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1. Introduction

According to their good electrical and thermal conductivities, corrosion resistance, and easy useful for the
fabrication of equipment, copper and copper-nickel alloys are extensively used in marine applications and in
desalination plants [1-6]. Copper nickel has been widely used as tubing material condensers and heat exchangers
in various water-cooling systems [7-12]. X. Zhu and al [13] studied the corrosion product films of 70Cu-30Ni
alloy in seawater for different durations and the effect of the degree of recrystallization on the characteristics of
the corrosion product films; they concluded that the films formed on the recrystallized alloy in seawater were
thin, uniform and rich in nickel. However, the presence of certain pollutants such as sulphurs and ammonia
compromise their corrosion resistance especially in seawater [14-18]. The presence of sulfide contamination
causes serious corrosion if polluted and aerated conditions alternate, or if oxygen and sulfide are simultaneously
present [19].

On the other hand, the sulphurs are not dangerous in the absence of oxygen [20]. Other authors [21]
investigated the effect of ammonia, they have observed that the presence of ammonia favour the selective
corrosion of copper nickel alloys by the formation of complexes compounds with copper. Copper complexes
formed with ammonia molecules easily destabilize the layers of corrosion products, which generally protect
copper alloys [22]. Many inhibitors have been used to minimize the corrosion of copper and its alloys in
different media[23-40].The heterocyclic organic compounds, namely, azoles, were reported to show marked
inhibition efficiency [14, 17, 29-35].In previous work [29], the superiority of 2-MBI in a solution of 3%NaCl
polluted with ammonia in comparison with other azole compounds, namely Bitriazole and aminotriazole was
marked. This superiority was clearly marked in the polarization curves and in the spectra of electrochemical
impedances.
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The aim of this work is to study the corrosion behaviour of Cu- 30Ni alloy in NaCl 3% solution polluted and
unpolluted by sulphide ions in the presence of 2-Mercaptobenzimidazole (2MBI). Weight-loss studies,
electrochemical impedance, potentiodynamic polarization, SEM have been used in the present work.

1. Experimental condition

2.1. Materials and solutions

The Cu-Ni alloy used is of commercial grade and has the following composition (wt. %): 69.3 % Cu, 29.6 %
Ni, 0.7 % Mn, 0.4 % Fe. The solutions used in this study were prepared of reagent grade chemicals. The
standard aggressive medium was NaCl 3%. Sulphides were introduced by the addition of 2 ppm S* as Na,S to
the NaCl3% solution. 2-MBI used as a corrosion inhibitor was purchasedfromFluka (Scheme 1).

Do — L

Scheme 1: Chemical structure of 2-Mercptobenzimidazole (2-MBI)

2.2. Methods

2.2.1. Gravimetric measurements

Weight-loss method measurements were performed with rectangular Cu-30Ni coupons (5 cm x 3 cmx 0.3 cm).
The coupons were immersed in 300 mL of corrosion solution with and without inhibitors and allowed to for 1
day at room temperature (25°C). Afterwards, the coupons were rinsed with distilled water and adherent
corrosion products were removed by immersing the coupons in 6% H,SO, for 20s. Then the coupons were
rinsed with distilled water, cleaned with acetone, dried and weighed. Duplicate tests were conducted for each
experiment.

The corrosion rate CR and the percentage of inhibition efficiency Ecg (%) over the exposure period were
calculated using the following equations [41]:

CR= 876x— " (1)
Dx AxT
CR-CR,
Ecr=———" %100 ®)

CR
Where A is the area, T the immersion time, W the weight loss and D the density of the specimen.

2.2.2. Electrochemical measurements
For the potentiodynamic polarization experiments, electrochemical cell with a three-electrode configurationwas
used. A standard calomel reference electrode (SCE) and a platinum electrode were used as a reference and
counter electrodes, respectively. The working electrode was a rotating disk consisting of cylindrical (Cu-30Ni)
samples and had a 0,78cm? cross-sectional area. The samples were first polished with emery paper grade 1200
and rinsed with distilled water.
The potential polarization studies were carried out using PGZ100 potentiostat. The working electrode was
initially immersed in aerated solution at room temperature, and allowed to stabilize for 1 hour at open circuit
potential. Then the cathodic and the anodic curves were recorded by changing stepwise (1mv/s) the potential.
The rate of rotating electrode is 1000rpm.
The inhibition efficiency were calculated from corrosion current density using the following formula
0
E(%)=Mx100 (3)

0
corr

Where |, and |, are the corrosion current densities obtained in the absence and presence of the inhibitors,

respectively.

Electrochemical impedance spectra (EIS) were carried out at the open-circuit potential E, Using a potentiostat
PGZ100with a small amplitude ac signal (10 mV rms), over a frequency range from 100 kHz to 10 mHz with
ten points per decade. These tests were performed in the potentiostatic mode at the corrosion potential after 1
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hour of immersion time. Data were presented as Nyquist plots. IE % were calculated using the following
equation.
Ry — RS
ER(%)=%><100 (4)

ct

where Rc't and th are the charge transfer resistance in the presence and absence of 2-MBI, respectively.

2.2.3. Surface morphology

The surface morphology of the electrode was examined with a scanning electron microscopy (SEM; Leica
stereoxam 440). After 24 hours of immersion with and without inhibitor, the specimens were cleaned with
double distilled water and dried at room temperature.

2. Results and Discussion

2.1. Gravimetric Measurements

The corrosion of Cu-30Ni alloy in aerated NaCl3% solution, unpolluted and polluted by sulphides, in the
absence and in the presence of different concentrations of 2-MBI as inhibitor were investigated by weight loss
measurements. The results of gravimetric studies of Cu-30Ni alloy in aerated NaCl3%solution without and with
sulphide ions in the absence and presence of two different concentrations of 2-MBI after an immersion period of
5 days are shown in Table 1.

In all corrosive medium, when the concentration of 2-MBI increases, the corrosion rates decrease. The
inhibition efficiency of the order of 98% or more is obtained in both polluted NaCl3% solution.

Table 1: Inhibition efficiency for various concentration of 2-MBI for the corrosion of Cu-30Ni alloy in aerated
NaCl 3% solution unpolluted and polluted by sulphide ions obtained by weight-loss method

Media CR Ecr
(x 10% mmyear™) (%)
NaCl3% 25.5 -
NaCl3% + 0.5mM MBI 1.56 93.9
NaCl3% + 1mM MBI 1.28 95
NaCl3% + 2 ppm S~ 44.46 -
NaCl3% + 2 ppm S* + 0.5mM MBI 1.87 95.8
NaCl3% + 2 ppm S* + 1mM MBI 0.94 97.9

2.2.0pen-circuit potential

Figure 1 shows the evolution of the open circuit corrosion potential E.,; of Cu-30Ni in 3%NaCl solution
unpolluted and polluted by sulphide ions, without and with addition of ImM 2-MBI.

In absence of inhibitor, it is found that for both corrosive media, the potential of the electrode evolves rapidly
towards the positive potentials. After 20 min, the evolution of the corrosion potential becomes slower to reach a
quasi-stationary value after 1 hour of immersion time.

In presence of 2-MBI, it is noted that the E., rapidly stabilizes in the first minutes (10 min), which can be
attributed to the adsorption of MTS on the metal surface. Eqshifts slightly towards more positive values for
adding of inhibitor.

2.3. Potentiodynamic polarization studies

Cathodic curves of Cu-30Ni alloy in aerated 3%NaCl solution unpolluted and polluted by sulphide ions, without
and with addition of 1mM of 2-MBI are shown in Figure 2, Table 2 summarizes the values of associated
electrochemical parameters presented in Figure 2. The concentration of 2-MBI is chosen based on the inhibition
efficiency obtained from Gravimetric Measurements and from electrochemical studies in the context of a
detailed study published elsewhere [30].

In the 3%NaCl solution, the cathodic curves showed a current diffusion plot, which indicates the influence of
mass transport. It was previously shown that oxygen reduction is a mixed activation/diffusion process at the
corrosion potential [42].
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Figure 1: Evolution of Ecorr of Cu-30Ni in 3%NaCl solution unpolluted and polluted by sulphide ions, without
and with addition of ImM 2-MBI at 25°C: Q = 1000 rpm;
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Figure 2: Cathodic polarization curves of Cu-30Ni alloy in aerated 3%NaCl solution unpolluted and polluted by
sulphide ions, without and with addition of ImM 2-MBI at 25°C: Q = 1000 rpm;|dE/dt| = 1mVs™*

The addition of sulphide ions in the 3%NaCl solution is accompanied by an increase of the current density
values near the corrosion potential. This increased from 26.2 pAcm 2 without sulphide ions to 47.9 pAcm 2 with
sulphide ions. The addition of 2 ppm of sulphide ions led to an 83% increase of the corrosion rate (Table 2). In
presence of sulphide ions, the cathodic curve showed a shape similar to that obtained in the 3%NaCl solution
with a current diffusion plateau characteristic of the transport of dissolved oxygen to the electrode.

On adding 2-MBI to the both corrosive solutions, the corrosion potentials were displacedtowards positive values
(Table 2), the cathodic current densities decrease and the control of the cathodic reaction at the corrosion
potential is a pure activation.Theinhibition efficiencies reached 96.4% and 99.5% in 3%NaCl solutions without
and with sulphide ions at 1mM of MBI respectively.
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Table 2. Corrosion inhibition parameters of Cu-30Ni alloy in aerated 3%NaCl solution unpolluted and polluted

sulphide ions, without and with addition of ImM of 2-MBI.

Solution Ecorr leorr b, b, E
(mV/Ag-AgCl) | (nA/em®) | (mV/dec) | (mV/dec) | (%)
NaCl 3% -187 26.2 -258 51 -
NaCl 3% + 1mM 2-MBI -140 0.94 -217 74 96.4
NaCl 3% + 2ppm S* -200 47.9 -247 48 -
NaCl 3% + 2ppm SZ +1mM 2-MBI | -144 0.24 -128 71 99.5

The anodic polarization curves are presented in Figure 3.The addition of sulphide ions in the 3%NaCl is
accompanied by an increase of the current density values.Thus at —150 mV, the current density increases from
130pA cm™ without sulphide to 300pA cm™ in the presence of sulphide. This confirms their accelerating effect
on the anodic reaction. We note that at the end of the plotted curves, the surface of the alloy is covered with a
continuous grey layer in the absence of sulphides. On the other hand, in their presence, the layer is black, porous

and non-adherent.
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Figure 3: Anodic polarization curves of Cu-30Ni alloy in aerated 3%NaCl solution unpolluted and polluted by
sulphide ions, without and with addition of ImM 2-MBI at 25°C: Q = 1000 rpm; |[dE/dt| = 1mVs™?

The addition of 2-MBI to the all corrosion solutions decreases the rate of alloy dissolution. Anodic polarisation
curves presented shows also a change in the shape of polarization curves that may correspond to a likely change
in the nature and rate of anodic reaction. These curves show a passive domain, which is clearly observed
compared to blank essay. This effect can be explained by the fact that the product tested acts by adsorption on
the surface of the material and contributes to an establishment of anodic film formation. This passivity is broken
with anodic over tension. This effect can be allotted to the destruction or the desorption of film formed by the 2-
MBI on the surface of the electrode.

2.4. Electrochemical impedance spectroscopy

Figure 4presents Nyquist and Bode plots of Cu—-30Ni alloy in aerated 3%NaCl solution with and without
sulphides ions at corrosion potential (Ecor) after 1 h of stabilisation time.

In the absence of sulphides, the Nyquist diagram (figure 4a) presents a flattened semi-circle with a deformation
in the high frequency domain. Assuming that two R and C ladder circuits (Figure 5) can describe this impedance
data, the impedance spectrum could be fitted suitably. On adding of ions sulphide to the 3%NaCl solution, the
impedance diagram changes in shape and size. Though clearly separated, this diagram may be split into two
capacitance loops. However, in contrast to the case of copper electrode [43], with Cu-30Ni electrode, the
addition of sulphide ions present two capacitive loops and the first loop can be attributed to a charge transfer
process. On the same diagrams of figure (4a), the curves adjusted according to the chosen model are plotted. It
can be noted that this model describes well the film formed, since the adjusted curves are superimposed well on
the experimental curves.
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Figure 4:(a) Nyquist and (b) Bode plotsof Cu—30Ni in the corrosion test solution in the absence and presence of
sulphides ionsafter 60 min of stabilisation period. = 1000 rpm.

On the same diagrams of figure (4a), the curves adjusted according to the chosen model are plotted. It can be
noted that this model describes well the film formed, since the adjusted curves are superimposed well on the
experimental curves. In the Bode diagram (figure 4b), and in absence of sulphides, the high frequency part of
the curve started from to the origin, indicating a very fast process. The electrical double layer can cause this
capacitive behavior. In the low frequency part, we notice a short linear slope and the log| Z| values still increase
and does not reach a constant value as expected, indicating a very slow process (i.e., diffusion limited).

In presence of sulphide ions, we note three distinctive segments. In the high frequency extreme region, the value
of log| Z| tends to become very small. This region is typical of a resistive behaviour and corresponds to solution
resistance. In the medium frequency region, a linear relationship exists between log|Z|and logf. This region
corresponds to the charge transfer at the metal/electrical double layer. In the low frequency segment, the
resistive behaviour of the electrode increases and the value of log|Z|should remain constant with a further
decrease in frequency. But this behaviour does not reached. log| Z | still increases, with a decrease in frequency.
This corresponds to the diffusion impedance because of the diffusion of oxygen.

The electrical equivalent circuit consists of two parallel R and C proposed in Figure 5, whose components are
attributed to: R charge transfer resistance that will be determined essentially by the corrosion process; Cy :
double layer capacitance with CPE behaviour, Rr and Cg : Faradaic impedance involving an oxidation—
reduction process of the corrosion products.

Re

Ret | |

Figure 5: Electrical equivalent circuit used to simulate EIS data for the Cu-30Ni alloy corrosion in 3%NacCl
solution without and with sulphides ions.

Nyquist and Bode plots of Cu—30Ni alloy in aerated 3%NaCl solution with and without sulphides ions in
presence of 1mM of 2-MBI at corrosion potential (E.o) after 1 h of stabilisation time, are shown in Figure 6a
and Figure 6b.

The Nyquist plots show a capacitive behavior of the interface throughout the frequency range examined. The
addition of the 2-MBI results in a large increase in the total impedance and a change in the shape and size of the
diagrams. According to the variation of the polarization resistance Rp,we note that the polarization resistance
increases from 1.5 KQcm? to 70 kQcm?in 3%NaCl solution and from 1 KQcm? to 90 kQcem? in 3%NaCl polluted
by sulphide ions in the presence of 1mM of 2-MBI. That can be interpreted by an effective protection of the
metal by the 2-MBI.
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Figure 6:(a) Nyquist and (b) Bode plotsof Cu—30Ni in the various corrosion test solutions in presence of 1mM
of 2-MBI after 1 h of stabilisation period. Q = 1000 rpm.

In the Bode diagrams (figure 6b), the adding of 2-MBI into both corrosives media, leads to a modification on
the shape of the diagrams. However, these diagrams may be explained with three R and C circuits. The use of
such an electrical equivalent circuit is in agreement with studies detailed elsewhere [44-45].The low frequency
capacitive loop CF-RF may be due to a faradaic process involving the surface species issued of corrosion
process and metallic species. It may be worth to recall that at the particularly in presence of inhibitor, the
diffusion process no longer controls the cathodic reaction. Moreover, the values determined for this couple from
the numerical simulations of the ac diagrams are not discussed in the text since it appears that they are scattered
probably because they are likely ascribed to corrosion products. The medium frequency contribution is
attributed to the double layer capacitance (Cd) at the electrolyte/Cu-30Ni interface at the bottom of the pores
coupled with the charge transfer resistance (Rt). The Cd values observed in absence and in presence of 2-MBI
are those frequently reported for a flat electrode. In its presence in both corrosives media, the values of Cd is
markedly smaller corresponding to the adsorption of inhibitor or the film formation. The Rt value increases
markedly when the inhibitor was added to the corrosion tests solutions, which indicates an efficient protective
effect of 2-MBI on the corrosion of Cu—30Ni alloy. Whereas, the low frequency elements (Cf-Rf) are ascribed
to the dielectric character of the corrosion products (Cf) due to the formation of thin surface film that is
reinforced by the presence of the inhibitor and by the ionic conduction through the pores of the film (Rf).

The values determined from a non-linear regression calculation for C+—R; and R—Cy couples are summarized in
Table 3.

Table3. Parameters determined by non-linear regression of the results presented in Figure 4a and Figure 6a

Solution Cs Rs¢ Ca Rt E
(uFem™®) | (kQem?) | (uFem™®) | (kQcm?) | (%)
NaCl 3% - - 94.40 1.200 -
NaCl 3% + 2-MBI 1.4 5.6 42.90 51.960 97.7
NaCl 3% + 2ppm S* - - 169.5 0.470 -
NaCl 3% + 2ppm S* + 2-MBI 1.1 2.9 37 54.140 99.1

By analysing the results presented in Table 3, we noted that the value the R values, calculated by a non-linear
regression, and the inhibiting efficiency increase with 2-MBI. The inhibiting efficiency is evaluated according to
the equation (4). The inhibiting efficiency was close to 97.7% and 99.1% when 1mM 2-MBI was added to
3%NacCl solution without and with sulphide ions respectively. The inhibiting efficiency determined by the EIS
is close to that evaluated from the cathodic polarization curves.

The capacitance Cgy calculated from the characteristic frequency f..x0f the capacitive loop can be attributed to
the double layer capacitance, Cy.
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Figure 7 and 8 shows Nyquist and Bode plots of Cu-30Ni alloy in aerated 3%NaCl solution with and without
sulphides ions in presence of 1mM of 2-MBI at the corrosion potential for different immersion times. It
maintains the same shape after 1h of immersion time.
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Figure 7: Nyquistplotsof Cu—30Ni in the various corrosion test solutions containing 1mM 2-MBJlat various
immersion time. Q = 1000 rpm. (A) 3%NacCl, (B) 3%NaCl+2ppm S

As can be seen in figures 7A and 7B, the diagrams in the Nyquist plots becomes larger with time. The increase
of the polarization resistance with the immersion period is often reported for the inhibiting action of heterocyclic
on copper corrosion [10-12]. The effect of increasing immersion time on impedance spectra is characterized by
the increasing size of the two capacitive loops observed, reaching a maximum in 24 h.

Table 4 displays the variation of protective effect of 1 mM 2-MBI added with respect to immersion time for the
rotation speed equal to 1000 rpm. The value of the associated capacity was calculated from the relation
Ca = 1/(2 =nfRy), where f is the characteristic frequency in the maximum of the loop and Riis the diameter of the
capacitive loop associated.

In the whole cases, the protective effectiveness is higher than 99% in presence of sulphide ions. Furthermore,
the inhibiting efficiency tends to increase with immersion period. Compared with the solution without sulphide
ions, it was observed that protective effect of 2-MBI is reinforced. It is concluded that some synergetic effect is
likely to exist between sulphide ions and the 2-MBI molecule.

—o— 1H

2 NaCI3% + 1mil NBI I NaCl3% + 2ppm S” +1mM MBI

log () log ()

Figure 8: Bode plotsof Cu—30Ni in the various corrosion test solutions containing 1mM 2-MBI at various
immersion time. Q = 1000 rpm. (A) 3%NaCl, (B) 3%NaCl+2ppm S
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Table4. Parameters determined by non-linear regression of the results presented in Figure 7.

Solution Time Cs R: Ca Rt E

(h) (Fem™®) | (kQem?®) | (uFem™®) | (kQem?) | (%)
NaCl 3% 1 - - 94.4 1.200 -

4 - - 76.2 2.652 -

24 - - 72.3 4.400 -
NaCl 3% + 2-MBI 1 1.41 5.64 42.9 51.96 97.7

4 1 8.88 24.2 65.75 96

24 0.87 12.95 17.9 88.63 95
NaCl 3% + 2ppm S~ 1 - - 169.5 0.470 -

4 - - 136.8 1.229 -

24 - - 118.2 1.346 -
NaCl 3% + 2ppm S* + 2- | 1 1.1 2.94 37.0 54.14 99.13
MBI 4 0.84 3.77 18.5 96.5 98.7

24 0.66 4.83 14.02 158.9 99.15

2.5.Mechanism of adsorption of 2-Mercaptobenzimidazole

In the context of a detailed study published elsewhere [42], the mechanism of adsorption of MBI on gold
and silver surfaces with or without heat treatment has been studied. Indeed, during a simple immersion of these
metals in an ethanolic solution, at ambient temperature and without prior heat treatment, adsorption takes place
between the sulfur atom and the surface of the materials. On the other hand, when these samples had undergone
a heat treatment at 80 ° C for 20 minutes before immersion, the MBI reacts chemically with the silver to form
Ag"MBI’, while it changes orientation on the gold.

In the case of copper, 2-MBI deprotonates successively in MBI and MBI* [46]. This deprotonation leads to the
formation of the MBI* anion, where the charge is delocalized to the imino group and the other is localized on
sulfur.In this case, each metal cation can form a bond with two nitrogen atoms, and then leads to the formation
of a polymeric structure. This structure can be attached to the copper surface using the sulfur atom, since each
molecule Cu®>* MBI* contains three sites, which allow the formation of these bonds (Figure 9).

2.6.Surface analysis

Figures 10A and 10B present the surface morphology after 24 h of immersion of Cu-30Ni in 3% NaCl solution
containing sulphides ions. It can be seen that a continuous grey layer covered the alloy surface after 24h of
immersion in NaCl 3% solution. Breakdown of oxide film is also seen.

When 2 ppm of sulfide ions were added to the 3% NaCl solution, the corrosion damage on the alloy surface is
relatively more severe. A scale-like black corrosion product covers the entire surface.

However, in presence of 2-MBI in both aggressive media (Figure11A and11B), almost no corrosion is revealed,
and the grooves due to the initial surface abrasion remain clearly visible after 24 h immersion. These two
micrographs reveals the absence of any corrosion product.
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Figure 9: Structure of the Cu-2MBI polymeric film
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Figure 10: SEM picture of Cu—30Ni electrode surface after 24 h immersion in 3% NaCl in absence (A) and in
presence of sulphide ions (B).
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Figure 11: SEM picture of Cu—30Ni electrode surface after 24 h immersion in 3% NaCl in absence (A) and in
presence of sulphide ions (B) , in presence of 1mM of 2-MBI

Conclusions

All measurements showed that the 2-Mercaptobenzimidazole has excellent inhibition properties for the
corrosion of Cu-30Ni in NaCl3% pure and polluted by sulphide ions. The weight loss measurements show that
the inhibition efficiency increases with 2-MBI concentration and reaches its highest values at 1mM
concentration. In both corrosive solutions, the potentiodynamic polarisation measurements showed that the 2-
MBI inhibits both the cathodic and anodic corrosion processes of alloy, the inhibitions efficiency reaches 96%
and 99%. It acts through the establishment of a protective thin film at the surface that prevents the access of
oxygen to the metal surface and the transport of reacting species through the film. EIS measurements also
indicate that the inhibitor increases the charge transfer resistance and show that the inhibitive performance
depends on the formation of thin surface film.
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