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1. Introduction

Copper and its alloys are often used in many industrial applications [1] [2] [3].

Copper is a relatively noble metal; however, it undergoes corrosion when being
in contact with saline and acidic solutions, especially in the presence of oxygen,
chloride or other oxidants. The behavior of copper and its alloys in these media
is extensively reported in literature [4] [5] [6] and the several schemes have been
presented for their dissolution. Organic heterocyclic compounds [7] have been

reported to be effective inhibitors for copper corrosion in acid medium. The na-

DOI: 10.4236/0jpc.2019.94011 Oct. 31, 2019 193 Open Journal of Physical Chemistry


https://www.scirp.org/journal/ojpc
https://doi.org/10.4236/ojpc.2019.94011
https://www.scirp.org/
https://doi.org/10.4236/ojpc.2019.94011
http://creativecommons.org/licenses/by/4.0/

Y.S.Brouetal.

ture of the corrosive inhibitor depends on the material being protected and on
the corrosive agent to neutralize. These heterocyclic compounds [8] are em-
ployed as corrosion inhibitors because of the presence of many adsorption cen-
ters (O, N, S, P, and x electrons) which can help to form complexes with metal
ions. These complexes constitute a film barrier which separates the metal from
the aggressive environment. With increased awareness towards environmental
pollution and control, the search for less toxic and environmentally friendly
corrosion inhibitors is becoming increasingly important [9]. Thus, researchers
have carried out many works that have focused on several drugs including vita-
mins. The main objective of this work is the study of the synergistic effect of the
two forms of vitamin B3 that are: nicotinicacid (C;H,NO,) and nicotinicamide
(C¢HgN,O) (Scheme 1) on the corrosion of copper in 3.5% NaCl medium [10]

[11] simulating sea water as well as in one molar nitric acid medium.

2. Materials and Methods
2.1. Samples

The cylindrical samples of copper of 99.99% purity were mounted in glass tubes
of suitable diameter to provide an exposed active geometrical surface area of 3.14
cm’ (diameter = 1 ¢cm) to the corrosive medium. Prior to each test, copper sub-
strates were polished with abrasive papers of decreasing particle size (400, 800,
1000, 1200 and 2000), rinsed with Milli-Q water (18.2 MQ-cm), degreased with

ethanol and then rinsed again with Milli-Q water and dried in air.

2.2. Solutions

The saline corrosive medium consists of a 3.5% sodium chloride solution which
is obtained by dissolving sodium chloride (99.5%) Sigma-Aldrich (provides in
France) in deionized water. The aggressive 1 M HNO; solution was prepared by
dilution of analytical grade 69% nitric acid PANREAC (provides in France) with
distilled water. The analytical nicotinic acid and nicotinamide were purchased
from Sisco Research Laboratories Pvt. Ltd. The solutions of concentration 10
mM were prepared by dilution. All tests are carried out in solutions with mag-
netic and aerated stirring. A Thermo-cryostat Lauda model E100 permits to keep

the electrolyte at the fixed temperature.

2.3. Electrochemical Measurements

The electrochemical measurements were performed in a three-electrode cell with

a volume of 0.5 L. The working electrode (WE) was copper samples, the counter

OH NH,

& ¢
sl

Scheme 1. NAC (left) and NAM (right).
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electrode (CE) was a platinum wire and the reference (Ref) electrode was a satu-
rated calomel electrode (SCE: 0.241 V vs SHE). The electrochemical study (po-
tentiodynamic polarization and electrochemical impedance spectroscopy (EIS))
of the behavior of copper in contact with the corrosive medium in the absence or
in the presence of inhibitors (single or mixture)was carried out using an experi-
mental device composed of a Potentiostat-Galvanostat MODULAB, a DELL
computer equipped with MODULAB XM ECS software allowing data

processing.

2.3.1. Potentiodynamic Polarization Measurements
The potentiodynamic current-potential curves were recorded by changing the
electrode potential automatically from —300 to 150 mV with a scan rate of 0.2

mV-s™.

2.3.2. Electrochemical Impedance Spectroscopy (EIS)

The impedance measurements were carried out at 25°C after 60 minutes of im-
mersion in each electrolyte (3.5% NaClor 1M HNO, solution) with or without
inhibitor. The amplitude of the applied sinusoidal voltage to the drop potential is
10 mV peak-to-peak at frequencies between 107 and 6.10* Hz with 10 points per
decade. Impedance data has been analyzed and fitted by using Z View 2.3 im-
pedance software. All the impedance diagrams were performed in potentiostatic
mode at the open circuit potential and presented in the Nyquist diagram

(Re-jIm) where Re is the real and -jIm is the imaginary part in Bode plan.

3. Results and Discussion

3.1. Synergistic Effect between NAC and NAM in 3.5% NacCl
Medium through Potentiodynamic Polarization

Figure 1 shows the polarization curves of copper immersed in 3.5% NaCl in the
absence and in the presence of inhibitors: 10 mM NAC, 10 mM NAM and 10
mM NAC + 10 mM NAM.

In the absence of inhibitors, the corrosion potential is approximately -225
mV/SCE. In the cathode field, a first regime is observed up to -40 mV/SCE
where a linear variation of the current density with respect to the potential is
observed. This evolution corresponds to the reaction of reduction of the oxygen
at the surface of the copper. For higher cathodic potentials, a reduction peak is
observed, which could be associated with the reduction of the copper oxides
formed during the immersion period. A linear variation of the current density
with respect to the potential is observed in the anode domain. With the addition
of inhibitors, the shape of the polarization curves is quite similar. Both for the
inhibitors alone and for the mixture, the corrosion potential is shifted towards
more to cathodic potentials. This displacement is associated with a remarkable
decrease in current density compared to that obtained in the solution without
inhibitor with a modification of the cathodic Tafel slope values. It may also be

noted that the anodic polarization curves are not strongly affected by the
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Figure 1. Polarization curves of copper immersed in 3.5% NaCl, in the absence
and presence of inhibitors.

presence of the inhibitors alone and their mixture. The electrochemical parame-
ters of copper corrosion in 3.5 % NaCl in the absence or presence of inhibitors at
298 K are shown in Table 1.

The cathodic Tafel slope (bc) changes significantly with the addition of the
mixture while the variation of anodic Tafel slope (ba) is slightly modified, indi-
cating that the mixture can modify the mechanisms of reduction of oxygen and
on the other hand, it acts by the formation of a barrier by its molecules between
the metal and the aggressive medium. The difference in corrosion potential be-
tween the solution without inhibitor and that with the mixture is about 65
mV/SCE towards the cathodic direction. The mixture can be considered as a
mixed type inhibitor for copper in 3.5% NaCl solution [12] It can also be seen
from Table 1 that the corrosion current density obtained with the combined in-
hibitors is lower than that of NAM but higher than that obtained with NAC. In
addition, it is found that the NAM slightly decreases the performance of NAC
where the inhibition efficiency decreases from 88% to 85%. In the light of this
information, NAM has an antagonistic effect with NAC action [13].

3.2. Study of the Synergistic Effect between NAC and NAM in 1M
HNO3; Medium

3.2.1. Potentiodynamic Polarization

Figure 2 shows the polarization curves of copper immersed in 1M HNO;, in the

absence and presence of inhibitors.

From Figure 2, showing the polarization curves of copper in 1M HNO,; in the
absence and presence of nicotinic acid (NAC), nicotinamide (NAM) and their
synergy, it can be noted for the curve without inhibitor, that the corrosion po-
tential has a value of -40 mV/SCE, in the cathodic branch. The appearance of a
passivation stage of -70 mV/SCE up to -110 mV/SCE followed by an increase in
current density. The copper corrosion current density in the solution without
inhibitor is about 80 pA/cm” in agreement with the literature [14].
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Table 1. Electrochemical parameters of copper corrosion in 3.5% NaCl in the absence or

presence of inhibitors at 298 K.

E j b -b CR 7
C t t- 'corr corr a (4
oncentration (mV/SCE) (pA:em™) (mV/dec) (mV/dec) (mm/an) (%)
0 —-225 46.5 48 94 0.544 -
10 mM NAC -300 5.6 69 138 0.065 88
10 mM NAM -274 9.0 55 186 0.105 80
Mixture -290 7.0 74 157 0.082 85
0.1+
0.01 4
0.001 E

1E'6'§ e Blanc
] s 10mM NAC
] s 10mM NAM
1E-7 3 e 20mM NAC
] 10mM NAC+10mM NAM
1E-8 T ——————————
0.3 0.2 -0.1 0.0 0.1 0.2 0.3

E(V/ECS)

Figure 2. Polarization curves of copper immersed in 1M HNO,, in the ab-
sence and in the presence of inhibitors.

In the presence of 10 mM NAC, 10 mM NAM and the mixture, the corrosion
potential moves to negative values —-85; —-67; -90 mV/SCE, respectively, and in
the anode field, the anodic branches are almost confused with that of inhibitor.
Given the variation of the potential with respect to the blank, it can be assumed
that the two inhibitors as well as their combination behave as mixed type inhi-
bitors. In the cathodic branch, a diffused plateau was observed with the addition
of inhibitors alone and combined accompanied by a sharp decrease in the cur-
rent density.

Table 2 indicates the synergistic factor, inhibition efficiencies and electro-
chemical parameters for copper polarization curves in 1M HNO, in the absence
and presence of inhibitors at 298 K.

According to Table 2, the electrochemical parameters deduced from the pola-
rization curves of the copper immersed in 1M HNO; in the absence and pres-
ence of inhibitors, we observe a better inhibition efficiency (86%) for the com-
bination 10 mM NAC + 10 mM NAM, suggesting a synergy effect.

Synergy parameter(s) were calculated using the relation:

= 1_E‘1+2 (1)
1_E1’+2
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Table 2. Synergistic factor, inhibition efficiencies and electrochemical parameters de-
duced for copper polarization curves in 1M HNO, in the absence and presence of inhibi-
tors at 298 K.

Concentration E. (mV/SCE) jeorr (LA-cm™2) n(%) s
0 -38.90 80 -
10 mM NAC -86.80 20.8 74 -
10 mM NAM —66.70 29.2 63.5 -
Mixture -90.40 11.00 86 0.70
where E,., and E/, are the efficiencies of the mixture inhibitors calculated

1+2 1+2

and measured, respectively.
E, ., can be expressed by:
1-E,, =(1-E)(1-E) )
42

1 .2 .0
where E]:I—J‘(’)ﬂ; EZ:I_J.‘(')ﬂ and E' . =1 Jeor —Jeorr

142 .0
corr corr .]C()FI‘

jj,w: corrosion current density in the presence of NAC, jczw: corrosion cur-
rent density in the presence of NAM, ;>: corrosion current density in the
presence of NAC and NAM (mixture), j_ : corrosion current density without
inhibitor (blank).

E| and E,, are the inhibitory efficiencies of each compound and the actual in-
hibitory efficiency of the mixture (NAC + NAM). The synergy parameter is the
ratio of the calculated efficiency and the actual inhibition efficiency, the expres-
sion of (s) can be simplified by the following relation:

1 2
ey ¥

For the combination studied, the synergy parameter (s) calculated is 0.7 (s <

1). So, the system is in the presence of a synergy that operates by a competitive

adsorption [15].

3.2.2. Electrochemical Impedance Spectroscopy (EIS)

The synergistic effect of the two inhibitors has also been studied by electro-
chemical impedance spectroscopy (EIS) at the corrosion potential. Figure 3
presents the Nyquist impedance diagrams of copper after 1 h immersion in 1 M
HNO,; in the absence and in the presence of inhibitors 10 mM NAC, 10 mM
NAM and 10 mM NAC + 10 mM NAM.

The Nyquist diagrams (Figure 3) consist of two capacitive loops: one at high
frequencies which is attributed to the resistance of the adsorbed species due to
the adsorption of the inhibitory molecules on the surface of the copper and all
other accumulated products, while that at lower frequency is generally attributed
to the double layer capacitance and the charge transfer resistance. The diameter
of the capacitive loop is greater in the case of the mixture than with the NAC
and NAM alone indicating the synergistic effect of the combined inhibitors in
the study medium) [16].
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Figure 3. Nyquist diagrams of copper after 1 hour of immersion in 1M HNO, in the
absence and presence of inhibitors.

In addition, Bode diagrams of copper after 1 h immersion in 1M HNO,; in the
absence and in the presence of different inhibitors alone and combined: (a)
phase angles and (b) Bode modules are highlighted by Figure 4.

Figure 4(a) confirms the existence of a second time constant in all three cases:
this behavior reveals the presence of two different contributions. The first con-
tribution located at high frequencies, can be associated with the film and the
second with the charge transfer at the interface. It can also be noted that the
greatest value of the phase angle is observed for the mixture. Bode’s absolute
impedance diagram (Figure 4(b)) shows that the impedance value increases
considerably over the entire frequency range for inhibitors alone and combined
with the greatest value for the combination. A larger value |Z| represents a better
protection performance).To further analyze the impedance spectra, an equiva-
lent electrical circuit with two constant time elements [17] was used to adjust the
impedance data. This circuit is shown in Figure 5, where Rs is the resistance of
the solution between the working electrode and the reference electrode, Rf is the
resistance of the adsorbed layer formed on the copper surface, and Rct
represents the charge transfer resistance related to the copper dissolution. The
constant phase element CPE1 is composed of the capacitance Cf and the gap pa-
rameter n,. The capacity Cf is mainly due to the dielectric nature of the surface
film (corrosion products and/or an adsorbed inhibitor film). The CPE2 is com-
posed of the double layer capacity Cdl and the n, gap parameter.

The impedance of the CPE is described as follows:

Zepg = |:Q(]W)n :|_1 4)

where Q is the magnitude of the CPE, j is the imaginary root, wis the angular
frequency, nis the deviation parameter with respect to the phase shift.

The double layer capacity (C) obtained from the CPE parameters was calcu-
lated from the following Brugg equation [18]:

DOI: 10.4236/0jpc.2019.94011

199 Open Journal of Physical Chemistry


https://doi.org/10.4236/ojpc.2019.94011

Y.S.Brouetal.

80<|

70_' = blanc

« 10mM NAC
1 4 10mM NAM
60 v 10mM NAC+10mM NAM|

&

T 50

B Yo
S 40 Yo
o Yo
2 30 Yo
X 4

Qo

= blanc
500 frv, e 10mM NAC
o, o, Vv, 4 10mM NAM
- o, "%, v 10mM NAC+10mM NAM
s 4002 Vv,
Lo e V"'
iy & 300 -,
- ...A i v
iy .,

L
L]
L] «
0‘6‘
1Z(ohm-cm?)
n
o
o
1
.. )
/ ,
»
s
'P
P" “
Y, 4
b“
I <

102 10 10° 10
Logf(Hz)

he - da J T g i |
102 10° 104 102 107 10° 10° 102 10° 104

f(Hz)
(b)

Figure 4. Bode diagrams of copper after 1 h immersion in 1 M HNO, in the absence and presence of inhibitors: (a) phase angles
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Figure 5. The equivalent electrical circuit used to fit the impedance spectra.

Cops = [Q(R;‘ R, )(“)T (5)

The inhibition efficiency is calculated from the values of the polarization re-
sistance Ry (R, = R, + R ,) using the following relationship:
inh _
n= % x100 (6)
I3

The values of the electrochemical parameters and the inhibition efficiency
1n(%)for the single and combined inhibitors by electrochemical impedance spec-
troscopy are shown in Table 3.

Table 3 shows that the value of the polarization resistance (R, =R, + R, ) is
higher in the presence of the mixture. It should also be noted that the
double-layer capacity in the presence of inhibitors alone and combined is lower
than that of the solution without inhibitor but lower in the case of the mixture.
The increase of the polarization resistance (R,) results from an increase in the
coverage of the metal surface by the inhibitor. The decrease in Cj is due to the
adsorption of the inhibitory molecules replacing the water molecules at the met-
al/solution interface which causes a decrease in the local dielectric constant

and/or an increase in the thickness of the electrical double layer) [19].

4. Conclusion

The mixture (10 mM NAC + 10 mM NAM) effectively inhibits the corrosion of
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Table 3. Electrochemical parameters and inhibition efficiency for copper corrosion in 1M
HNO,; in the absence and presence of inhibitors.

R R CPE C
Concentration ((\ "o\ (0 em?) (@m0 ™ (Q-I::C;nl) (WPemt) ™ (o)
Blank 1.515 61.97 160 0.93 122.3 2070 0,65 -
10 mM NAC 1.495 194.3 103 0.94 315.2 1129 0.71 63
10 mM NAM 1.462 241.7 90.47 0.94 205.9 1874 0.73 59
Mixture 1.471 296 81.14 0.95 2254 994.6 0.74 65

copper in both 3.5% NaCl medium and 1 M HNO, medium. In both cases, the
combination behaves as a mixed type inhibitor with a great cathodic tendency.
As far as the saline medium is concerned, we are witnessing an antagonistic ef-
fect of the NAM which can reduce the effectiveness of the NAC from 88% to
85%. A synergistic effect by competitive adsorption (s < 1) with an inhibition ef-
ficiency of 86% is observed in an acid medium. The impedance diagrams consist
of two capacitive loops, one at low frequencies generally described as being rep-
resentative of the charge transfer resistance at the metal/electrolyte interface and
the other at high frequencies which may be associated with the film and other
accumulated products. In the case of the mixture, the size of the capacitive loop
is larger whereas the double layer capacity is smaller compared to the inhibitors
alone. These observations confirm the synergistic effect of the two inhibitors in
1M HNO, medium.
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