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For the first time, 2-aminobenzimidazole (2-ABI) was tested as a corrosion inhibitor for copper in 3 wt%

NaCl solution at 25 °C using cyclic voltammetry (CV), chronopotentiometry, electrochemical impedance

spectroscopy (EIS), and potentiodynamic curve (PD) techniques. The EIS measurements indicated that

Received 11th April 2017,
Accepted 9th June 2017

DOI: 10.1039/c7nj0120%h

the corrosion of Cu in the presence of 2-ABI followed kinetic- and diffusion-controlled processes. After
100 h of immersion, the potentiodynamic curves showed that 2-ABI acts as a mixed-type inhibitor, with
a predominant action on the anodic corrosion reaction. ATR-FTIR confirmed the adsorption of 2-ABI on

the Cu surface, which resulted in increased hydrophobicity of the copper surface and reduced its

rsc.li/njc surface roughness.

1 Introduction

Copper is extensively used in a wide range of applications,
including structures open to the atmosphere, heat exchangers
in marine environments, freshwater supply lines, industrial,
chemical, and power-generating plant equipment and electronic
devices."” The selection of copper is due to the combination of its
excellent electrical and thermal conductivity, wide range of attain-
able mechanical properties, and its ease of fabrication, joining, and
soldering. In addition, copper shows resistance to biofouling.™?
Although the corrosion rates of copper in non-oxidizing acids,
water, and unpolluted air are negligible, its corrosion susceptibility
increases in oxidizing acids, oxidizing heavy-metal salts, sulfur,
ammonia, and chloride-containing solutions.>* Different
approaches have been considered to minimize the corrosion of
copper,”” among which the use of organic corrosion inhibitors
is by far the one most frequently explored.*® Azoles have been
extensively tested as corrosion inhibitors for copper in different
solutions”™ due to the presence of N-atoms in a five-
membered ring as potential adsorption centers. The azole
compounds inhibit the corrosion of copper by adsorbing on
the metal surface through the free electron pairs in these atoms.
Benzotriazole and imidazole derivatives are the two main groups
of azole compounds that have been tested in particular as
corrosion inhibitors for copper in chloride-containing solutions.
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Benzotriazole (BTAH) is well known for its corrosion inhibition
efficiency for copper in various solutions,’ including also
chloride-containing solutions."*° The adsorption of BTAH on
the copper surface and the formation of the Cu()BTA complex
was reported to be the main inhibition mechanism for this
compound.” Several BTAH derivatives have also been investi-
gated as corrosion inhibitors for copper in chloride-containing
solutions."®*>%

The same inhibition mechanism as for BTAH (adsorption
followed by the formation of the surface complex) was proposed
for imidazole.® The influence of different substitution groups
on the inhibition efficiency of imidazole derivatives was also
investigated.>*>*> Otmacéi¢ and Stupni$ek-Lisac*® investigated
the inhibition efficiency of imidazole and its derivatives, i.e.
4-methylimidazole, 4-methyl-1(4-methoxyphenyl)imidazole,
1-(p-tolyl)-4-methylimidazole, and 1-phenyl-4-methylimidazole
in sodium chloride solutions. They concluded that the inhibition
efficiency increased with increasing molecular weight and with
the presence of the phenyl ring. The inhibition of the last two
imidazole derivatives increased with increasing pH, due to the
stronger adsorption of the neutral imidazole molecule, as
expected at high pH values.>® The higher efficiency of the
mercapto-substituted imidazoles is connected to the stronger
bond they form with the surface due to their tendency to
deprotonate upon adsorption.*

Herein, 2-aminobenzimidazole (2-ABI) was tested in
chloride-containing solution and the results were compared
to previous studies of 1-hydroxybenzotriazole (BTAOH) and
BTAH," 2-mercaptobenzimidazole (MBIH),>**” 2-mercapto-
benzoxazole (MBOH),*® 2-mercaptobenzothiazole (MBTH),”®
and 4-methyl-2-phenyl-imidazole (MePhl),** performed under
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Fig. 1 The structures of 2-ABI and the other azole compounds previously tested as corrosion inhibitors for copper under similar conditions.

similar conditions. 2-ABI is a benzimidazole (BI) derivative
consisting of a combination of a benzene and an imidazole
ring in which one hydrogen atom is substituted by an amine
group. Fig. 1 shows the structures of 2-ABI and the above-
mentioned azole compounds.

The first reports concerning the use of 2-ABI as a corrosion
inhibitor are for 70-30 brass in 1.0 M ammonia solution.*>*
The authors reported that 2-ABI acted as a mixed-type inhibitor
and attributed its inhibition action to the formation of a
protective film of Cu(u) and Zn(u) complexes on the brass
surface.’

2-ABI has been tested mainly as a corrosion inhibitor
for steel in acidic**° and chloride-containing solutions.*”°
Popova et al.*® compared 2-ABI with BI and MBIH as corrosion
inhibitors for mild steel in 1 M HCI solution. They reported
that 2-ABI demonstrated the highest inhibition efficiency and
chemisorbed on the steel surface. A bond is formed between
the free electrons of nitrogen in the imidazole ring in 2-ABI
and the vacant d-orbitals in iron.***® However, Zhang et al.**
reported a combination of physisorption and chemisorption
as the possible adsorption mechanism for 2-ABI on mild steel
in 1 M HCI solution. The same adsorption mechanism was
previously reported by Ghanbari et al.* for 2-ABI on mild steel
in 1 M H;PO, solution. Based on potentiodynamic polarization
measurements, they concluded that 2-ABI acted as a mixed-type
inhibitor in both acid solutions.**° Finsgar et al.*® reported
that 2-ABI showed corrosion inhibition for mild steel in 3 wt%
NacCl solution at 25 °C, but not at 70 °C. At both temperatures,
the corrosion inhibition efficiency increased with the addition
of KI. The corrosion inhibition of 2-ABI for steel in 2.5 and
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3.5 wt% NacCl solutions was found to be higher compared with
5-( p-tolyl)-1,3,4-triazole.*® The authors attributed this to the
planar orientation of 2-ABI facilitating the coverage of the metal
surface.

A 3 wt% Nacl solution is a highly corrosive environment,
and the resulting higher corrosion rates more starkly evidence
the inhibition action of the inhibitor to be tested. Hitherto, to
the best of our knowledge, this is the first study reporting the
inhibition efficiency of 2-ABI in the corrosion of copper in
chloride-containing solutions. The selected corrosion inhibitor
concentration (1 mM) is close to the 0.1 wt% inhibitor concen-
tration that is frequently employed for corrosion tests in
industry.”® In addition, the 1 mM inhibitor concentration
chosen will enable direct comparison of 2-ABI with other azole
compounds tested previously as corrosion inhibitors for copper
in 3 wt% NaCl solution."***%°

The aim of this work is to investigate the inhibition
efficiency of 2-ABI in the corrosion of copper in 3 wt% NaCl
solution at room temperature. First, CV measurements were
performed after a short period of immersion (1 h) to under-
stand the influence of 2-ABI on the oxidation and reduction
behavior of copper immersed in 3 wt% NaCl solution. Next,
EIS was employed to investigate the corrosion mechanism
of copper in the presence of 2-ABI after a long period of
immersion (up to 100 h). The inhibitor type was defined using
PD measurements. Finally, surface analyses (i.e. ATR-FTIR
contact angle, 3D-profilometry and FE-SEM measurements)
were performed in order to prove the adsorption of 2-ABI and
its influence on the surface roughness and hydrophobicity of
the copper samples.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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2 Experimental
2.1 Sample and solutions preparation

Copper (99.999% purity) in the form of 2 mm thick foil, temper
Half Hard, was supplied by Goodfellow (Cambridge, UK). The
copper samples used for the immersion tests were cut into
rectangular shapes with dimensions of 50 mm x 20 mm X
2 mm and used for immersion tests. Disc-shaped samples with
a diameter of 15 mm were cut out and used for the electro-
chemical measurements. The sample preparation procedure,
including grinding and cleaning in an ultrasonic bath (with a
50 vol% ethanol/50 vol% ultrapure water mixture) is the same
as reported previously.'**”7*°

2-ABI with purity >99 wt% was supplied by Acros Organic
(New Jersey, USA), while NaCl and ethanol (for analysis-ACS
quality) were supplied by Carlo Erba Reagents (Milan, Italy). All
of the 3 wt% NacCl solutions with and without the addition of
1 mM 2-ABI were prepared using ultrapure water (with a
resistivity of 18.2 MQ cm) obtained from Milli-Q, Millipore
Corporation (Massachusetts, USA). All the experiments were
carried out at 25 °C.

2.2 Immersion tests

The samples prepared as described above were weighed before
being immersed in closed vials (volume of 100 mL) in a non-
stirring 3 wt% NaCl solution with or without the addition of
1 mM 2-ABI for 31 days at 25 °C. In order to avoid crevice
corrosion, the samples were in contact with the vial only at the
four edges. At the end of the immersion period, the samples
were first treated as described before®”>%3° and then weighed
again. The average mass loss was calculated based on three
replicate measurements. Possible outliers were checked accord-
ing to ref. 41 but none was detected.

2.3 Electrochemical measurements

The electrochemical measurements were performed in a
closed-to-air, three-electrode cell, under stagnant conditions
at 25 °C, using the same equipment and reference and counter
electrodes as described before.”””®*° The working electrode
consisted of a disc-shaped sample embedded in a Teflon
holder, with a 1 cm? area exposed to the solution. All potentials
reported herein refer to the saturated calomel electrode, SCE
(0.244 Vvs. SHE). CV measurements were performed after 1 h of
immersion in the potential range from —0.800 V to 1.000 V vs.
SCE using a potential scan rate of 20 mV s~ . Chronopotentio-
metry measurements were performed starting from the
moment of immersion and in between the EIS measurements.
The EIS spectra were recorded at different immersion times
(1, 3, 5, 10, 30, 50, and 100 h) in the frequency range from
1 MHz to 5 mHz using 10 points per decade and a 10 mV (peak to
peak) amplitude of the excitation signal at the open circuit
potential, E,.. The EIS response obtained was fitted based on
equivalent electrical circuits (EECs), using the Gamry EChem
Analyst software. At least three replicate measurements were
performed and the average values are presented after discarding
outliers using Grubb’s chemometric test.*' The potentiodynamic
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curve (PD) measurements started at —0.250 V vs. E, after 100 h
of immersion. A potential scan rate of 0.1 mV s~ ' was employed
to increase the potential in the anodic direction. Three replicate
measurements were performed in each case and the most
representative curve was reported.

2.4 Surface characterization

Contact angle and attenuated total reflectance Fourier trans-
form infrared spectroscopy (ATR-FTIR) measurements were
performed on the disc-shaped samples after immersion for
1 h in 3 wt% NaCl solution with and without the addition
of 1 mM of 2-ABI. After immersion, the samples were rinsed
with ultrapure water and dried under a stream of nitrogen. The
contact angles were measured using a Kriiss DSA 20 tensio-
meter (Kriiss GmbH, Hamburg, Germany). Drop shape analysis
software was used to determine the contact angle of a deionized
water drop on the surface of the samples. The average value of
at least three replicate measurements for samples immersed in
3 wt% NaCl solution, with and without the addition of 1 mM
2-ABI, was reported (possible outliers were checked according
to ref. 41 but none was detected). A Shimadzu IRAffinity-1
(Colombia, MD, USA) spectrometer was used to perform the
ATR-FTIR analysis.

Additional surface characterization of the copper samples
immersed for 31 days in 3 wt% NaCl solution, with and
without the addition of 1 mM 2-ABI was performed through
3D-profilometry measurements and field emission scanning
electron microscopy (FE-SEM) analysis. The surface topography
of the copper samples was investigated using a profilometer,
model Form Talysurf Series 2 (Taylor Hobson), with a vertical
resolution of about 5 nm. A spot size of 4 mm?* was analyzed.
The data were processed using TalyMap Gold 4.1 software and
the average surface roughness was calculated. In addition, the
surface profile was created. The general geometrical shape and
possible measurement-induced misfits were corrected to level the
profile.””?® Several measurements in parallel directions 10 pm
apart were combined to obtain the topography of the surface.
A Supra 35 VP (Carl Zeiss, Germany) FE-SEM was employed to
analyze the surface morphology of the copper samples.

3 Results and discussion

3.1 Immersion tests

The copper samples immersed in 3 wt% NaCl solution contain-
ing 1 mM 2-ABI showed mass gain after 31 days. This is most
likely a result of deposition of corrosion products on the sample
surface, which were not possible to remove with the procedure
used. However, the fact that no mass loss was measured after
such a long immersion time is an indication of the high
corrosion inhibition efficiency of 2-ABI. The latter was further
investigated using electrochemical techniques.

3.2 CV measurements

The cyclic voltammograms of the copper samples after 1 h
of immersion in 3 wt% NaCl solution with and without the
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addition of 1 mM 2-ABI are presented in Fig. 2. Two anodic
peaks at 0.342 V and 0.503 V vs. SCE and one cathodic peak at
—0.460 V vs. SCE were observed for copper immersed in 3 wt%
NacCl solution.

The first anodic peak, A;, as designated in Fig. 2, indicates
the formation of CuCl according to the electrochemical reaction
shown in eqn (1).

Cu + ClI” 2 CuClygs + e~ (1)

The CuCl,q4s formed reacts further with the chloride ions present
to form CuCl,™, according to the chemical reaction shown in

eqn (2).
CuClygs + CI~ 2 CuCl,~ ()

The second anodic peak A,, observed at more positive potentials,
indicates the electrochemical formation of Cu** (eqn (3)).

CuCl,” =2 Cu”" +2Cl" +e” (3)

At more positive potentials than the A, peak, a current plateau
is observed, which represents the equilibrium between the
dissolution of CuCl,” complex and the formation of a CuCl
layer on the copper surface.'”*°

When 1.000 V vs. SCE was reached, the potential shifted to
the cathodic direction. A small anodic reactivation peak, A, at
0.091 V vs. SCE was observed. This peak can be formed either as
a result of the oxidation of the patches of non-oxidized copper in
the forward scan, or due to the formation of a poorly protective
film in the forward scan, which enabled further oxidation even
though the cathodic scan direction was applied."” At even more
negative potentials, it is possible that either cuprous chlorides
or Cu** undergo reduction. The soluble Cu*" species leave the
electrode surface, while cuprous chlorides accumulate.*>** There-
fore, the only cathodic peak, K;, observed at —0.460 V vs. SCE, is
related to the reduction of CuCl,~ or CuCL.'”*°

3 wt.% NaCl

——— 3 wt.% NaCl +1 mM 2-ABI
1510 sy I s Y S N A N ) N N
= A -
40 —
e 20 -
Q - ]
E oF -
< = -
-20 =
-40 - 3
= IR I T T T O M B I =
-0.5 0.0 0.5 1.0

E / (V vs. SCE)

Fig. 2 CV curves for copper samples immersed in 3 wt% NaCl solution at
25 °C with and without the addition of 1 mM of 2-ABI obtained with a
20 mV s~ potential scan rate.
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No significant change in the first current anodic peak, A;, was
observed when 1 mM 2-ABI was added to the 3 wt% NaCl solution.
In fact, the first peak in the inhibited solution, denoted as A;*,
was detected at 0.336 V vs. SCE. This indicates that the addition of
2-ABI does not inhibit the Cu(i) formation. As the potential
increases towards more positive values, the second current anodic
peak, Ay*, in the inhibited solution is detected at 0.430 V vs. SCE.
The observed decrease in the A,* peak (inhibited solution)
compared to the A, peak (non-inhibited solution), indicates that
less Cu(u) is formed in the presence of 2-ABI. The current plateau
in the inhibited solution is less intense, demonstrating that the
corrosion of copper was inhibited by the formation of a 2-ABI
surface layer on its surface (presumably a Cu(i)-2-ABI complex was
formed). Moreover, no reactivation peak was observed for the
inhibited solution most likely due to full coverage of the surface,
leaving no possibility of Cu oxidation.

One cathodic peak, K;*, was detected in the cathodic scan.
The cathodic peak in the inhibited solution has the same
intensity and peak potential position as the cathodic peak of
the non-inhibited sample. However, a lower cathodic peak area
(less electric charge passed) was observed, meaning that less
Cu(1) was formed in the anodic scan, due to the inhibition
process. This implies that the addition of 2-ABI does influence
the formation of Cu(i).

3.3 Chronopotentiometric measurements

The E vs. t measurements for the copper samples performed
from the moment of immersion in 3 wt% NaCl solution
containing 1 mM 2-ABI over 100 h of immersion are presented
in Fig. 3. These measurements were performed in between the
EIS measurements (at 1, 3, 5, 10, 30, 50, and 100 h of immer-
sion), which is reflected in the discontinuous chronopotentio-
metric curve (indicated in Fig. 3). No significant change in the
potential was observed after the EIS measurements.

A decrease in the potential was observed at the moment of
copper immersion in the solution containing 2-ABI. The potential
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Fig. 3 Chronopotentiometric curve for the copper samples immersed in
3 wt% NaCl solution at 25 °C containing 1 mM 2-ABI. The arrows show the
times when the EIS measurements were performed (discontinuous curve).
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stabilized (no significant change was observed) between 1 and
10 h of immersion.

A significant increase in the potential was observed after
10 h of immersion. This potential increase was more pro-
nounced between 10-30 h and after 50 h of immersion. After
100 h of immersion (before starting the PD measurement),
a potential of —0.185 V vs. SCE was measured. The addition of
2-ABI to the 3 wt% NaCl solution, after 100 h of immersion,
caused a shift in the potential of the copper samples to more
positive values. The potential of the copper samples immersed
in non-inhibited 3 wt% NacCl solution was previously reported to
be —0.263 V vs. SCE.*° This potential shift is also an indication of
the corrosion inhibition efficiency of this compound, which acts
as an anodic-type inhibitor, making the whole system nobler.

3.4 EIS measurements

Fig. 4 shows the EIS spectra measured after 1 h, 3 h, 5 h, 10 h,
30 h, 50 h and 100 h, at 25 °C, for copper samples immersed in
3 wt% NaCl solution containing 1 mM 2-ABI. The relatively long
immersion time employed allows the achievement of a steady-
state condition needed for the EIS spectra to be valid.** EIS
measurements for pure Cu immersed in non-inhibited 3 wt%
NaCl solution were reported before.?”

The EIS response of copper samples immersed in 2-ABI
shows different behaviors in high (10-1000 kHz), middle
(1-1000 Hz), and low (below 1 Hz) frequency regions (Fig. 4).
Typical resistor behavior is observed in the high frequency
region when a horizontal amplitude is reached (Fig. 4b), while
the phase angle approaches 0° (Fig. 4c). The behavior in this
case is attributed to an uncompensated resistance, Ro, where
the solution resistance has the largest contribution. In the
middle region, a linear relationship between |Z| and f is
observed (Z and f are impedance and frequency, respectively).
The slope of the response in this area is close to —1 (Fig. 4b)
and the phase angle approaches —90° (Fig. 4c). These indicate
typical capacitor behavior. In the low frequency region, no horizontal
amplitude is observed, which would indicate the presence of diffu-
sion and/or adsorption/desorption processes."*”**2%**> Moreover,
the low frequency region of the 2-ABI-inhibited samples after
100 h of immersion is shifted two orders of magnitude higher
compared with the same region of the EIS spectra for copper in
non-inhibited 3 wt% NaCl solution reported previously.>” This is
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another indication of the corrosion inhibition efficiency of 2-ABI
for copper in 3 wt% NaCl solution. After 100 h of immersion, the
low frequency region of the Bode plots (Fig. 4b) suggested
similar resistive behaviour (similar |Z| values) of 2-ABI-
inhibited samples compared with those inhibited by MePhI.*°
Higher |Z| values (a more resistive system) were observed for
the same copper samples immersed in 3 wt% NaCl solution
containing MBOH,*®* MBTH,** and MBIH.*’

As described above, three relaxation processes were taken
into consideration for the fitting procedure, including diffusion.
No additional relaxation process was taken into consideration as
it was not possible to separate it from the other processes. The
EIS response of copper immersed in 3 wt% NaCl solution
containing 1 mM 2-ABI was fitted using the nested equivalent
electrical circuit (EEC) model Rq(Q1(R1(Q2(R2(Q3R3))))) shown
in Fig. 5. The same EEC model (or Ro(Q1(R1(Q2(R.W)))), where
W represents the element for the unrestricted diffusion) was
used by Van Ingelgem et al.*® to fit the EIS results for copper
immersed in non-inhibited 0.4-0.6 M NaCl solutions. This EEC
model is used to fit the response of an electrode coated with a
porous layer.**™*® Similarly, three relaxation processes were
considered for copper inhibited by MBIH.>” In contrast, four
relaxation processes were taken into account in the case of
MBOH- and MePhl-inhibited copper samples.>**°

The selected EEC model (Fig. 5) consists of three relaxation
processes in series with the uncompensated resistance, Rq. The
solution resistance is the main contributor to the Rqg. The
impedance of the constant phase element (CPE), described by
Q (the non-ideal capacitance), is given by eqn (4):*°

Z(CPE) = (Q()") ™" (4)

The CPE describes an ideal capacitor for n = 1, or the distribution
of dielectric relaxation times in frequency space for 0.5 < n < 1.
The unrestricted diffusion is described for n = 0.5.”°

The first relaxation process, R;Q,, characterizes the surface
layer, which consists of a combination of the Cu,O passive layer
and the adsorption of 2-ABI on the surface of the copper
samples. The second relaxation process, R,Q,, describes the
charge transfer resistance, R,, and the double-layer capacitance
(described by Q). The diffusion of the ionic species (Cu**) from
the metal surface to the bulk solution is described by the third
relaxation process, R;Q;. A detailed explanation of why this is
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Fig. 4 The measured (dotted symbols) and fitted (solid line) EIS measurements for copper in 3 wt% NaCl solution at 25 °C containing 1 mM 2-ABI after
1, 3, 5, 10, 30, 50, and 100 h of immersion. The EIS response was fitted using the EEC model represented in Fig. 5.
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Fig. 5 The EEC model used to fit the EIS response.

described in such a manner is given below. The average
values obtained by fitting the EIS response using the EEC
model in Fig. 5 are presented in Table 1. The capacitance (C)
values are calculated from the respective Q values according to

eqn (5):
Cy = (ReQx)""™/R; (5)

Fig. 6a presents the variation of the surface layer (C;) and
double-layer capacitance (C,) with increasing immersion time
from 1 to 100 h. The calculation of C; was not relevant in this
case since Q; describes unrestricted diffusion, as confirmed by
the value of n; being close to 0.5 (Table 1). The higher the
impedance of the diffusion process the slower the diffusion
process occurs.”” Table 1 shows that the Q; value decreases
with increasing the immersion time. This implies that the
diffusion of the ionic species travelling through the surface
layer is restricted due to the increase of the surface layer
thickness with increasing immersion time (as can be seen
below from the variation of the C; values with immersion time).

The thickness of the surface layer, d, is inversely propor-
tional to the surface layer capacitance, C;, as given in eqn (6):

(e0eA)

d—=
Ci

(6)

where &, is the permittivity of a vacuum (8.85 x 10~ F cm ™),
¢ is the dielectric constant, and A is the geometric area of the
electrode (1 cm?).

The C; values calculated according to eqn (5) decrease with
increasing immersion time (Fig. 6a), which implies an increase
of the surface layer thickness. This increase is connected to the
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Cu,O passive layer and the adsorption of the 2-ABI on the
copper surface.

The double-layer capacitance is connected to the active part
of the surface area. The higher this capacitance, the smaller the
surface covered by the corrosion inhibitor or oxide.>' The C,
values decrease up to 10 h of immersion, due to the adsorption
of 2-ABI, which covers the active parts on the copper surface.
Then, the double-layer capacitance increased between 10 and
30 h of immersion and decreased again between 30 and 50 h of
immersion. An increase in C, was observed after 50 h of
immersion. This behaviour is most likely connected with the
competitive process of corrosion, which opens the active
surface area, the formation of copper oxides, and the adsorp-
tion of the corrosion inhibitor, which covers the active surface
area with increasing immersion time.

The resistance of the copper samples to general corrosion
can be evaluated from the polarization resistance, Rp. The
higher the R, the more resistant the metal. Fig. 6b presents
the variation of R, (R, = Ry + R, + R;) with immersion time.
No significant change in the R, was observed for up to 5 h of
immersion, and after that the polarization resistance increased
with immersion time, showing the improved corrosion resistance
of such a system with increasing immersion time and proving the
corrosion inhibition ability of 2-ABIL

3.5 PD curve measurements

The potentiodynamic curves for the copper samples after 100 h
of immersion in 3 wt% Nacl solution at 25 °C containing 1 mM
2-ABI are presented in Fig. 7. The PD curve of the non-inhibited
copper samples immersed in 3 wt% NaCl solution, presented
previously,'* is given for comparison. In order to avoid the
effects of capacitance and to ensure that the current/voltage
relationship only reflects the interfacial corrosion process at
every potential of the polarization scan, a scan rate of 0.1 mV s~
was employed.**?

In the studied solutions, hydrogen ions and dissolved oxygen
are the only species that can be reduced in solution. The PD
curve measurements were started at high potential values
(—0.250 V vs. E,), at which the cathodic potentiodynamic
behaviour of copper is determined by hydrogen evolution.**
The mass-transport-controlled reduction of dissolved oxygen
characterizes the potentiodynamic behaviour for potential values
closer to E.. Bacarella et al.>® suggested that at more positive
potentials than E_, anodic electrodissolution of copper from

Table 1 Fitted EIS parameters for copper samples immersed for 1, 3, 5, 10, 30, 50, and 100 h, in 3 wt% NaCl solution containing 1 mM 2-ABI at 25 °C,
obtained using the Ra(Q1(R1(Q2(R-(Q3R3)))) EEC model represented in Fig. 5. Units: 72 [x1075], Rg [Q cm?], Ry, R, and Rz [kQ cm?], and Q [pS cm ™2 s7]

2

Immersion time [h] 1 Ro ny Ry Q 1y R, Q, ng R; Qs

1 0.25 9.6 0.90 4.48 5.97 0.67 8.07 37.92 0.51 12.56 346.30
3 0.20 9.7 0.91 4.34 5.78 0.65 7.61 23.30 0.54 7.92 256.80
5 0.20 9.7 0.92 3.27 5.22 0.66 5.83 20.23 0.51 10.48 218.30
10 0.24 9.9 0.92 4.53 3.77 0.66 6.19 15.54 0.51 13.50 172.30
30 0.55 11.1 0.84 2.96 5.56 0.64 7.58 22.21 0.53 44.38 194.50
50 0.60 11.5 0.86 1.10 4.01 0.64 10.70 11.48 0.53 48.53 169.10
100 0.93 11.8 0.86 0.53 3.08 0.65 5.19 34.67 0.53 86.94 102.30
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Fig. 7 PD curve measurements for copper samples after 100 h of immersion
in 3 wt% NaCl solution at 25 °C containing 1 mM 2-ABI compared with the
non-inhibited samples.*

Cu to Cu(i) occurs and CuCl is formed according to eqn (1).
Soluble CuCl,” is then formed when CuCl reacts with CI™
according to eqn (2). The formed CuCl,~ diffuses from the outer
Helmholtz plane into the bulk solution.>®* A linear relationship
between the potential and logi is observed in the active part of
the curve. The linearity is interrupted when the primary passiva-
tion potential, Epp, is reached. At this potential, CuCl starts
to predominate as the CuCl, activity exceeds its solubility.
The E,;, in the case of non-inhibited copper samples in 3 wt%
NaCl was reported to be —0.035 V vs. SCE,"* while for the
2-ABl-inhibited sample this potential was shifted to more
negative values (Ep, = —0.059 V vs. SCE).

The E,. of the copper samples was shifted to more positive
potentials when 1 mM 2-ABI was added into the 3 wt% NacCl
solution (Fig. 7), confirming the chronopotentiometric mea-
surements explained above. A decrease in both anodic and
cathodic current densities was observed for the 2-ABI-inhibited
sample compared with the non-inhibited sample. However, the
decrease was more pronounced in the anodic part of the PD curve.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017

In addition, the E,,, of the samples inhibited with 2-ABI shifted to
the anodic direction, while the corrosion current density (icor) was
reduced by about one order of magnitude compared with the non-
inhibited sample. In conclusion, 2-ABI acted as a mixed-type
inhibitor, with a more pronounced action on the anodic corrosion
reaction. The same mixed-type inhibition behavior was also
reported previously for MBIH,”” MBOH,*® MBTH,*® and BTAH,"
while BTAOH acted as a weak mixed-type inhibitor.*

3.6 Surface characterization

In order to be able to make a comparison with the results
obtained by the electrochemical measurements, the same
sample preparation and treatment procedure was used for the
surface analysis. Both contact angle and ATR-FTIR measure-
ments were performed after 1 h of immersion. This immersion
time allows an analysis of the first few inhibitor layers that were
adsorbed on the copper surface. Crystallites of the corrosion
inhibitor will form on the surface of the samples for longer
immersion times. These crystallites usually have no influence on
the corrosion inhibition action of the adsorbed compound.®®

A significantly higher immersion time, 31 days, was chosen
for the topography and morphology measurements of the
samples immersed in 3 wt% NaCl solution with and without
the addition of 2-ABI in order to induce the corrosion action of
the medium used.

3.6.1 ATR-FTIR measurements. The ATR-FTIR spectra of
the ground copper samples immersed for 1 h in 3 wt% NaCl
solution, with and without the addition of 1 mM 2-ABI are
presented in Fig. 8. No characteristic adsorption bands suggest-
ing organic species adsorption were observed for the non-
inhibited copper sample. Several peaks were identified for the
inhibited sample. The presence of the amine group was
confirmed by the -NH, symmetric stretching (3375 cm™"') and
the -NH, asymmetric stretching (3470 cm ™ ") peaks, in addition
to the -NH, scissoring (1610 and 1586 cm ') and the -NH,
wagging (744 cm™ ') modes.>*® The two expressed peaks at
1500 and 1460 cm ' are attributed to the aromatic C-C
stretching.>® The C-N bond vibration is represented by an
expressed peak at 1284 cm™ '.°® This peak could alternatively
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Fig. 8 ATR-FTIR spectra of the ground copper sample immersed for 1 hin
3 wt% NaCl solution at 25 °C with and without the addition of 1 mM 2-ABI.

be attributed to C=N stretching in the imidazole ring.®® Sudha
et al.®” attributed the peak at 907 cm ' to the C-C~C in-plane
bending modes of 2-ABI.

Finally, for both the inhibited and non-inhibited samples
two peaks at 2360 and 2336 cm™ ' were observed, which can be
attributed to the asymmetric stretching of CO,.®* The absence of
a broad band between 2600 and 3400 cm ' related to O-H
stretching is an indication that no significant amount of water
molecules remained on the surface after the drying procedure.”®

3.6.2 Contact angle measurements. The average contact
angles of the copper samples immersed in 3 wt% NaCl at 25 °C
with and without the addition of 1 mM 2-ABI (three samples for
each, measured in three different spots), as well as the drop
shapes on the surface are presented in Table 2. In addition, a
95% confidence interval, calculated as :I:ts\/N, (¢-Student’s dis-
tribution, s-standard deviation, N-number of measurements),*!
is also given.

As reported previously,®® the contact angle of the copper
samples immersed in non-inhibited 3 wt% NaCl solution was
found to be 43.0° + 4.4°. The hydrophilic nature of the copper
samples was significantly reduced by the adsorption of 2-ABI on
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their surface. In fact, the contact angle of the copper samples
immersed in 3 wt% NaCl solution containing 1 mM 2-ABI
was found to be 84.8° £ 2.6°. The adsorption of 2-ABI resulted
in a more hydrophobic copper sample compared with the
adsorption of MePhlI reported previously (a contact angle of
68.7° &+ 2.9°).%°

3.6.3 Topography and morphology analysis. The topography
of the copper samples immersed for 31 days in 3 wt% NacCl
solution with and without the addition of 1 mM 2-ABI was
obtained by 3D-profilometry. The mean surface roughness, S,,
is calculated according to eqn (7).** L,, L, and z(x, y) are,
respectively, the acquisition lengths of the surface in the x and
y directions and the height. The corrosion susceptibility of the
metal increases with increasing S, value.®

11 Ly L,
&:——jjvmmmw )
0

The calculated S, value for the sample immersed for 31 days in
non-inhibited 3 wt% NacCl solution is 0.855 pm and 0.139 pm
for the sample immersed in 3 wt% NacCl solution containing
1 mM 2-ABIL The adsorption of 2-ABI on the copper sample
significantly reduced the copper surface roughness, proving
its high corrosion inhibition ability. The representative 3D-
profiles for both inhibited and non-inhibited samples are
given in Fig. 9.

The surface morphology of the copper samples after 31 days
of immersion in 3 wt% NaCl solution with and without addi-
tion of 1 mM 2-ABI is presented in Fig. 10. As seen in Fig. 10a-c,
general corrosion is the main corrosion type for the non-
inhibited copper samples and the corrosion products remain
on the surface even after rinsing with ultrapure water. A more
significantly corroded surface for the non-inhibited samples
(Fig. 10a—c) compared with the less rough surface for the 2-ABI-
inhibited samples (Fig. 10d-f) was observed. Therefore, FE-SEM
analyses are in accordance with the 3D-profilometry measure-
ments (Fig. 9), confirming once more the corrosion inhibition
effectiveness of 2-ABI.

Table 2 The average contact angles and the respective confidence intervals for copper samples immersed for 1 h in 3 wt% NaCl solution at 25 °C with

and without the addition of 1 mM 2-ABI

Average contact angle and

Sample description

confidence interval

Figure of the drop shapes on the samples

Ground copper sample immersed for 1 h in 3 wt% NaCl

Ground copper sample immersed for 1 h in 3 wt% NacCl
containing 1 mM 2-ABI
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43.0° + 4.4°

84.8° £ 2.6°
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Fig. 9 3D profiles of the ground copper samples after immersion for 31 days in 3 wt% NaCl solution, with and without the addition of 1 mM 2-ABI.

3 wt.% NaCl

3 wt.% NaCl + 1 mM 2-ABI

Fig. 10 FE-SEM micrographs of copper samples immersed for 31 days in 3 wt% NaCl solution without (a—c) and with (d—f) addition of 1 mM 2-ABI.

4 Conclusions

The influence of 2-ABI as a corrosion inhibitor for copper in
3 wt% NaCl solution at 25 °C was investigated by employing
electrochemical and surface analytical techniques. Short-time
immersion CV measurements showed that the addition of
2-ABI does not inhibit the oxidation of Cu to Cu(1), but inhibits
the oxidation of Cul(i) to Cu(u). 2-ABI acted as a mixed-type inhibitor,
with a predominant action on the anodic corrosion reaction. The
corrosion of copper in 3 wt% NacCl solution in the presence of
1 mM 2-ABI was found to be under mixed control, following both

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017

kinetic- and diffusion-controlled processes. The corrosion resistance
of the copper samples in 2-ABL-inhibited solution increased with
immersion time. 2-ABI was absorbed on the copper surface, as
confirmed by ATR-FTIR. The surface roughness of the samples
decreased, resulting in a more hydrophobic surface.
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