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On the importance of time-resolved electrochemical evaluation
in corrosion inhibitor-screening studies

Peyman Taheri'™, Ingrid Milosev (7, Mats Meeusen', Barbara Kapun?, Paul White ®?, Anton Kokalj@? and Arjan Mol

1

Efficiency of corrosion inhibitors in aqueous solutions depends on several interfacial parameters, which may vary over time.
Therefore, reliable electrochemical techniques are demanded for screening the efficiency of corrosion inhibitors and monitoring
their performance over time. Here, we evaluate corrosion inhibition efficiency of imidazole-based compounds on bare Cu surfaces
and highlight the importance of electrochemical evaluation of the inhibitor over time, characterized by linear polarization
resistance techniques as a reliable, instantaneous and non-invasive method for assessing intrinsic inhibitor performance in lab

screening studies.

npj Materials Degradation (2020)4:12; https://doi.org/10.1038/541529-020-0116-z

INTRODUCTION

The restrictions of using hexavalent chromium-based corrosion
protection chemistries, due to their potential harmful environ-
mental and health impacts, have provoked the need of introdu-
cing alternative chemical compounds, including those for
corrosion inhibitors. Rare-earth-, vanadate-, lithium-, phosphate-,
metal- and organic-based compounds have been developed to
date to replace the existing hexavalent chromium-based inhibi-
tors'. A large number of commercial corrosion inhibitors are
available, whereas new products are being introduced to meet
specific industrial needs®™.

A selection of new alternative corrosion inhibitors is a rather
difficult task due to the diversity and complexity of corrosion
phenomena and due to variation of their performance with time.
The selection of an inhibitor is usually based on results of
laboratory or field tests. Corrosion inhibition mechanisms depend
on several parameters that are, one way or another, associated
with the properties of basic constituents of the corrosion system,
that is, the inhibitor, metal (oxide) surface and electrolyte®®. Some
of these parameters may vary during corrosion leading to a
change of the inhibitor performance’™. The selection becomes
more unreliable when several corrosion inhibitors are screened
and evaluated at only one specific exposure time. Therefore, real-
time monitoring of the inhibition efficiency versus the exposure
time is demanded for reliable interpretations, while fast data
acquisition is required to shorten the inhibitor-screening process.
To date, there are several high-throughput screening methods
based on mass loss'®'", microscopic and analytical testing'*'3,
electrochemical measurements'*™'®, and computational model-
ing'”™"? to assess the corrosion inhibition of a large number of
compounds.

Here, we aim to screen the performance of corrosion inhibitors
over prolonged exposure times of 100 h. We examine corrosion
inhibition of 1 mM imidazole (ImiH), 1-methyl-benzimidazole
(BimMe) and 2-mercapto-1-methyl-benzimidazole (SH-BimMe) in
3 wt.% NaCl aqueous solutions on pure Cu samples over an
exposure period of 100h and compare the results with an
uninhibited solution. We compare potentiodynamic polarization
(PDP), electrochemical impedance spectroscopy (EIS), and linear

polarization resistance (LPR) techniques for screening of the
inhibitors over time. Note that evaluation of the inhibition
mechanism demands a wider set of characterization techniques,
but is not deemed to be of highest priority during initial inhibitor-
screening studies.

RESULTS AND DISCUSSION

Polarization methods involve sweeping the sample potential and
recording the current passing through the cell. PDP is often used
for laboratory testing, because it provides useful information
about the corrosion inhibition mechanisms and corrosion rate of
the substrate in inhibited environments. Figure 1a-c shows the
polarization curves of the inhibited and uninhibited Cu samples,
recorded after 1, 30 and 100 h of immersion, at 1 mV s~ ' scan rate,
starting 250 mV negative to open circuit potential (E.c), and then
increasing the potential in the anodic direction. Changes of the
anodic and cathodic branches of the uninhibited sample by the
exposure time indicate an ongoing corrosion process, i.e., oxygen
reduction as the major cathodic reaction and formation of cuprous
chloride complexes as the dominant anodic reaction”’. It can be
seen that the addition of inhibitors shifts E.,, to more positive
values, except for ImiH and BimMe at 100 h for which the PDP
curve is very similar to that of uninhibited sample. The comparison
of PDP curves clearly shows that SH-BimMe is a much better
inhibitor than ImiH and BimMe and that its inhibition efficiency
increases with time: notice the remarkable decrease of current
density at 100 h. In contrast, the performances of ImiH and BimMe
decrease with time and further analysis shows that they even
slightly accelerate corrosion at longer exposure times (vide infra).

Figure 1d-f presents EIS impedance modulus Bode plots of the
inhibited and uninhibited Cu samples at different exposure times,
recorded at a 10 kHz-10 mHz frequency range with 10 frequency
points per logarithmic decade with an amplitude of 10 mV.
Impedance modulus values at a frequency of 0.01Hz (|Z]) are
taken as a parameter reflecting corrosion resistance of the
inhibitor/substrate interface®'. The values deduced from the EIS
plots at different exposure times are tabulated in Table 1. The
reduced |71 values indicate that ImiH is an accelerator after 30 h of
immersion, while SH-BimMe acts as an inhibitor with strongly
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Fig. 1 PDP curves and EIS Bode plots of Cu samples in 3 wt.% NaCl without and with 1 mM ImiH, BimMe, and SH-BimMe. a-c PDP curves

and d-f EIS Bode plots, recorded at 1, 30 and 100 h immersion time. Skeleton formulae of the three inhibitors are shown in d and e; for SH-
BimMe the thiol tautomer is shown, although the thione tautomer is more stable in the solution; our DFT calculations further reveal that in the
adsorbed state SH-BimMe exists either as thiolate or thione, but not as thiol®°.

Table 1. Impedance modulus values |ZI at 0.01 Hz for uninhibited
(NaCl) and inhibited (ImiH, BimMe and SH-BimMe) samples recorded
after 1, 30 and 100 h of immersion.
Sample Impedance modulus at 0.01 Hz (kQ cm?)

1h 30h 100 h
NaCl 9.3 12.8 29.7
ImiH 124 6.5 5.9
BimMe 304 19.0 11.0
SH-BimMe 276.2 746.5 7326

increasing efficiency with time, as evidenced by the tabulated 17|
values. According to the tabulated |Z| values, BimMe acts as an
inhibitor at early exposure times, but its efficiency decreases with
time so that it accelerates corrosion after 100 h.

Despite some discrepancy between PDP and EIS results, both
techniques deliver complementary information about the corro-
sion inhibition mechanism. However, they are unsuitable for the
preceding screening step as they suffer from various issues to
provide time-resolved corrosion inhibitor performance informa-
tion over the exposure time. For the PDP, polarization of the
surfaces at the anodic and cathodic potentials varies the surface
physicochemical properties by its electrochemical activation,
possibly changing the surface composition and substrate-
interface chemistry from the original unbiased condition®*™?. In
addition, a new sample should be used for each measurement as
the polarization interrupts the corrosion/inhibition processes. On
the other hand, the excitation signal applied for EIS is small
(10 mV) to assure linearity, but sweeping the frequency range of
10 kHz-10 mHz takes about 15 min for conventional corrosion/
inhibition systems. Therefore, the surface is altered by the
electrolyte during the measurement time implying that the

npj Materials Degradation (2020) 12

generated EIS plot lacks stationarity'***~?%, Note that a relatively
wide frequency range must be scanned to generate interpretable
EIS graphs, regardless of subsequent data point(s) selection for
interpretations. On the other hand, the excitation signal, i.e.,
sweeping a potential window frequently, during the EIS measure-
ment makes the system more complex over LPR that uses only
one potential sweep. In terms of data interpretation, EIS typically
require additional surface analysis measurements to relate the
electrochemical data to the physicochemical surface state of the
sample under study and this consideration makes EIS less suitable
for screening large numbers of corrosion inhibitors.

LPR method, used widely in electrochemistry, involves only
slight polarization of the sample, typically in the order of +10 mV,
relative to its E.. As the DC potential is changed slightly, a current
will be induced flowing between the working and counter
electrodes. Therefore, the material's resistance to polarization
can be extracted from the slope of the linear region of the
potential versus current density curve as schematically shown in
Fig. 2a. This polarization resistance (R,) is essentially inversely
proportional to the corrosion current density (ico) Where the
greater R, values refer to a better corrosion inhibition as indicated
by the following formula:

. Ai
icor =B |:E]
AE—0

where E is the potential (V), icor is the corrosion current density (A
cm?), and B is the constant associated with anodic (b,) and
cathodic (b.) Tafel slopes, i.e., B = b,b./[2.3(b, + b.)].

Figure 2b shows LPR values obtained from the /-E curves
collected in 10 mV potential range versus E,.. The R, values of
SH-BimMe are substantially higher than those of uninhibited and
ImiH and BimMe inhibited samples, indicating a superior corrosion
inhibition of SH-BimMe. In addition, R, values of SH-BimMe
increase initially followed by a subsequent leveling indicating a
gradual reaction of the inhibitors with the surface followed by a

M

Published in partnership with CSCP and USTB



Measured current density

-20 -10 0 10 20
(a) Applied potential, E - E (mV)

R, (kQ cm?)

P. Taheri et al.

np)j

(b) Time (h)

Fig.2 LPR principle and results of LPR measurements. a Schematic of the extraction of the LPR value from the /-E curve and b R, values of
uninhibited (NaCl) and inhibited (ImiH, BimMe and SH-BimMe) Cu samples as functions of exposure time.

saturation or simultaneous construction and degradation of the
interfaces. In contrast, R, values of ImiH for exposure times above
20 h fall below those of uninhibited sample, indicating that ImiH
even slightly accelerates corrosion, whereas R, of BimMe starts
from relatively high value followed by a sharp drop at early hours
of the exposure. These observations indicate that the inhibition
efficiencies of corrosion inhibitors may vary significantly over the
exposure period.

Although the ranking of inhibitors is rather obvious from Fig. 2b,
such a visual inspection becomes cumbersome when a large
number of inhibitors is screened. To this end, it is convenient to
extract from data a single number that represents the efficiency of
a given inhibitor. This can be achieved by first estimating the
mean value of R, for example, via trapezoidal numerical
integration over time:

T LRy (te1) + Rolt,
tNRp(t)dt% p(k 1)+ P( k)
ty — to &= 2

<Rp> =

= Aty, 2
P—— k (2)
where Aty = ty — ty_1,where t, are discrete times at which R, was
measured (note that in the case of a uniform sampling of points,
the integral of Eq. (2) can be approximated by a simple arithmetic
mean). The inhibition efficiency (n) is then calculated via the well-

known relation, n = (Rg‘h — ROk ) /RN, where superscripts “inh”

and “blank” stand for inhibited and uninhibited samples,
respectively. In the current case, we obtain about —50% for ImiH,
12% for BimMe and 99% for SH-BimMe; note that the negative
value for ImiH indicates that it accelerates corrosion. There are
other ways of how inhibition efficiency can be calculated, eg.,
instead of <R,> one can calculate <1/R,> or one can calculate
n value at each measured point and then take the mean of n;
these various ways are analyzed in the Supplementary informa-
tion. Our analysis reveals that all the three ways give very similar
results for good inhibitors (the discrepancy appears only for very
time-fluctuating data or when n is low or negative).

The LPR measurements for screening of inhibitors benefit from
real-time evaluation over the exposure time without applying a
wide range of potential thus avoiding variation of the interfacial
properties expected for PDP measurements. This eliminates the
change of sample’s conditions while generating each data point,
which in turn enables efficient recording of many data points.
Moreover, collecting each data point lasts a few seconds, and
therefore, substantial variation of the sample as for the conven-
tional EIS measurement is eliminated. These issues make LPR a
powerful technique for lab screening of a large number of
inhibitors on bare samples exposed to ionically conductive
electrolytes with controlled compositions over a long
exposure time.

To summarize, inhibition efficiency of corrosion inhibitors may
vary over the exposure time. Corrosion inhibitors exhibiting
excellent performances at early exposure stages may perform

Published in partnership with CSCP and USTB

differently after longer exposure times, or vice versa. Hence, for
the many corrosion inhibitor-screening studies that are executed
these days it is shown not to be sufficient to report corrosion
inhibitor performance data at one single moment in time: time-
resolved information during relatively long exposure times is
crucial for obtaining insights in the intrinsic robustness of
corrosion inhibitors studied. To this end, LPR is a useful method,
because it is a fast, non-invasive and relatively simple electro-
chemical testing technique for lab screening of multiple corrosion
inhibitors on bare samples exposed to ionically conductive
electrolytes with controlled compositions over the exposure time
delivering real-time electrochemical assessments. In contrast, PDP
changes the surface properties due to the application of a
relatively large potential range, which makes it unsuitable for
screening of inhibitors versus time. On the other hand, conven-
tional EIS takes several minutes to sweep the frequency range for
a single measurement, while corrosion/inhibition processes are
ongoing, which may affect stationarity of the experiment. In
addition, EIS data interpretation is a challenge, typically requiring
in-depth surface analytical information to correlate a relevant
physicochemical surface state to the observed frequency-resolved
electrochemical responses. Therefore, time-resolved LPR is recom-
mended for the initial evaluation of corrosion inhibitors in the lab
that is focused only on the intrinsic inhibitor performance, i.e., for
the screening process for which quick and easily interpretable
data are required.

METHODS

Samples

Copper samples (99.95% purity) were supplied by Goodfellow Cambridge
Ltd. Samples were cut from 2-mm-thick foil and ground using, successively,
1200, 2400 and 4000-grid SiC emery papers successively (LaboPol-5,
Struers, Ballerup, Denmark), cleaned ultrasonically in ethanol for 5 min,
rinsed with deionized water and dried in a stream of N,.

Samples were immersed in 3 wt.% NaCl aqueous solution with or
without the addition of imidazole (ImiH), 1-methyl-benzimidazole (BimMe)
and 2-mercapto-1-methyl-benzimidazole (SH-BimMe) at 1 mM concentra-
tion. All inhibitors were supplied by Sigma Aldrich (purity for ImiH 99.5%,
SH-BimH 98% and SH-BimMe 95%), and NaCl by Carlo Erba (pro analysis).

Instrumentation

Electrochemical measurements were performed in a three-electrode
corrosion cell at the room temperature. The Cu substrate formed the
working electrode with exposed surface of 1.0 cm?. A platinum mesh was
used as the counter electrode and a saturated calomel electrode (SCE) as
the reference electrode. All potentials in this work refer to the SCE scale.

Measurements were carried out with potentiostat Autolab PGSTAT 12
(Metrohm Autolab, Nova software 2.1.3, Utrecht, The Netherlands). Linear
polarization curves were collected in the potential range of £10 mV versus
Eqc. Values of polarization resistance (R,) were determined from slopes of
the current density versus potential. Potentiodynamic curves then were
recorded at 1TmVs ' potential scan rate. Electrochemical impedance

npj Materials Degradation (2020) 12
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spectroscopy (EIS) measurements were performed in the 10 kHz-10 mHz
frequency range with 10 frequency points per logarithmic decade and
sinusoidal voltage of 10 mV.
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