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Abstract: The electroanalytical and surface characterization of copper immersed in 3 wt.%
NaCl solution containing 1 mM of 2-phenylimidazole (2Phl) is presented. It was proven that
2PhI can be employed as corrosion inhibitor for copper using various electrochemical analyses,
such as cyclic voltammetry, chronopotentiometry, electrochemical impedance spectroscopy, and
potentiodynamic curve measurements. The adsorption of 2Phl on copper was further analyzed
by 3D-profilometry, attenuated total reflectance Fourier transform infrared spectroscopy, contact
angle measurements, and scanning electron microscopy equipped with an energy dispersive X-ray
spectrometer. This system was therefore comprehensively described by various analytical approaches.

Keywords: corrosion inhibitor; copper; electrochemical impedance spectroscopy (EIS); cyclic
voltammetry; attenuated total reflectance Fourier transform infrared (ATR-FTIR)

1. Introduction

Corrosion and corrosion-prevention-related costs represent a significant portion of the gross
domestic product (GDP) of the developed countries, amounting to 3-5% thereof, or possibly even
higher [1-3]. Corrosion cannot be completely prevented, but it can be mitigated to a certain degree by
means of the right methods. The selection of a method is closely connected to the combination of the
material and the corrosive environment. The use of corrosion inhibitors is convenient in the case of
closed systems [4], however a closed system is not mandatory. Several organic or inorganic chemical
compounds can act as corrosion inhibitors by adsorption on the surface of the metals. The adsorbed
inhibitor layer formed starts to mitigate corrosion. This will then result in a lower corrosion rate.
Corrosion inhibitors are dissolved in a corrosive medium at very low concentrations. Numerous
studies have been performed at 1 mM concentration of corrosion inhibitor [5-12]. Copper is one of
the most important metals among the nonferrous materials; however, it suffers from corrosion in
chloride-containing media.

A detailed electrochemical impedance spectroscopy can be applied to reveal the properties of
surface layers and the mechanism of the corrosion inhibitor action. Furthermore, spectroscopic
analysis is also beneficial as it can support the analytical results obtained by means of electrochemistry
and provides deeper insight into the corrosion inhibitor system. For this reason, a combination of
electrochemical analysis, spectroscopic analysis, and surface characterization was employed herein to
fully describe the system.

Herein, for the first time 2-phenylimidazole (2PhI) was shown to be an effective corrosion inhibitor
for copper in chloride media. Imidazole compounds are attractive in the field of corrosion inhibitor
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research as they contain nitrogen atoms in five-membered ring, which can work as binding centers
in the adsorption process. Adsorption is the first condition for a specific compound to be considered
a corrosion inhibitor. Several other azole compounds have been previously reported as effective
corrosion inhibitors for copper in chloride solutions. Previously, we demonstrated for the first time
that 4-methyl-2-phenyl-imidazole (MePhl) [6,13] and 2-aminobenzimidazole [5] are effective corrosion
inhibitors for copper in 3 wt.% NaCl solution. Since MePhl is an effective corrosion inhibitor, a question
that arises is whether the methyl group in that compound is crucial for the adsorption process (compare
the structures in Figure 1). On that basis, 2Phl was selected for the research presented herein.

&0 -0

2-phenylimidazole (2PhI) 4-methyl-2-phenylimidazole (MePhl)

Figure 1. The structure of the corrosion inhibitor tested (2PhI) compared with MePhl.

A relatively high chloride content (3 wt.% NaCl) was employed in this case in order to study
the worst-case scenario. However, copper is usually exposed to corrosive environments with lower
chloride content. Various analytical techniques were employed in this study. First, weight loss
tests were performed followed by various electrochemical techniques including cyclic voltammetry
(CV), chronopotentiometry, electrochemical impedance spectroscopy (EIS), and potentiodynamic
curve measurements. The adsorption of 2Phl was proved by attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectroscopy analysis. The hydrophobic nature of the inhibited copper
samples was studied by contact angle measurements. Finally, using 3D-profilometry and field emission
scanning electron microscopy (FE-SEM) the surface topography and morphology of the 2Phl-inhibited
copper samples were studied.

Hitherto, to the best of our knowledge, 2Phl has never before been tested as a corrosion inhibitor
for any metallic material and in any electrolyte.

2. Materials and Methods

2PhI with a purity of 98 wt.% was supplied by Sigma Aldrich (St. Louis, MO, USA), while
copper with a purity of 99.999% was obtained from Goodfellow (Cambridge, UK). The same
solution and sample preparation procedure was used as reported previously [5]. Immersion tests,
all the electrochemical measurements, as well as surface characterization (including ATR-FTIR,
3D-profilometry, contact angle and FE-SEM analyses) were performed in the same manner as explained
in detail in [5,7,9]. For the electrochemical measurements Gamry 600™ instrument (Warminster, PA,
USA) was employed. The CV spectra were recorded after 1 h of immersion. EIS measurements were
performed after 5, 10, 30, 50, and 100 h of immersion, while the potentiodynamic (PD) curves were
obtained after 100 h of immersion. A potential scan rate of 20 mV s™! was employed to obtain the
CV spectra in the potential range from —0.800 V to 1.000 V vs. the saturated calomel electrode (SCE).
The EIS spectra were recorded in the frequency range from 1 MHz to 5 mHz with 10 points per decade
and 10 mV (peak to peak) of the excitation signal. Finally, for the PD curve the measurements started
at —0.250 V vs. Eoc with a potential scan rate of 0.1 mV s~! going in the anodic direction. Surface
characterization has been performed on 2Phl-tretaed samples after 31 days of immersion. Grubbs’ test
was employed to check for potential outliers, but none were detected [14]. All the experiments were
performed at 25 °C.
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3. Results and Discussion

In order to show the influence of the 2Phl on the corrosion susceptibility of the copper samples
immersed in 3 wt.% NaCl solution three different concentrations, i.e., 0.1, 0.5 and 1.0 mM were tested
after 100 h of immersion, using EIS and PD curve measurements. These techniques provide fast and
reliable results. The respective Bode plots and PD curve measurements for different concentrations
of 2Phl added are presented in Figure 2. The corrosion resistance of the copper samples immersed
in 3 wt.% NaCl solution increased with increasing inhibitor concentration as the absolute impedance
values at low frequency provide an estimation of the polarization resistance. This increase is
nonsignificant when increasing the concentration of 2Phl from 0.1 to 0.5 mM, while a strong increase
of the corrosion resistance (about two orders of magnitude) was observed for Cu samples immersed
in 3 wt.% NaCl containing 1 mM 2Phl (Figure 2a). Moreover, the PD curves are transferred to the
lower current densities (especially the anodic part) for 1 mM concentration (Figure 2b). Due to the
most significant corrosion inhibition effect of the 1 mM concentration and since this concentration was
employed previously [5-12] (which will allow comparison of the results), we have employed only
1 mM concentration for the detailed corrosion study that follows below.

b

LELLL. QEURRLLL SEEERLL BEUEREIL EERSUL SEAALL BRESIUL EERILL BEEEEL
02+ -
- [ 0.1 mM 2Phl f’/-" 1
g [ eecece 0.5 mM 2PhI oo ]
= O 0oL === 1.0mMm 2Ph|‘/-"y’ ]
(7] o :
9 i A ]
> | ocoqg
Z -0.2 + E
0.1 mM 2Phl w [ ]
0.5 mM 2Phl i ]
1.0 mM 2Phl -0.4 5
PRI EREEERETTT ERERETIT ETERTTIT EEERETTT EAERTTTT EECRTTTT EEREERTTTT AR
10° 102 10" 10° 10% 102 10% 10* 10° 10° 101110 10° 10® 107 10° 10° 10* 103 102
f/Hz i/ (A cm'z)

Figure 2. (a) Bode plots and (b) PD curve measurements for Cu samples after 100 h immersion in
3 wt.% NaCl solution containing 0.1, 0.5 and 1.0 mM 2Phl.

3.1. Immersion Tests

After 31 days of immersion in 3 wt.% NaCl solution containing 1 mM 2Phl the copper samples
showed mass gain probably due to the inability of the treatment procedure to clean the corroded
surface. Moreover, mass gain also indicates corrosion inhibition effect of 2Phl.

3.2. Cyclic Voltammetry (CV) Measurements

The CV curve of the copper sample immersed for 1 h in 3 wt.% NaCl solution containing 1 mM
2Phl is presented in Figure 3. In addition, the cyclic voltammogram of the noninhibited copper samples
under the same conditions, reported previously [5], is also given (Figure 3). A potential sweep rate of
20 mV s~ ! was used to perform both CV experiments.

We have previously reported that in the CV voltammogram of a noninhibited copper sample two
anodic peaks (denoted as A1 and Ajp) at 0.342 V and 0.503 V vs. SCE, respectively, and one cathodic
peak (denoted as Kj) at —0.460 V vs. SCE were detected [5]. In addition, a small reactivation peak
(denoted as A;) was detected at 0.091 V vs. SCE [5].

The first anodic peak, A1, represents the oxidation of Cu to Cu(I). This oxidation occurs first by
the electrochemical formation of CuCl,g4s film on the copper surface. A chemical reaction follows
between CuCl and C1™ and CuCl; complex is formed [6,10]. The second anodic peak represents the
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electrochemical oxidation of Cu(I) to Cu(Il) [6,10,12,15]. Therefore, the oxidation of copper in chloride
solutions follows an electrochemical-chemical-electrochemical mechanism, which is described in
more detail in [6,10,12,15]. However, Kologo et al. [16] proposed an electrochemical-electrochemical
mechanism for the oxidation of copper in chloride solutions, related to the direct oxidation of the
CuCl, g film to form Cu®* according to Equation (1).

CuClygs = Cu?t +Cl™ +e” 1)

The current plateau observed for potentials more positive than the potential of the A; peak is
related to the equilibrium between the formation of CuCl film on the copper surface and the dissolution
of CuCl; complex [6,10,12,15,17].

The reason for the formation of an anodic reactivation peak, A;, observed in Figure 3 was
explained previously [12]. The only cathodic peak, designated as Kj, is connected with the reduction
of Cu(I) to Cu [6,12]. The Cu?* species are not reduced because due to their solubility they leave the
electrode’s surface and diffuse into the solution [15,18].
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Figure 3. Cyclic voltammograms of the copper samples after 1 h of immersion in noninhibited [5] and
2Phl-inhibited 3 wt.% NaCl solution, obtained with a potential sweep rate of 20 mV s~ .

Three peaks were also observed in the CV curve of the 2Phl-inhibited copper samples after 1 h
of immersion in 3 wt.% NaCl solution (Figure 3). The two anodic peaks (denoted as A;* and Ay*)
are located at 0.217 V and 0.352 V vs. SCE, respectively, while the only cathodic peak (denoted as
K1*) is located at —0.340 V vs. SCE. No anodic reactivation peak was detected in the CV curve of
the 2Phl-inhibited copper sample. Figure 3 shows a current reduction for the first anodic peak when
2Phl is added to the 3 wt.% NaCl solution (A;* compared to A;), which implies that 2Phl inhibits
the formation of Cu(I). The addition of 2PhI also influences the formation of Cu(Il), as seen at more
positive potentials where the second anodic peak, Ay*, is observed at lower currents compared to the
respective peak of the noninhibited sample (Ay* compared to Aj). When sweeping the potentials to
even more positive values, the plateau of the 2Phl-inhibited samples is observed at lower currents
compared with that of the noninhibited samples. This confirms the corrosion inhibition efficiency of
2Phl, which inhibits the oxidation of copper through the formation of a surface layer.

A current reduction was also observed in the cathodic cycle (K;* compared to K;) when 2Phl was
added to the chloride solution due to the high corrosion inhibition effect of 2Phl, which suppressed
oxidation of Cu to Cu(I) during the anodic cycle of the CV scan.
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3.3. Chronopotentiometry Measurements

Figure 4 presents the chronopotentiometry curve (E vs. t) for copper immersed in 3 wt.% NaCl
solution with and without addition of 1 mM 2Phl until 100 h of immersion. EIS measurements were
performed after 5, 10, 30, 50, and 100 h of immersion, in between the chronopotentiometry (resulting
in a discontinuous chronopotentiometry curve at these points).
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Figure 4. Chronopotentiometry curve measurements for copper samples immersed in 3 wt.% NaCl
solution with and without addition of 1 mM 2Phl, at 25 °C. The times when the EIS measurements
were performed (the discontinuous parts of the curve) are indicated by the arrows.

The potential of the copper samples increased after immersion in 3 wt.% NaCl solution containing
1 mM 2Phl until approx. 20 h of immersion. After 20 h of immersion the potential did not change
significantly for up to 100 h. The last potential measured (at 100 h) was —0.133 V vs. SCE. Pure
copper immersed in noninhibited 3 wt. % NaCl solution had the latter potential at —0.210 V vs. SCE
(Figure 4). The shift to more positive potential in the presence of 2Phl suggests that the inhibitor
acts predominantly as an anodic type inhibitor, which will be further investigated below by the
potentiodynamic curve measurements. Similar behavior was observed also in the case of MePhl [6],
under the same conditions. Moreover, no significant change was observed in the last potential
measured compared to MePhl (—0.169 V vs. SCE) [6] reported previously.

3.4. Electrochemical Impedance Spectroscopy (EIS) Measurements

The EIS spectra (Nyquist and Bode plots) of the copper samples after 5, 10, 30, 50, and 100 h
immersion in 3 wt.% NaCl solution containing 1 mM 2PhlI are presented in Figure 5. Three distinct
segments are observed in the high, middle, and low-frequency regions of the Bode plots (Figure 5b,c).
A typical resistive behavior (corresponding to an uncompensated resistance, R()) is observed in the
high-frequency region (Figure 5b,c). Furthermore, in the middle frequency region typical capacitive
behavior is observed as the slope of the curve is close to —1 in Figure 5b and the phase angle approaches
—90° in Figure 5c. Finally, the absence of a horizontal amplitude in the low-frequency region of
the modulus Bode plots (Figure 5b) is an indication of diffusion and/or adsorption/desorption
processes [19,20]. A more detailed explanation of each of the above-mentioned segments and the
respective behaviors has been reported previously [5-9].
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Figure 5. (a) Nyquist and (b,c) Bode plots of the copper samples after 5, 10, 30, 50, and 100 h of
immersion in 3 wt.% NaCl solution containing 1 mM 2Phl. The measured EIS response is given in
dotted symbols, while a solid line is used for the fitted results.

Based on the general appearance of the EIS spectra as explained above, three relaxation processes
were simulated in the fitting procedure. The relaxation processes are designated as the respective T in
the phase Bode plot (Figure 5c). Moreover, various possible equivalent electrical circuit (EEC) models
were used to fit the EIS measurements. However, the nested R (Q1(R1(Q2(R»2(Q3R3))))) EEC model
shown in Figure 6 gave the best goodness of fit, i.e., the lowest %2. In the selected model (Figure 6) the
uncompensated resistance, R (the main contribution of which comes from the solution resistance),
is connected in series with resistance (R) and capacitance (Q) elements. The nonideal capacitance, Q,
describes the constant phase element (CPE) with the impedance given in Equation (2) [21].

Z(CPE) = (Q(jw)") @)
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Figure 6. The nested R (Q1(R1(Q2(R2(Q3R3))))) EEC model used to fit EIS data.

Depending on the value of n, the CPE describes different behaviors, such as an ideal capacitor
for n = 1, unrestricted diffusion for n = 0.5, and the distribution of the dielectric relaxation times in
frequency space for 0.5 <n <1 [21].

The surface layer, consisting of the Cuy;O oxide layer and the adsorbed 2Phl on the copper
surface, is explained by the first relaxation process R1Q;. The relaxation processes were calculated as
T =1/(2nRC) using the respective R and C and their approximate frequency regions are designated in
Figure 5c. The first relaxation process was calculated to be in the high-frequency region, at 0.4-1.1 kHz.
The second relaxation process, RyQ», calculated to be approximately 5.5-17.0 Hz, is related to
the double-layer capacitance and the charge-transfer resistance from the reaction occurring at the
copper/solution interface. Finally, the third relaxation process R3Qs3, calculated to be in the mHz
region, describes the diffusion process since 7 is close to 0.5 [21] (Table 1).

Table 1. Fitted EIS parameters for the copper samples after 5, 10, 30, 50, and 100 h of immersion in
3 wt.% NaCl solution containing 1 mM 2Phl, obtained using the R (Q1(R1(Q2(R2(Q3R3))))) EEC model
in Figure 6. Units: %2 (x1073), R (Q cm?), Ry, Ry, and Rz (kQ cm?), and Q (1S cm 2 s%).

Immersion Time (h) e R ny Ry Q1 ny Ry Q> n3 R3 Qs
5 1.06 1078 093 1.08 025 067 1086 479 047 59.98 67.45
10 0.68 1056 093 234 021 066 1374 691 047 10510 32.00
30 0.16 1074 097 230 012 065 28.09 357 048 308.70 30.56
50 0.16 1054 095 169 012 064 2413 417 062 27570 61.95
100 0.16 1028 094 507 0.12 0.64 4878 1.01 041 785.30 9.94

Table 1 presents the values of the parameters obtained from the fitting procedure (the model in
Figure 6 was employed) of the EIS response for the copper samples after 5, 10, 30, 50, and 100 h of
immersion in 3 wt.% NaCl solution containing 1 mM 2Phl. The capacitance values for the first two
relaxation processes (Cg and Cg4;) were calculated based on the corresponding Q values (Q; and Q»)
according to Equation (3). The third relaxation process describes diffusion (n is close to 0.5), as seen in
Table 1, and therefore the calculation of the capacitance is not relevant.

/n
(RxQ:)'"™
Cx=—— 3
(= @)
The variation of the capacitance (Cg and Cq1) with the immersion time for the copper samples
immersed for 5, 10, 30, 50, and 100 h in 3 wt. % NaCl solution containing 1 mM 2Phl is presented in

Figure 7a.
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Figure 7. Variation with time of the EIS fitted results obtained using the R (Q1(R1(Q2(R2(Q3R3))))) EEC
model: (a) surface layer capacitance (Cyj) and (b) double layer capacitance (Cq;) calculated according to
Equation (3) and (c) polarization resistance (Rp = Ry + Ry + R3).

The C, decreases with the increase of the surface layer thickness [22]. A decrease in the surface
layer capacitance, Cg) (Figure 7a), was observed with increasing immersion time, which implies that
a thicker surface layer formed due to the adsorption of 2Phl. The double-layer capacitance, Cq,
increased from 5 h to 10 h of immersion, while a decrease thereof was observed with a further increase
in immersion time (Figure 7b). It was reported previously [22] that the lower the active part of the
surface area (the surface not covered by the corrosion inhibitor and/or oxide), the lower the Cg;. In this
case, the active part of the surface area decreased with increasing immersion time due to the adsorption
of 2Phl on the copper surface.

Figure 7c presents the influence of the immersion time on the polarization resistance, R,
(calculated as Rp = Ry + Rz + R3), of the copper samples immersed for 5, 10, 30, 50, and 100 h in
3 wt.% NaCl solution containing 1 mM 2Phl. The Ry, increased with increasing immersion time
(a nonsignificant decrease was observed at 50 h immersion). R}, is a measure of how a metallic material
resists transferring electrons to electroactive species in solution; the higher it is, the more resistant it is
the material. The increase in the Ry value implies that the copper samples are less susceptible (more
resistant) to corrosion with the addition of 1 mM 2PhlI, which confirms the latter’s corrosion inhibition
efficiency. Moreover, the polarization resistance of the 2Phl-inhibited copper samples increased about
2-3 orders of magnitude compared with the noninhibited samples reported previously [9].

3.5. Potentiodynamic Curve Measurements

The potentiodynamic curves measured for the copper samples immersed for 100 h in 3 wt.%
NaCl solution containing 1 mM 2Phl is presented in Figure 8. The potentiodynamic curve of the
noninhibited samples, presented before [11], is also given for comparison. The potentiodynamic curve
measurements were started at —0.250 V vs. Eqc. At these potentials the cathodic polarization behavior
of the copper samples is influenced primarily by the hydrogen evolution [19]. When sweeping the
potential in the anodic direction, closer to Eorr, the mass-transport-controlled reduction of dissolved
oxygen plays an important role. Tromans and Sun [23] suggested that above Ecor copper in chloride
media dissolves at active potentials and no copper oxides are formed. As described in Section 3.2,
at more positive potentials the dissolution of copper is under mixed control. On one hand, the
electrodissolution of copper to form CuCl,4s and then the formation of the CuCl, soluble complex
occur. The formed CuCl, , on the other hand, diffuses from the outer Helmholtz plane into the bulk
solution [23,24].
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Figure 8. Potentiodynamic curve of the copper samples after 100 h of immersion in noninhibited [11]
and 2Phl-inhibited 3 wt.% NaCl solutions.

As seen in Figure 8, the Ey. of the copper was transferred to more positive potentials in the
presence of 1 mM 2Phl. The same conclusion, i.e., that the addition of 2Phl renders the system nobler,
was also reached from the chronopotentiometry measurements (Section 3.3). In addition, both the
anodic and cathodic branches of the potentiodynamic curve for the 2Phl-inhibited copper samples are
shifted to lower current densities compared with the noninhibited potentiodynamic curve. However,
the decrease in the current density of the anodic branch is more pronounced compared with the
cathodic branch. In fact, the anodic branch is transferred to about three orders of magnitude lower
current density with the addition of 1 mM 2Phl to the 3 wt.% NaCl solution. All these findings lead
to the conclusion that 2Phl acts as a mixed-type inhibitor with a main effect on the anodic reaction
of the corrosion couple. A decrease of the current density (icorr) of the 2Phl-inhibited samples of
more than one order of magnitude compared with the noninhibited samples was observed (Figure 8).
This confirms once more the corrosion inhibition efficiency of 2Phl for copper in 3 wt.% NaCl solution.

3.6. Surface Characterization

The surface behavior of the copper samples immersed in 3 wt.% NaCl solutions with and
without the addition of 1 mM 2Phl was analyzed using ATR-FTIR, contact angle measurements,
3D-profilometry, and FE-SEM analysis. Although the same sample treatment procedure was employed
for all of the tests in order to allow a comparison of the results with the electrochemical measurements,
two different immersion times were used. The contact angle measurements and the ATR-FTIR analysis
were performed on copper samples after 1 h of immersion. After this time it is possible to analyze only
the first few layers of the adsorbed inhibitor, avoiding in this way the formation of crystallites of the
inhibitor on the copper surface, which do not influence the corrosion inhibition action of the adsorbed
compound [13].

In order to be able to obtain more corrosion-related data in the specific environment and to
test in this way the corrosion inhibition efficiency of 2Phl, a significantly longer time of immersion
(31 days) was employed. The topography and the morphology of the copper samples immersed for
31 days in 3 wt.% NaCl solution with and without the addition of 1 mM 2Phl were investigated using
3D-profilometry and FE-SEM analysis.

3.6.1. Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) Measurements

Figure 9 compares the ATR-FTIR spectrum of the 2Phl-inhibited copper samples with the spectrum
of the noninhibited copper samples, reported previously [5]. In both spectra, no broad band between
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2600 and 3400 cm ! related to hydrogen-bonded hydroxyl groups was observed. High amount of
water molecules did not stay on the surface after the drying procedure [25]. The two peaks at 2360 and
2336 cm !, observed for both the inhibited and noninhibited copper samples, can be ascribed to the
asymmetric stretching of CO, [26].

T T T [ T T T T [ T T T T 1
non-inhibited Cu
R
> 2Phl on Cu
(8]
; v
= | /h
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€ A/ M % MMﬁ
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wavenumber / cm

Figure 9. ATR-FTIR spectra of the 2Phl-inhibited and noninhibited [5] copper samples after 1 h of
immersion in 3 wt.% NaCl solution.

In addition, several specific peaks related to the adsorption of 2Phl on the copper surface were
identified. The presence of the phenyl group was confirmed by various peaks, including the C-C
stretching vibrations (at 1074 and 1485 cm™!) [27], and the aromatic C-H in-plane bending modes
(at 1318 and 1148 cm 1) [28,29]. Sudha et al. [28] reported that the C—H in-plane bending modes of
imidazole can be connected with the C=N and C—C stretching modes. Moreover, it was previously
reported that the aromatic C-H out-of-plane bending modes for similar compounds are found in the
range 1000-600 cm ! [28-32]. In the case of 2Phl, these modes were identified at 989, 833, 771, 750,
718, and 700 cm~!. The peak at 910 cm~! can be attributed to the C~C-C in-plane bending modes [28].
Gulltioglu et al. [33] attributed the peak at 1463 cm ! to C-N stretching vibrations.

On that basis, we can conclude that 2Phl adsorbed on the surface, which is a requirement to be
considered a corrosion inhibitor.

3.6.2. Contact Angle Measurements

Table 2 presents the average contact angle values and the respective drop shapes on the copper
samples immersed for 1 h in 3 wt.% NaCl solution containing 1 mM 2Phl. In addition, the previously
reported results regarding the noninhibited samples [6] are also given for comparison (Table 2).
The 95% confidence interval, calculated as +ts/+/N, (t—Student’s distribution, s—standard deviation,
N—number of measurements) [14], for both samples is also reported in Table 2.
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Table 2. The average contact angle values (with the respective 95% confidence intervals [14]) and the
drop shapes for the copper samples immersed for 1 h in noninhibited [6] and 2Phl-inhibited 3 wt.%
NaCl solutions at 25 °C.

Average Contact Angle and Figure of the Drop Shapes on the
Confidence Interval Surface of the Samples

Ground copper sample immersed o o
for 1 h in 3 wt.% NaCl solution 4307 £ 44

Ground copper sample immersed
for 1 h in 3 wt.% NaCl solution 76.0° £4.3°
containing 1 mM 2Phl

Sample Description

As seen by the contact angle values (and the drop shapes), a more hydrophobic sample was
obtained when immersed in 3 wt.% NaCl solution containing 1 mM 2PhlI (® = 76.0° =+ 4.3°) compared
to the noninhibited sample (© = 43.0° £ 4.4°) [6]. Moreover, under the same conditions, the increase
in the hydrophobic nature of the 2Phl-inhibited copper samples was slightly higher compared to
the MePhl-inhibited samples (® = 68.7° & 2.9°) reported previously [6]. The slight reduction in the
hydrophobic nature of the copper samples inhibited with MePhl (the addition of a -CHj group in the
2PhlI structure) compared with 2Phl might be related to the orientation of the inhibitor’s molecule on
the surface of the copper samples (most likely the more densely packed stack of molecules with phenyl
groups oriented closer to the surface and the imidazole ring closer to the substrate).

3.6.3. 3D-Profilometry Measurements

The representative 3D-profiles of the copper samples immersed for 31 days in 3 wt.% NaCl
solution, with and without the addition of 1 mM 2Phl, are presented in Figure 10. A significant
decrease in the surface roughness was observed with the adsorption of 2Phl. The absence of pitting
formation on the inhibited copper samples is an indication that general corrosion is the predominant
type of corrosion even after a relatively long immersion time.

non-inhibited inhibited i

1.6
1.2
0.8
0.4
0.0
-0.4
-0.8
-1.2
-1.6
-2.0

Figure 10. 3D-profiles of the noninhibited and 2Phl-inhibited copper samples after 31 days of
immersion in 3 wt.% NaCl solution.

At least three replicate measurements were performed for each system and the average mean
surface roughness, S, [9], was calculated. The calculated average S, of the copper samples immersed
for 31 days in 3 wt.% NaCl solution containing 1 mM 2Phl was 0.130 um. It was previously reported [5]
that the S, of noninhibited copper samples after 31 days of immersion was 0.855 um (S, before
immersion was 0.008 um). The S, is directly connected to the corrosion resistance of the metal in
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a specific corrosive environment. A higher S, value implies that the metal is more susceptible to
corrosion [9]. Therefore, the significant decrease in the S, values of the copper samples with the
adsorption of 2Phl further proves its corrosion inhibition efficiency.

3.6.4. Field Emission Scanning Electron Microscopy (FE-SEM) Analysis

Figure 11a—c shows SEM micrographs measured on copper samples after 31 days of immersion in
3 wt.% NaCl solution containing 1 mM 2Phl. It must be emphasized that the sample surfaces were
examined in detail and representative SEM figures are given in Figure 11a—c. The main conclusion
from this kind of analysis is that no significant corrosion damage was found, neither general corrosion
nor pitting corrosion, thus confirming the 3D-profilometry measurements given above.

Spectrum 1

02 0 02 04 06
ull Seale 261 cfs Cursor 2016 (3 cts)

Figure 11. FE-SEM micrographs in (a—d) the EDXS spectrum for the analysis of the spot designated in
(c) of the 2Phl-inhibited copper samples measured after 31 days of immersion in 3 wt. % NaCl solution.

Energy-dispersive X-ray spectroscopy (EDXS) analysis (Figure 11d) performed on the
noncorroded spot of the surface designated in Figure 11c as Spectrum 1 further showed that the
atomic ratio of C:N is close to 4. This ratio is close to the stoichiometric ratio of these elements in the
2Phl molecule (the exact ratio should be 4.5). This result supports the above given statement that 2Phl
was adsorbed on the copper surface.

Based on the above-mentioned analyses, we can conclude that the methyl group at position 4 in
MePhlI (Figure 1) plays no role in the adsorption process and consequently in the corrosion inhibition
process. However, the methyl group also does not interfere with the adsorption process, as MePhl was
previously found to be an effective corrosion inhibitor [6,13].
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4. Conclusions

Herein, various analytical techniques were employed to show for the first time that
2-phenylimidazole (2Phl) can act as an effective corrosion inhibitor for any metallic material. In this
work, the metal under investigation was pure copper immersed in 3 wt.% NaCl solution.

Cyclic voltammetry measurements showed that 2Phl inhibits the oxidation of Cu to Cu(I) as
well as the oxidation of Cu(I) to Cu(ll). Moreover, it was proven that 2Phl acts as a mixed-type
inhibitor and that it primarily inhibits the anodic reaction of the corrosion couple. Electrochemical
impedance spectroscopy showed that copper corrosion in 2Phl-inhibited solution follows kinetic- and
diffusion-controlled processes. The thickness of the inhibitor layer increased with time. Moreover, the
addition of 2Phl rendered the copper samples more resistant to corrosion even after relatively long
immersion times.

The adsorption of 2Phl was confirmed by attenuated total reflectance Fourier transform infrared
spectroscopy and energy dispersive X-ray spectroscopy analysis. It was also shown that no significant
pitting corrosion occurs after 31 days of immersion for the 2Phl-inhibited copper samples. Moreover,
the adsorption of 2Phl significantly reduced the surface roughness of the samples, as confirmed by
3D-profilometry and scanning electron microscopy analysis. Finally, contact angle measurements
showed an increase in the hydrophobic nature of the 2Phl-inhibited sample compared with the
noninhibited sample.
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