fig. 1 - Energy dispersive X-Ray spectroscopy (EDS) chemical maps of as-polished AA5754 sample for

aluminium, oxygen and main alloying additives. Accelerating voltage 20 kV. Magnification x2500.
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Fig. 2 — Changes in corrosion potential Ecor over time during the injection of investigated inhibitors into the
bicarbonate buffer solution (pH 11). Measurements were carried out after 1000 s of initial sample

conditioning. Average inhibitor injection rate was 0.37 mL/min.

27


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

Fig. 3 — Instantaneous impedance spectra obtained by means of g-DEIS, drawn in Nyquist projection with
time (increasing inhibitor concentration; average flow rate 0.37 mL/min) plotted on the Z-axis. Frequency

range 4.5 kHz to 0.5 Hz. Samples: a) serine, b) succinic acid, c) citric acid.
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Fig. 4 — a) Electric equivalent circuit (EEC) and b,c) EEC simplified form used for the impedance data analysis,

d) schematic representation of altering surface coverage and the formation of the adsorbed layer by the
corrosion inhibitor molecules, e) instantaneous values of resultant charge transfer resistance Rcr, calculated
by using R(QR) EEC. Measurements carried out in a bicarbonate buffer (pH 11) for various corrosion

inhibitors.
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Fig. 5 — Classic EIS measurements for each investigated inhibitor compound in a bicarbonate buffer (pH 11),
at the inhibitor concentration of a) 4.5 mM, and b) 20 mM. Points represent measured data, while the solid

line has been approximated with R(QR) EEC applied in the frequency range between 100 kHz and 0.5 Hz.

28


http://mostwiedzy.pl

/\__/__\> MOST WIEDZY Downloaded from mostwiedzy.pl

e

| a) SER(11) | b) MAE(20) | c) SUC(20) | d) MAL(21)

-

E/V vs Ag|Ag,0
A o

22 ' '
L7 -6 -5 -4 3
log (j/ A cm?)
%
o Legend:
< buffer (reference) - black line
<o 4.5 mM inhibitor - dotted line
2 20 mM inhibitor - solid line
>
g
_2 " 1 L 1 " 1 " " 1 " 1 " 1 " " 1 L 1 " 1 n
7 -6 5 -4 -3 -7 -6 -5 -4 -3
log (j/ A cm?) 7 'I%g i A cm-i‘)‘ -3 log (j/ A cm?)

Fig. 6 — Cyclic polarization curves obtained for each investigated corrosion inhibitor (at concentrations of 0,

4.5 and 20 mM) mixed with bicarbonate buffer (pH 11). Polarization range from -0.25 vs Ecrr to 2.00 V vs
Ag|Ag,0.

Fig. 7 — SEM micrographs of aluminium sample subjected for 6000 s to bicarbonate buffer (pH 11) with added
carboxylic acids: a-c) 4.5 mM inhibitor, d-f) 20 mM inhibitor. a,d) serine, b,e) representative of dicarboxylic
acids (succinic acid at 4.5 mM, and maleic acid at 20 mM); c,f) tricarboxylic acid (citric acid at 4.5 and 20
mM). Magnification x1000. In the inset: ¢) EDS chemical map of carbon for the investigated area, d)

aluminium surface exposed to 100 mM serine.
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Fig. 8 — High-resolution XPS spectra obtained within the binding energy range (from left to right): C1s, O1s
and A/2p3 on the surface of aluminium samples exposed to bicarbonate buffer (pH 11) with admixed 20 mM

of the investigated corrosion inhibitor. Superimposed sub-peaks represent the chemical states used during

the deconvolution procedure.
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Fig. 9 — Impedance parameters C. and n, measured during the g-DEIS experiment, using R(QR) EEC and
effective capacitance estimation for surface time-constant distribution, plotted against 4° changes on the

basis of ellipsometry measurement.
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Fig. 10 — Changes in effective capacitance for each investigated carboxylic acid, estimated via Hirschorn’s
approach [96] for the surface distribution of capacitance dispersion. Data analyzed on the basis of g-DEIS
measurements with R(QR) EEC. Table reveals the corrosion inhibitor concentration required for the

formation of the adsorbed monolayer on the aluminium surface.
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isotherms based on the Langmuir adsorption model. Studies were carried out by using g-DEIS in bicarbonate

buffer (pH 11): a) visualization of the results at the inhibitor concentration up to cs3p and b) for the full

investigated concentration range. Average inhibitor injection rate was 0.37 mL/min.
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Table 1 —The structural formulas of various carboxylic acids used in this study.

Common .
Systematic name  Acronym Structural formula
name
OH
DL-a-amino-f-
DL-serine hydroxyopropionic ~ SER(11) HO OH
acid
NH,
@)
. cis-butenedioic HO—/ O
maleic acid . MAE(20)
acid — OH
O
S L HO
succinic acid butanedioic acid SUC(20) OH
O
O
DL-2-
DL-malic acid hydroxybutanedioi MAL(21) HO OH
¢ acid
O OH
DL-1,2- OH O
DL-tartaric dihydroxyethane- HO
TAR(22
acid 1,2-dicarboxylic (22) OH
acid O OH
@) @)
tricarballylic propane-1,2,3-
CAR(30
acid tricarboxylic acid (30) HOWOH
O OH
O OH O
2-hydroxypropane-
citric acid 1,2,3-tricarboxylic CIT(31) HO OH

acid
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Table 2 — Corrosion inhibition efficiency estimated by using CP, EIS and g-DEIS after the exposure of

aluminium samples to bicarbonate buffer (pH 11) containing admixed carboxylic acids as corrosion inhibitors.

CP EIS g-DEIS
Corrosion
o Jeorr / PA Rer / kQ Rer / kQ
inhibitor ¢/ mM 1E% | % 1Ex | % 1Es% | %
cm? cm? cm?
BUFFER 0 111.0 - 0.13 - 0.12 -
4.5 47.4 57.3 0.23 435 0.15 20.0
SER (11)
20 37.3 66.4 0.36 60.1 0.31 61.3
4.5 38.7 65.1 0.36 63.5 0.16 25.0
MAE (20)
20 1.5 98.6 25.9 99.5 50.8 99.7
4.5 46.6 58.0 0.41 67.5 0.23 47.8
SUC (20)
20 1.8 98.4 32.2 99.6 65.9 99.8
4.5 45.6 58.9 0.35 62.6 0.18 333
MAL (21)
20 3.8 96.6 16.9 99.2 16.1 99.2
4.5 34.3 69.1 0.51 74.1 0.22 455
TAR (22)
20 2.7 97.5 21.2 99.4 211 99.4
4.5 16.0 85.6 0.59 77.5 0.48 75.0
CAR (30)
20 0.5 99.5 70.9 99.9 38.3 99.7
4.5 17.2 84.5 0.46 71.3 0.20 40.0
CIT (31)
20 0.1 99.9 161.0 99.9 38.8 99.7
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Table 3 — Surface chemical analysis (in at.%) based on XPS high-resolution measurements after spectral

deconvolution.

Element BE/eV  SER(11)* MAE(20) SUC(20) MAL(21) TAR(22) CAR(30) CIT(31) REF
Alm 72.7 13 4.5 4.4 11.0 10.8 8.1 9.2 --
Al2p3
Alox 75.3 23.1 17.6 111 19.6 26.4 17.2 16.7 21.6
0% 531.7 11.5 13.9 9.5 5.2 10.7 4.0 2.6 18.0
H.O 534.4 3.9 1.6 3.5 2.7 2.6 4.1 4.7 24.4
OH/CO 532.8 41.3 24.2 27.2 30.9 26.5 31.3 29.5 27.1
ots OH 34.0 15.4 0.4 114 12.3 4.8 0.3 26.5
o Cco 6.7 7.1 17.5 15.8 12.7 21.3 21.3 0.6
c=0 0.6 1.7 9.3 3.7 15 5.3 7.9 --
Cc-C 285.1 5.9 23.0 4.6 2.8 1.0 1.5 0.8 0.5
Cls C-O 286.2 9.1 11.6 26.0 19.9 19.0 26.7 26.6 1.6
Cc=0 289.3 0.8 2.9 13.7 4.6 2.3 6.7 9.9 --
Mgl oxides ok 0.8 0.8 -- 34 0.7 0.4 -- 6.8

* serine sample had an additional contribution from C-N bonds, equal to 1.2 at.%; ** deconvolution of

OH/CO peak to the individual contributions from OH, CO and C=0 groups according to the model proposed

by McCafferty and Wightman [83]; *** position of Mgls peak is different for various compounds, and it

ranges from 1304.3 to 1305.8 eV.

Table 4 - Gibbs free energy, AG estimated from adsorption isotherms using the Langmuir model of

adsorption and g-DEIS measurement approach for the interaction between each investigated carboxylic acid

and the aluminium surface exposed to a bicarbonate buffer (pH 11).

SER(11)

MAE(20)

SUC(20)

MAL(21)

TAR(22)

CAR(30)

CIT(31)

AG / kJ mol?

-20.71

-21.00

-24.62

-21.86

-20.44

-16.85

-20.51
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