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ARTICLE INFO ABSTRACT

Keywords: The search for non-toxic alternatives to hexavalent chromium based corrosion inhibitors requires a compre-

Corrosion inhibition hensive understanding of the factors critical to effective corrosion protection. Key considerations include the

Chromate replacement evolution of corrosion inhibition with inhibitor concentrations and exposure times, the inhibition efficacy

Organic molecules in the presence and following absence of inhibitors, and the stability of inhibition upon polarisation. In

Electrochemistry . . . . . . .
our electrochemical comparison of promising organic molecules with sodium dichromate, we found that
even top-performing candidates can lead to premature conclusions if such critical factors are overlooked.
While organic molecules can match the inhibition performance of chromates under specific conditions, this
can be misleading when considering concentration, time, and polarisation dependent behaviour. Initial high
performance can also be deceptive in dynamic environments, as we observed that the inhibition provided by
most organic molecules drastically decreases when the inhibitor is absent in the electrolyte. These observations
call for broader comprehensive inhibitor robustness studies that take into account factors including time,
concentration, stability, and polarisation effects in inhibitor efficacy analysis.

1. Introduction systems combining multiple compounds are more viable, with each

targeting specific aspects of corrosion prevention.

The use of chromates in corrosion protection for structural materials In this context, organic molecules have emerged as potentially suit-
in aeronautics has been strictly regulated internationally for many years able candidates due to their diverse structures and properties. Recent
due to health and safety concerns. Despite significant advancements, research have hlghllghted the potential of organic molecules as cor-
academia and industry continue to explore various environmentally- rosion inhibitors, with significant progress in understanding structure-
friendly and sustainable alternatives to hexavalent chromium (Cr(VI)), performance relationships through studies of related compounds [10],

which remains the benchmark corrosion inhibitor with a proven track
record. According to the EU REACH (Registration, Evaluation, Autho-
risation, and Restriction of Chemicals) administered by the European
Chemicals Agency (ECHA) [1], the use of most chromates was banned
in Europe from January 2019 [2].

The development of Cr(VI) alternative corrosion inhibitors is an
active area of research, with promising candidates including, but not
limited to, lithium [3-5] and rare-earth [6-8] based systems. However,
a one-to-one replacement of Cr(VI) pigments remains unlikely, as a
recent review suggests [9]. This is due to the Cr(VI) pigments’ unique
ability to provide multi-functional corrosion protection, including pas-
sivation, self-healing, and environmental stability, which is challenging venient, this approach may not capture all the necessary aspects for
to replicate with a single non-toxic compound. Instead, synergistic identifying next-generation materials. The robustness of the inhibition

high-throughput screening using optical [11-13], electrochemical [14,
15], and spectroscopic methods [13,16,17], and machine-learning mod-
els to develop quantitative structure-property relationships [12,13,18—
22]. Next to novel data generation, curation of open databases [22-24]
and mining research papers through natural language processing [25]
have been utilised to effectively search existing literature for potential
Cr(VI) replacements.

Despite these advancements, many studies rely on single metrics
such as inhibition efficiency or power captured at one timestep and
concentration to evaluate inhibition performance [26-29]. While con-
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performance under changing environmental conditions is necessary in
transforming such molecules into actual problem-solving products, so
the understanding of factors resulting in robust corrosion inhibition is
most critical. Some of the factors that impact the robustness of the
corrosion inhibition are pH, inhibitor concentration, exposure time,
as well as the physicochemical and electrochemical stability of the
inhibition.

The influence of pH is historically the most well-studied environ-
mental factor. Its effect is twofold: (i) outside the stable pH window
where the metal oxide is unstable, corrosion modes might change
(e.g. from localised corrosion to a uniform one) and corrosion inhibitors
with the right molecular structure and high inhibition efficacy at a
mild pH may stop working at a harsh one, (ii) depending on the
isoelectric point and pKa values of the inhibitor molecule it might be
positively/negatively charged and protonated/deprotonated, changing
the surface binding mode and hence its inhibition efficacy [15,30-32].
Despite its critical role, we have highlighted its importance in our
previous work, so we focus on other factors in this one [33].

The influence of inhibitor concentration is also a relatively well-
studied factor that affects robustness, where until a critical molecule-
dependent concentration (often in 1-10 mM range) the inhibition
increases, afterwards it plateaus or starts to decrease gradually [34—
36]. Manipulating this critical inhibitor concentration is essential for
incorporating inhibitors into coatings — when inhibitors leach from
a coating matrix onto a defect of a specific size, they have to protect
the largest defect area. This distance over which an inhibitor is able to
protect a defect effectively is known as the “chemical throwing power”,
which is crucial in active protective coating design, but not studied for
small organic molecules [37].

The influence of time is more sinister, easy to measure but te-
dious, and most likely for that reason often overlooked. Recent studies
highlight that many corrosion inhibitors require a stabilisation period
(which can take more than ten hours of exposure) where they grad-
ually form protective layers or reach a stable state, impacting their
effectiveness [33,38]. Their efficiency may decline or even reverse
over time due to interactions with environmental elements, leading
to possible acceleration of corrosion at prolonged exposure. Therefore,
continuous or repeated evaluations of inhibitors over time are essential
for accurately determining their long-term performance in corrosion
control applications [26]. Inhibition performance can also fluctuate due
to transient electrochemical changes on metal surfaces, as revealed by
Hilbert spectra analysis, where electrochemical noise patterns reflect
the evolution of corrosion processes. Time-resolved electrochemical
noise measurements can detect early surface transients that indicate the
progression from active corrosion to a more inhibited state, emphasis-
ing that inhibitors can vary in effectiveness depending on the duration
and characteristics of exposure [39].

There is scarcely any work either on influence of physicochemical or
on electrochemical stability. A comparison between the benzotriazole
and 2-mercaptobenzothiazole molecules with lithium carbonate has
shown that all compounds result in effective corrosion inhibition, but
the withdrawal of organics from the environment reverses the corrosion
inhibition into an uninhibited case. This highlights the need to select
the right organic molecules that can sustain inhibition in changing
environmental conditions [4]. Polarisation is a widely used method also
to analyse such phenomena, but not to understand how inhibited and
uninhibited layers change with respect to overpotentials.

In light of these developments, in this study we have analysed key
factors that influence the effectiveness of corrosion inhibition, which
are crucial for determining whether a molecule is a potentially effective
and robust corrosion inhibitor. Building upon our previous work where
we screened the electrochemical behaviour of AA2024-T3 substrate
exposed to more than 100 organic molecules at 1 mM concentration
throughout 24 h [33], we have selected the top-performing non-toxic
inhibitors for further study. To highlight the factors critical for cor-
rosion inhibition, we have conducted an electrochemical comparison
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of ammonium pyrollidinedithiocarbamate and other non-toxic organic
molecules with sodium dichromate from different perspectives: the
influence of inhibitor concentration, the influence of inhibitor exposure
time, the influence of physicochemical stability (inhibitor withdrawal
from the environment), and the influence of electrochemical stability
(polarisation of the substrate). While corrosion inhibition depends on
many variables, including but not limited to temperature, pH, and
adsorption kinetics, our focus on these specific factors stems from their
often-overlooked importance in translating laboratory results into prac-
tical engineering solutions. In particular, physicochemical stability is a
critical limitation for the use of organic molecules in self-healing coat-
ings for aerospace applications. The results of this study are expected
to steer inhibition efficiency and robustness studies and facilitate the
development of Cr(VI) replacement organic molecules by unveiling the
nature of corrosion inhibition at different and varying conditions.

2. Experimental
2.1. Sample preparation

2 mm thick AA2024-T3 sheets were purchased from Salomon’s
Metalen B.V., the Netherlands, to use as the substrates for the elec-
trochemical experiments. After cut into 20 mm X 20 mm samples
with an automatic shear cutting machine, samples were ground with
progressively finer grits of 320, 800, 1200, 2000 and 4000 with a
rotating plate sander under a running water. The resulting ground
samples were then ultrasonically cleaned in isopropanol for 15 min and
subsequently dried with compressed air.

2.2. Electrolytes

The inhibitor selection reasoning was based on a process of elim-
ination building on our previous inhibitor screening study [33]. The
chosen inhibitors were the non-toxic molecules with the highest cor-
rosion inhibition efficiencies. 4-mercaptobenzoic acid showed highest
performance in our previous work, however it was already insolu-
ble at 1 mM concentrations, which made further work on inhibitor
concentration studies at higher concentrations challenging. A similar
solubility challenge was also present for the second one in the ranking
of our previous work, 2-mercaptopyrimidine. That left ammonium
pyrollidinedithiocarbamate and 3-amino-1,2,4-triazole-5-thiol for fur-
ther study, which were ranked at positions 3 and 5 (after sodium
mercaptoacetate which was not considered for this work due to its
toxicity).

Electrochemical measurements were conducted at room tempera-
ture in open-to-air 0.1M NaCl solutions, with (or without) the added
1 mM inhibitor candidates: 3-amino-1,2,4-triazole-5-thiol, 2-mercapto-
pyridine, 2-mercaptopyrimidine, 4-mercaptobenzoic acid, ammonium
pyrollidinedithiocarbamate, sodium diethyldithiocarbamate. Sodium
dichromate solutions were prepared by first making a 10 mM stock
solution with sodium dichromate dihydrate. This solution was diluted
with pure water and mixed with NaCl to prepare final solutions
for electrochemical experiments. For concentration experiments ad-
ditional electrolytes were prepared in the range of 0.05 to 10 mM
concentrations. The basis salt solutions without the addition of in-
hibitors (pH 5.9) were prepared with NaCl powder with Milli-Q pure
water (15.0 MQ cm resistance at 25 °C). For cyclic voltammetry
measurements, 0.1M Na,SO, solution with 1 mM ammonium py-
rollidinedithiocarbamate or 3-amino-1,2,4-triazole-5-thiol electrolytes
were prepared. No additional compounds were added to modify the
pH and/or increase the solubility of inhibitors. All chemicals were
obtained from Sigma-Aldrich, except for sodium chloride (J.T. Baker)
and 3-amino-5-mercapto —1,2,4-triazole (Alfa-Aesar).
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2.3. Electrochemical experiments

The electrochemical measurements consisted of the following tech-
niques: open circuit potential (OCP) observation, linear polarisation
resistance (LPR), electrochemical impedance spectroscopy (EIS) po-
tentiodynamic polarisation (PDP), and cyclic voltammetry (CV). The
experiments were performed in a flat three-electrode electrochemical
cell (Corrtest Instruments, China) where the sample was the working,
platinum mesh was the counter, and Ag|AgCl (saturated KCl) was the
reference electrode. The exposed surface area was 0.785 cm?, covered
by a 250 ml electrolyte volume. Biologic VSP-300 multichannel poten-
tiostats were used to control the electrochemical measurements through
EC-Lab software (version 11.33, Biologic, France). Only for sodium
dichromate experiments Gamry E1010 potentiostats with Gamry soft-
ware were used. The electrochemical behaviour of background unin-
hibited cases were compared to make sure the results between different
potentiostats matched.

All electrochemical experiments were repeated at least three times
per inhibitor to confirm the reproducibility of the experiments. All
potentials presented in this work refer to the Ag|AgCl (saturated KCI)
reference potentials unless mentioned differently.

2.3.1. Influence of inhibitor concentration

Inhibitor concentrations were varied from 0.05 to 10 mM for sodium
dichromate or ammonium pyrollidinedithiocarbamate dissolved in 0.1M
NaCl electrolytes. To check the influence of inhibitor concentration,
separate anodic and cathodic potentiodynamic polarisation curves were
recorded after 6 h of OCP in a single sweep with a scan rate of 0.5 mV/s
from —(+) 10 mV to +(—) 500 mV potentials with respect to the OCP
values. Linear polarisation resistance values were calculated from the
initial ¥ (+) 10 mV parts of the scans.

2.3.2. Influence of time

To check the influence of time, potentials were scanned from
—10 mV vs. OCP to +10 mV vs. OCP at a rate of 0.5 mV/s every
10 min for 24 h. OCP was observed in between the scans. A linear
fit was applied to the observed potential vs. current density plots to
obtain the polarisation resistance (R,) values. At the 274 and 24th hour,
EIS measurements were conducted. A sinusoidal AC perturbation with
a peak-to-peak amplitude of 10 mV was applied from 10 kHz to 10
mHz frequency range with 10 frequency point per logarithmic decade.
Measurement was repeated 3 times per frequency point. 10 min of OCP
was observed between LPR and EIS experiments.

2.3.3. Influence of physicochemical stability

To check the influence of physicochemical stability, electrochemi-
cal experiments were carried out in inhibitor-containing solutions for
the first day, and inhibitor-absent solutions for the last 3 days. The
first 24 h of electrochemical experiments were conducted in 1 mM
inhibitors dissolved in 0.1M NacCl solutions. Afterwards the electrolyte
was poured out, the electrochemical cell was rinsed, and a new elec-
trolyte containing only 0.1M NaCl solutions was used for the rest of the
electrochemical experiments.

The electrochemical investigations were initialised after observing
the OCP. LPR was measured over a potential range of +10 mV with
a scan rate of 0.5 mV/s after 1, 2, 6 h and afterwards every 6 h.
OCP was observed in between LPR measurements. EIS measurements
were conducted directly after LPR measurements every 6 h,in the same
manner as discussed previously. The selected data from EIS were quan-
tified with equivalent electrical circuit fitting with the Zview software
(v3.5 h, Charlottesville, USA).

2.3.4. Influence of electrochemical stability

After observing OCP for 1 h under exposure to 0.1M Na,SO,
with 1 mM ammonium pyrollidinedithiocarbamate or 3-amino-1,2,4-
triazole-5-thiol, samples were scanned with 10 mV/s scan rate in a
cyclic voltammetry fashion from 0.7 to —1.2 V vs. Ag/AgCl(saturated
KCl). The scan was repeated 5 times, but only the first 2 are presented
here as the last 4 cycles resulted in the same behaviour.

Corrosion Science 256 (2025) 113183
3. Results and discussion
3.1. Influence of inhibitor concentration

Fig. 1 plots the anodic and cathodic polarisation curves of AA2024-
T3 exposed to 0.1M NaCl electrolytes with sodium dichromate or
ammonium pyrollidinedithiocarbamate at different concentrations. Fig.
2 summarises the linear polarisation resistance (R; pp) and corrosion
potential (E,,,,) values obtained from the scans of Fig. 1.

From Figs 1(a) and (b) and Fig. 2 potential trends we observe
that the addition of sodium dichromate, even as little as 0.05 mM,
shifted corrosion potentials to more negative potential values of —50
to —70 mVs. Further concentration increases did not result in further
changes in the corrosion potentials. As a result, active pitting behaviour
(a rapid increase in anodic corrosion current densities at corrosion
potentials) of uninhibited case changed with dichromate additions. For
dichromate additions of less than 1 mM, even though pitting occurred
at uninhibited corrosion potentials, shift of corrosion potentials resulted
in a larger stable potential range. For dichromate additions of more
than 1 mM, an approximately 20 mV extra range of Tafel behaviour
appeared, due to the 20 mV positively shifted pitting potentials. This
suggests further stabilisation of pits higher than this 1 mM critical con-
centration. Fig. 1(a) shows that increased dichromate concentrations
decreased anodic current densities. 0.05 mM dichromate addition de-
creased corrosion current by an order of magnitude, and this decrease
only continued with an increase in concentration. Cathodic curves of
Fig. 1(b) showed more than 2 orders of magnitude current density
decrease with the addition of 0.05 mM dichromate, however no addi-
tional decrease in current densities were observed with an increase in
dichromate concentration. Cathodic curves showed similar behaviour
rather independent of the dichromate concentration. This suggests
cathodic inhibition was complete starting from as little as 0.05 mM
dichromate concentration. This behaviour aligned with trends observed
in R; pg values plotted in Fig. 2. The addition of sodium dichromate
increased R; pr (in kOhm cm?) values to 256 + 210 for 0.05 mM, up
to a maximum of 428 + 32 for 5 mM concentration. The standard
deviation of measurements decreased with increasing concentrations
with the exception of the maximum measured concentration 10 mM,
and the mean values with their deviations overlapped between 0.1 —
10 mM concentrations.

Inhibition of corrosion by Cr(VI) compounds is due to their ability
to adsorb onto the metal/oxide surfaces irreversibly, subsequently get
reduced to form inert hydrophobic Cr(Ill) oxide barrier films, with
retained releasable Cr(VI) reservoirs. Non-reduced Cr(VI) oxoanion
adsorbtion on Al-oxides modifies the zeta potential, discouraging ad-
sorption of corrosive ions such as chlorides that promote dissolution
and destabilisation of the protective oxide films, further inhibiting
pitting [40-42]. A 0.05 mM chromate concentration was found to be
sufficient for the formation of such chemical chromate conversion films:
Cr(VI) - Cr(IlI) mixed oxides which primarily suppress the cathodic
oxygen reduction reaction (ORR) rate and inhibit localised corrosion
initiation [43,44]. For AA2024-T3 specifically, the chemical conversion
layer thoroughly reduces corrosion activity at both the cathodic sites
such as Cu-rich - and dealloyed S-phase intermetallic particles, and
the Al matrix with the anodic intermetallics within [45,46]. Based
on this literature, we can infer that in our experiments 0.05 mM
dichromate concentration was sufficient to form a barrier film that
suppresses cathodic reactions, which did not change further with an
increase in dichromate concentration. Meanwhile, further increase in
dichromate concentration increased available Cr(VI) oxoanion ready
to adsorb and suppress the localised pitting activity, which would
explain the increased potentials required for pitting initiation, and con-
sistent decrease of anodic current densities with increasing dichromate
concentrations.

Addition of ammonium pyrollidinedithiocarbamate showed com-
pletely different trends. Despite the constant pH values around 6.0-6.5
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Fig. 1. Potentiodynamic polarisation curves of AA2024-T3 exposed to 0.1M NaCl electrolytes with varying inhibitor concentrations: (a) sodium dichromate anodic polarisation,
(b) sodium dichromate cathodic polarisation, (¢) ammonium pyrollidinedithiocarbamate anodic polarisation, (d) ammonium pyrollidinedithiocarbamate cathodic polarisation. Red
stars indicate corrosion potentials and currents at 1 mM concentrations.
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Fig. 3. Influence of time on the linear polarisation resistance (R, pz) of AA2024-T3 in the presence (and absence) of 1 mM corrosion inhibitors.

at all concentrations, the electrochemical potentials changed signifi-
cantly. Figs. 1c and 1d show that corrosion potentials systematically
shifted to more negative potentials with increases in concentration. This
resulted in a passive range that became larger and larger with inhibitor
concentration, which is expected to limit the localised electrochemical
activity. The current densities of both anodic and cathodic curves de-
creased until 2 mM concentration, after which they started to increase.
This is consistent with R; px values plotted in Fig. 2, where ammonium
pyrollidinedithiocarbamate addition increased R;pp (in kOhm cm?)
values to 102 + 50 for 0.1 mM, up to a maximum of 697 + 89 for
2 mM, and decreased to 498 + 132 for 5 mM concentrations. This
plateauing or decrease in performance after a certain critical inhibitor
concentration was likely due to more disordered self-assembled mono-
layers [47], which has previously been attributed to surface saturation
with adsorbed molecules or self-micelle formation [35,48,49]. The de-
crease in current densities of both anodic and cathodic curves suggests
an inhibitive film formed both on anodic Al matrix and anodic/cathodic
intermetallics, the majority of which contain Cu [50]. Inhibiting the
dealloying of Cu-rich intermetallics is critical in limiting the overall cor-
rosion of AA2024-T3, as they are the main microgalvanic driving force
for the electrochemical reactions. Previous studies confirm that am-
monium pyrollidinedithiocarbamate can inhibit Cu by decreasing the
active surface area and raising the charge transfer resistance through
formation of an amorphous inhibitive film [51].

Initial comparison of concentration influence of both inhibitors
seems to suggest that electrochemical performance of ammonium py-
rollidinedithiocarbamate is on par with sodium dichromate for the
1-10 mM concentration range. It would seem as if our research has
finally found the replacement for hexavalent chromium compounds.
However is that really the case? For this end, the next section explores
the behaviour of time on the electrochemical behaviour.

3.2. Influence of time
Fig. 3 plots the polarisation resistance (R; pg) values throughout

time for the first 24 h. In addition to ammonium pyrrolidinedithio-
carbamate, we tested 5 other non-toxic organic molecules that had

shown promising corrosion inhibition properties during our previous
screening [33]. R;pr values of the uninhibited case were relatively
constant around 10 + 3 kOhm cm? throughout the first day. The
organic molecules increased the R;px values in the range of 78 + 9
to 325 + 10 kOhm cm?, but not immediately. It is observed that
organic molecules require some time to stabilise and reach their peak
polarisation resistance R; pg values, which was around 6 h. After that
point, R; pr values reached a plateau and did not change significantly
anymore. On the other hand, polarisation resistance originating from
the sodium dichromate kept increasing throughout the whole day, up
to 1479 + 431 kOhm cm?.

Looking back on the concentration experiments presented in the
previous section, we can explain the comparable behaviour of sodium
dichromate with the organic molecules observed after 6 h. Whereas
the ratio of polarisation resistance values of sodium dichromate and
ammonium pyrollidinedithiocarbamate was around 2-3 around the 6-
hour mark, which matches which trends from last section, this value
increases to 8-10 at the 24th hour. This corresponds to inhibition effi-
ciencies of 87%-97% for organics, while sodium dichromate reached an
inhibition efficiency of more than 99%. This shows that if we only look
at the time-step of 6th hour, or any other single time-step for that mat-
ter, we come to the wrong conclusion about the behaviour. The gradual
initial increase culminating in a plateau of polarisation resistance for
the adsorption of organic molecules, and continuous development of
the protective chromium oxide films highlight the time-sensitive nature
of the corrosion inhibition, and the critical need for time-resolved
measurements. The importance of time-resolved electrochemical mea-
surements were highlighted before in a previous study [26]; here we
once again underline that without time-resolved measurements, it is
unlikely to have a correct efficacy assessment of the next-generation
chromate replacement compounds.

3.3. Influence of physicochemical stability

Sustaining corrosion inhibition in changing environments is as im-
portant as sustaining corrosion inhibition throughout time. It is critical
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to keep corrosion inhibition going in dynamic conditions, especially
in the widely-changing conditions observed for aerospace alloys: dry-
wet cycles, temperature fluctuations, among others [52]. We name the
sustained inhibition in the changing environmental conditions physico-
chemical stability of the inhibitor, which in previous papers were also
called irreversibility of the inhibition [4].

To check the behaviour of physicochemical stability we have ob-
served electrochemical impedance response of selected high performing
organic corrosion inhibitors and sodium dichromate at 1 mM concen-
trations. Electrochemical impedance spectroscopy measurements were
first performed in the presence of inhibitors after 12, 18 and 24 h of
exposure, afterwards substrates were exposed to electrolytes without
any inhibitors and electrochemical impedance spectra were acquired
for every 6 h after the 12th hour for 3 days.

Fig. 4(a) shows the resulting impedance modulus plots for the
final measurements before and after electrolyte switch. Filled markers
represent the case in the presence of inhibitors, and empty mark-
ers represent the case of the following absence of inhibitors. It is
visible from the plots that the addition of inhibitors consistently in-
creases the impedance modulus values. Sodium dichromate results
in the largest impedance modulus increase. After changing the elec-
trolytes, impedance modulus of all systems decrease significantly: the
impedance modulus of all organic inhibitor systems except for 3-amino-
1,2,4-triazole-5-thiol drop down to the uninhibited level, while sodium
dichromate shows significantly higher modulus values. Even after the
electrolyte exchange the impedance modulus values of sodium dichro-
mate only drop down to the levels of organic inhibitor present systems.
Fig. 4(b) shows the mean drop in impedance modulus values at 10~2
Hz converted into inhibition power. It is clear that apart from 3-amino-
1,2,4-triazole-5-thiol, all organic molecules stop providing corrosion
inhibition if they are not sustained in the environment. In this case
3-amino-1,2,4-triazole-5-thiol loses most of its inhibition as well -
74% of the initial inhibition power is lost — but it is not completely
gone, resulting in a quasi-reversible corrosion inhibition behaviour.
For comparison, sodium dichromate only loses 39% of its original
inhibition power.

Fig. 5 focuses on sodium dichromate, ammonium pyrollidinedithio-
carbamate, and 3-amino-1,2,4-triazole-5-thiol. 3-amino-1,2,4-triazole-
5-thiol still sustained some impedance modulus increase after the elec-
trolyte switch. This is a key quality for stable and irreversible corro-
sion inhibition, as the low-frequency impedance determines the total
retained corrosion resistance of the system [26]. As the frequency
tends towards infinity, the impedance modulus magnitude tends to-
wards the resistance of the electrolyte; as the frequency tends towards
zero, capacitive contributions disappear and the impedance modu-
lus magnitude tends towards the total impedance coming from the
electrolyte, inhibitor, and charge transfer [53,54]. Similar impedance
behaviour between samples above 10° Hz stemmed from electrolyte
impedances, resulting in similar impedance modulus values. The phase
angle values became more negative as the frequency decreased: the
more the corresponding impedance modulus, the steeper the phase
angle decrease. This was the result of the capacitive dielectric formed
on the substrate through oxide and/or adsorbed inhibitors. Related
impedance modulus increase and more capacitive behaviour between
107! - 10° Hz stemmed from the electron transfer processes of the
inhibitor-oxide/metal surface [55]. The behaviour in further lower fre-
quencies corresponds to either resistive charge transfer processes where
phase angle approaches 0, or otherwise mass-transfer limited diffusion
processes where phase angle approaches -45 [53,54]. The slowest time
constant at lower frequencies (@, ~ 1/7 = 1/RC), which is the mea-
sure of how quickly the system responds to external changes in voltage
and current [56], appeared at lower frequencies in the presence of
inhibitors, which means the time constant has increased. This increase
meant slowing down the electrochemical system, either through an
increase in resistance or capacitance, through limiting charge transfer
or diffusion. After the electrolyte switch time constants decreased again
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Fig. 4. Influence of presence and subsequent absence of corrosion inhibitors on
electrochemical behaviour. Filled markers represent the electrochemical impedance
spectroscopy response before electrolyte exchange, while empty markers indicate the
response after exchange. (a) Impedance modulus spectra for organic inhibitors. (b)
Comparison of the impedance modulus at 10~2 Hz, converted to inhibition power (P,,,),
before and after electrolyte exchange. The percentage reduction in original protection
is indicated between the markers. Both subplots share the same legends.

for all systems. The low frequency phase angles of uninhibited and am-
monium pyrollidinedithiocarbamate samples approached towards —45°
(also apparent as a low-frequency slope of 1 in Nyquist visualisation,
shown in Supplementary Information), which suggests a diffusion-
limited response. For others that was not the case. These suggest that a
complete or quasi-reversal to the non-protected behaviour develops in
the absence of a sustained inhibitor in the environment. The difference
most likely originates from the different surface bonding behaviour of
organic molecules. The inhibitors that maintained their effectiveness
formed stable surface complexes or stabilised oxide layers that resisted
their removal and/or dissolution of the substrate after the electrolyte
switch.

To quantify inhibitors’ electrochemical response, a modified Ran-
dles circuit shown in Fig. 5 inset is used as an equivalent electrical
circuit to fit the spectra. The chosen circuit with two time constants
was used to model the physics of the metal electrode covered with
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strating the influence of presence and subsequent absence of corrosion inhibitors on
electrochemical impedance spectroscopy response. Selected equivalent circuit and fit
values relevant to the inhibition shown in the inset.

an imperfect overlaying inhibitor layer. This is a widely used equiv-
alent circuit fit used for modelling the impedance of an electrode
coated by a thick dielectric layer with pores exposing the electrode
to the electrolyte [53,57-59]. In this fit R, R, and CPE,, R,, CPE,
corresponded to the electrolyte resistance, protective film resistance
(through adsorbed molecules and/or passive film) and its associated ca-
pacitance, charge transfer resistance and the double layer capacitance,
respectively. Constant phase elements (CPE) are employed instead of
capacitors due to the deviation from the ideal capacitive behaviour.
Capacitance of the constant phase elements were calculated according
to the Hsu-Mansfeld approach [60]:

1-n 1
C=R7" On 1)

where C is the capacitance, R the resistance, O is the magnitude of
the CPE associated with its capacitance, and » an empirical constant,
taking values between 0 and 1 (1 represents the case for the ideal
capacitor, 0 the ideal resistor, and in between values the non-ideal
capacitive responses). The calculated equivalent resistance and capac-
itance values related to the presence/absence of inhibitors are plotted
as an inset of Fig. 5. Resistance values increased up to 50-fold in
the presence of inhibitors. The capacitance values showed an order of
magnitude decrease in the presence of inhibitors as well. Through the
relationship [53]:

£0E
C=— 2
1 2
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where C is the capacitance, ¢, the vacuum permittivity, ¢ is the
relative permittivity, and d the thickness of the dielectric field re-
sponsible for capacitive behaviour, it can be argued that corrosion
inhibitors either created a steric hindrance through a thicker barrier
film, or decreased the relative permittivity of the surface. After the
electrolyte change the resistance values had a sharp decline: dichro-
mate resistance dropped to half of its original value but stayed strongly
inhibitive, 3-amino-1,2,4-triazole-5-thiol dropped to a fraction of its
original gained inhibition and showed around 65% inhibition effi-
ciency, whereas ammonium pyrollidinedithiocarbamate lost all inhi-
bition. Trends were similar for capacitance: capacitance of dichro-
mate doubled, 3-amino-1,2,4-triazole-5-thiol quadrupled, whereas am-
monium pyrollidinedithiocarbamate returned to uninhibited values.
Doubling of capacitances for the uninhibited case is most likely re-
sulting from the growth of the Al-oxide under the 3-day electrolyte
exposure.

Fig. 6 plots the evolution of impedance modulus values measured
at 1072 Hz frequency to understand the stability of inhibitor systems
through time. Although being based on a simplification since the low-
frequency impedance modulus includes contributions from the oxide
film resistance, the charge transfer resistance, and often from the
diffusion-controlled processes — it has been shown that the impedance
modulus values observed at 10~2 Hz frequency effectively represent the
corrosion resistance of the inhibitor-substrate interface [61].

It is observed that the electrochemical behaviour of almost all
samples returns to the uninhibited performance 60 h after the inhibitor
removal. 3-amino-1,2,4-triazole-5-thiol sustains its — albeit decreased
— protection at least for 3 days after the electrolyte exchange, but all
other organics completely lose their protection. Dichromate sustains its
original protection for a long time, and even after 3 days measured
impedance modulus is more than 5-fold the impedance modulus of the
best organic corrosion inhibitor.

These observations suggest that corrosion inhibition gained through
organic molecules is lost for almost every organic system if the molecule
is not sustained in the environment. Despite the initial inhibition,
the majority of the tested organic molecules have reversible bonds
that limit their inhibition performance and applicability in dynamic
environments. Best-performing inhibitors were not necessarily more
irreversible or had a higher performance after electrolyte change.
3-amino-1,2,4-triazole-5-thiol provides a quasi-reversible corrosion in-
hibition, possibly through more permanent bonds formed with some
of the intermetallics instead of the Al substrate. Sodium dichromate
showed the best inhibition performance before and after the electrolyte
exchange, but it also showed a significant decrease in inhibition. How-
ever, even when the dichromate was absent afterwards, the inhibition
was better than the best organic inhibitor tested in this study.

3.4. Influence of electrochemical stability

Corrosion inhibition must be sustained in a wide range of electro-
chemical potentials. In the vicinity of the localised galvanic couples,
such as pitting corrosion cells of AA2024-T3 [46], open circuit po-
tential is different because as the electrochemical corrosion reactions
proceed anodic areas become more acidic while cathodic areas become
more basic, both destabilising the oxide of aluminium alloys. Ensuring
corrosion inhibition in a wide range of potentials minimises such
microgalvanic interactions, which we here label as the electrochemical
stability.

Presence of chromates were previously shown to suppress current
densities in a wide potential range and specifically Cu oxidation [17,
62], providing electrochemical stability, but such studies on organics
are often missing from the literature. To check the behaviour of elec-
trochemical stability of organic molecules we have performed cyclic
voltammetry measurements. In total 5 cycles were recorded, but no
significant change in electrochemical behaviour is observed so only the
first 2 cycles are plotted in Fig. 7. Cycles are initiated from positive
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Fig. 6. Evolution of impedance modulus values measured at 107> Hz frequency.

towards the negative potentials, with the hypothesis that initially the
inhibitors would form self-assembled monolayers in the first hour of
exposure, then they would be forcibly desorbed throughout the scan
to the negative potentials (assuming deprotonated negatively charged
molecules, which is justified given the low pKa trend of mercap-
tans [63]), then electrosorbed [64] again to the aluminium surface with
the positive scan. The first and second scan would show the difference
between self assembled monolayer and electrosorption behaviour.

On the scan towards negative potentials, for the uninhibited case
a peak appears around —0.55 V, which shifts to —0.65 V for the
second cycle. The onset values of these peaks are typical for diffusion
limited oxygen reduction reaction (ORR), which extend up to around
—1.1 V where hydrogen evolution reaction appears as a sharp increase
in cathodic current densities [65]. ORR is dependent on the surface
properties and composition — because of the surface modifications
to Al (hydr)oxide during the first scan, the ORR onset shifts to more
negative potentials and result in higher peak current densities. Looking
at the results for organic inhibitors during the first scan, ORR is
partially suppressed for ammonium pyrollidinedithiocarbamate, and
completely suppressed for 3-amino-1,2,4-triazole-5-thiol after the self-
assembly process of the adsorbed organic layers. After the second
cycle, the current densities decrease even more and the peak of ammo-
nium pyrollidinedithiocarbamate present in the first scan disappears,
suggesting increased inhibition through the electrosorption.

On the scan back towards positive potentials, for the uninhibited
case a peak appears around —50 mV. The position and magnitude of this
peak matches very well with literature where cyclic voltammetry and
glow discharge mass spectrometry (GDMS) was used on AA2024 [66],
with which this peak was attributed to surface enrichment with Cu due
to the anodic Cu oxidation reactions:

2Cu + H,0 — Cu,0 + 2H" + 2¢~ 3)

Cu,0 + H,0 — 2Cu0 + 2H* + 2¢~ “@

For the uninhibited case both cycles had this peak, which was
completely suppressed in the presence of organic inhibitors. This would

mean that organic inhibitors are successful in preventing surface en-
richment with Cu, in both self-assembled and electrosorbed form,
which is a critical corrosion initiation mechanism for Al-Cu alloys. Both
molecules conveyed stable inhibition in a wide potential range.

4. Conclusions

In order to support the quest for promising non-toxic alternatives
to hexavalent chromium based inhibitors, we have to be aware of
how the corrosion inhibition evolves with inhibitor concentration and
measurement time, and whether it is stable in the presence/absence of
the inhibitor molecule in a wide potential range. Here we show that
even after screening more than 100 organic molecules experimentally,
the best-performing molecules from the screening can tempt us to
jump to premature conclusions. When not taking different corrosion
inhibition critical factors such as time, concentration and physical/elec-
trochemical stability into consideration, conclusive remarks about final
performance cannot be drawn. We have observed that at 1 mM con-
centrations some organic compounds do offer comparable inhibition
to sodium dichromate around the 6-hour mark, but afterwards perfor-
mance of chromate keeps increasing throughout the first day whereas
organics reach a stable plateau. Despite the initial inhibition, the ma-
jority of the tested organic molecules have reversible bonds that limit
their inhibition performance and applicability in dynamic environ-
ments where a constant inhibitor reservoir is not present. Compared to
weaker inhibitors, best-performing inhibitors were neither necessarily
more physically stable and irreversible, nor had a higher performance
after removal from the electrolyte. On the other hand, when the organic
molecules are sustained in the environment they can offer corrosion in-
hibition away from the open circuit potential for a wide potential range,
and can suppress both Cu oxidation and oxygen reduction reactions.
Some minority molecules show that quasi-stable corrosion inhibition is
possible with small organic molecules — meaning long-term (studied
up to 3-days in this work) stable barrier properties are possible even
when the molecules are withdrawn from the environment, albeit at a
lower inhibition.
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