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Abstract

This work reports results of weight loss, potentiodynamic polarization and impedance measurements on the
corrosion inhibition of copper in aerated non-stirred 3% NaCl solutions in the temperature range 15-65 °C using
sodium oleate (SO) as an anionic surfactant inhibitor. These studies have shown that SO is a very good “’green”,
mixed-type inhibitor. The inhibition process was attributed to the formation of an adsorbed film on the metal
surface that protects the metal against corrosive agents. Scanning electron microscopy (SEM) and energy dispersion
X-ray (EDX) observations of the electrode surface confirmed the existence of such an adsorbed film. The inhibition
efficiency increases with increasing surfactant concentration and time of immersion, while it decreases with solution
temperature. Maximum inhibition efficiency of the surfactant is observed at concentrations around its critical
micellar concentration (CMC). The potential of zero charge (pzc) of copper was studied by ac impedance, and the
mechanism of adsorption is discussed. The sigmoidal shape of the adsorption isotherm confirms the applicability of
Frumkin’s equation to describe the adsorption process. Thermodynamic functions for the adsorption process were
determined.

1. Introduction range of oxygen-containing media, the anodic reactions
(at least at the immersion time) are as follows [5, 6]:

Copper and its alloys are applied extensively in marine

environments due to their high corrosion resistance in Cu+ClI" = CuClygs +e7, (4)
sea water. In addition, copper dissolution in chloride
solutions is very important in the electropolishing and
electromachining industries. Due to these reasons CuClygs + ClI” = CuCl; (5)

attention has focused on the behaviour of copper in
chloride solutions [1-6]. In the absence of different

Mass transfer effects have been shown to be significant
during the anodic dissolution of copper in chloride

complexing agents in the corrosion medium, such as
CI™ ions, anodic dissolution of copper proceeds in two
steps [7]:

Cu=Cu" +e” (1)

Cu' =Cu®" +e” (2)

In neutral aqueous solutions, where oxygen is present,
the overall reaction of anodic copper dissolution pro-
ceeds as follows:

Cu +1/20; + H,0O = Cu®" + 20H" (3)

When complexing agents, such as CI~, are present in the
corrosive aqueous medium, complex copper ions, such
as CuCl;, must be considered. In the near-neutral pH

media with cuprous chloride complexes as the major
product species [8].

Even though copper corrosion in near neutral
aqueous solutions is low, the damage from the corrosion
products such as Cu®>" ions may be harmful. In most
cases of copper corrosion, an additive must be added to
the environment in order to modify or hinder corrosion.
Azoles, specifically triazoles, have been intensively
investigated as effective copper corrosion inhibitors
[9-13]. Currently, research in copper corrosion is ori-
ented to the development of ““green corrosion inhibi-
tors”, compounds with good inhibitory efficiency but
low risk of environmental pollution [14-16].

Although surfactants have been widely used, only a
few studies have focused on the application of
surfactants for corrosion prevention of metals and
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alloys [17, 18]. In our previous study [19-21], anionic,
cationic and non-ionic surfactants were successfully
used as corrosion inhibitors for the acid corrosion of
pure Al and some of its alloys. Under appropriate
conditions, surfactant molecules may adsorb to the solid
surface, forming an organized structure, i.e., the hem-
imicelle [17, 18], that can effectively prevent metals from
corrosion in aggressive environments.

This article reports the use of weight loss, potentiody-
namic polarization and impedance techniques comple-
mented with some SEM and EDX observations to study
the ability of sodium oleate (SO) as an anionic surfactant,
to inhibit the corrosion of copper in aerated stagnant
3.0% NaCl solution under the influence of various
experimental conditions. It was also the purpose of the
present work to test the experimental data obtained from
the three techniques with several adsorption isotherms at
different temperatures, in order to determine the ther-
modynamic functions for the adsorption process and
gain more information on the mode of adsorption.

2. Experimental

The working electrode employed in this work were made
of spec pure copper. For weight loss measurements,
corrosion inhibition tests were performed using coupons
measuring 1 x 2 x 0.1 cm® prepared from pure copper.
These coupons were first briefly ground with no. 600
emery paper, subsequently polished with no. 2000 emery
paper, washed with deionized water, degreased with
absolute ethanol, dried, and then etched in a 7 M HNO;
solution for 30 s. The etched electrode was rinsed with
deionized water rapidly, followed by immediate rinsing
with absolute ethanol. The nitric acid etching method
provided a fresh and active (oxide-free) copper surface.
The coupons were dried and kept in a desiccator.

The weight loss (in mg cm ) was determined at
different immersion times at 25 °C by weighing the
cleaned samples before and after hanging the coupon
into 100 cm® of the corrosive solution, namely 3%
NaCl, (in open air) in the absence and presence of
various concentrations of SO. After the time elapsed the
cleaning procedure consisted of wiping the coupons with
a paper tissue and washing with distilled water and
acetone, followed by oven drying at 110 °C.

For electrochemical measurements, the investigated
materials were cut as cylindrical rods, welded with
Cu-wire for electrical connection and mounted into glass
tubes of appropriate diameter using Araldite to offer an
active flat disc shaped surface of (0.20 cm?) geometric
area, to contact the test solution. Prior to each experi-
ment, the surface pretreatment of the working electrode
mentioned in weight loss measurements was performed.
The experiments were performed ina 100 cm?® volume cell
at 25 °C £ 1, using Pt wire and a SCE as auxiliary and
reference electrodes, respectively. The SCE was connected
via a Luggin capillary, the tip of which was very close to the
surface of the working electrode to minimize the IR drop.

All potentials are referred to this reference electrode. The

measurements were carried out in aerated non-stirred 3%

NaCl solutions with and without concentrations of sodium

oleate (CsH3305 Na ") as an anionic surfactant inhibitor.
The structure of the inhibitor is

CH;(CH,),CH=CH(CH,),COO Na*

The critical micellar concentration (CMC) of the sur-
factant was determined by plotting surface tension data
against surfactant concentration at 25 °C. The value of the
CMC was found to be approximately 1.50 x 107> m,
which is in good agreement with the value obtained by
Tarasova et al. [22]. All solutions were freshly prepared
from analytical grade chemical reagents using doubly
distilled water and were used without further purification.
For each run, a freshly prepared solution as well as a
cleaned set of electrodes was used. Each run was carried
out in aerated stagnant solutions at the required temper-
ature (£1 °C), using a water thermostat.

The potentiodynamic current-potential curves were
carried out at a scan rate of 0.1 mV s~'. Impedance
measurements were carried out using AC signals of
amplitude 5 mV peak to peak at the open circuit
potential in the frequency range 100-0.05 Hz. A Poten-
tiostat/Galvanostat (EG&G model 273), lock-in ampli-
fier (model 5210) and M352 corrosion software and
M398 impedance software from EG&G Princeton
Applied Research were used for the polarization and
impedance measurements, respectively. All impedance
data were fitted to appropriate equivalent circuits using
the computer program EQUIVCRT [23].

The composition and morphology of the corrosion
products formed on the surface of Cu in 3% NaCl
solutions in the absence and presence of 2.0 x 107> m
SO were tested at different immersion times by EDX and
SEM examinations using a Traktor TN-2000 energy
dispersive spectrometer and a Joel-Jem-1200 EX II
electron microscope. The Cu samples were finally
washed thoroughly and submitted to 5 min of ultrasonic
cleaning in order to remove loosely adsorbed ions.

3. Results and discussion
3.1. Weight loss measurements

Figure 1 shows the variation of the weight loss (in mg
cm™?) of copper with the immersion time in 3% NaCl
solution in the absence and presence of various concen-
trations (107°=2x 107> M) of SO at 25 °C. The effect of
temperature (15-65 °C) on the variation of the weight
loss of copper with the immersion time in (3% NaCl +
2.5%107* M SO) solution was also studied (the results
obtained are not shown here). It is obvious from
Figure 1 that the weight loss decreased, and therefore
the corrosion inhibition strengthened, with increase in
inhibitor concentration. This trend may result from the
fact that adsorption and surface coverage increases with



3.5+
4 +Bla5nk °
—o—10*mMs0
30| —aza10°m Q?O
1| —a—sxt0*m /o/
254 | —m—8x10°M /'%
{| —o—10*m ./O /A
Y 50| 2sxi0tm P //A
g ' —b>—5x10*M O% _n
o || —e—7510*m % /A/-/D
€ 154 | ——10°m /§ /A/I/EI
-~ -3 m]
3 —a—1.25x10° M Q/ /A/E/
= / —

0 10 20 30 40 50
Immersion time / h

Fig. 1. Variation of the weight loss (in mg cm™) of a Cu electrode
in 3% NacCl solution in the absence and presence of various concen-
trations of SO with the immersion time at 25 °C.

the increase in concentration; thus the surface is
efficiently separated from the medium [24].

The inhibition efficiency (IE%) (Table 1) was calcu-
lated from the total weight loss by the equation [19, 20]:

IE% = [1 — (WL / WL")] x 100 (6)

where WL° and WL are the weight losses of specimens
without and with inhibitor. Figure 2 shows plots of IE%
vs. log Cinnip for copper at different temperatures. The
plots have S-shaped adsorption isotherms, indicating
that inhibition takes place through adsorption of the
surfactant [19, 20]. At a given temperature, the inhibi-
tion efficiency increases with increasing SO concentra-
tion, and the highest inhibition efficiencies are observed
when the SO concentration reaches values close to its
critical micellar concentration (CMC). As the concen-
tration of surfactant molecules approaches the CMC,
micelles form in solution, and similar aggregate struc-
tures such as bilayers and multilayers form on the

Table 1. The electrochemical parameters (jeorr., Ecorr, b and b, and
R,) associated with polarization measurements of Cu electrode in
3% NaCl solution in the absence and presence of different concen-
trations of the inhibitor at 25 °C

Cinhib. jcorr / Ecm‘r / b'd / bL/ Rp / kQ
x 105’M  mAcm™? V(SCE) Vdec™' Vdec™

0.0 1.080 -0.280 0.078 -0.128 1.95
1 1.010 -0.278 0.077 —-0.125 2.09
2 0.940 -0.270 0.078 -0.126 2.24
5 0.780 —-0.268 0.076 -0.127 2.71
8 0.660 -0.258 0.079 -0.128 3.20
10 0.590 -0.253 0.077 -0.129 3.57
25 0.320 -0.247 0.076 -0.127 6.58
50 0.180 —-0.245 0.077 -0.126 11.70
75 0.120 -0.240 0.077 -0.129 17.55
100 0.080 -0.238 0.078 -0.130 26.32
125 0.060 —-0.233 0.080 —-0.131 35.07
150 0.0520 —-0.228 0.078 -0.129 40.54
(CMC)

175 0.0510 -0.222 0.076 -0.130 41.31
200 0.050 -0.221 0.079 —-0.128 42.12
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Fig. 2. Dependence of the inhibition efficiency (IE%), calculated
from the weight loss, polarization and impedance data, on the loga-
rithmic concentration of the inhibitor (log Cj,p;,) for a Cu electrode
in 3% NaCl solution in the temperature range 15-65 °C.

surface (see Figure 3). Further increase in surfactant
concentration above the CMC results in other types of
aggregates such as lamellar structures and rod-like
micelles that can form in solution as well as analogous
bilayers or multilayers that form at interfaces [17, 25].

Consequently, in the context of corrosion inhibition
using surfactants, the CMC marks an effective bound-
ary condition below which surfactant adsorption is
typically below the monolayer level, and above which
adsorption can consist of multiple layers of adsorbed
surfactant molecules. Above the CMC, increasing sur-
factant concentration leads to the gradual formation of
multilayers that further reduce the rate of corrosion.

Data of Figure 2 clearly show that at a given SO
concentration the inhibition efficiency decreases with
rise in temperature. These results may be attributed to
the decrease in strength of adsorption process at higher
temperatures, suggesting that physical adsorption
occurs on the copper surface.
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Fig. 3. Variation of the surface tension with the concentration of the
inhibitor for a Cu electrode in 3% NacCl solution at 25 °C.
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3.2. Polarization measurements

3.2.1. Effect of inhibitor concentration

The effect of SO concentration (107> — 2 x 107> m) on
the anodic and cathodic polarization curves of copper in
3% NaCl solution was studied at a scan rate of 0.1 mV s~
and 25 °C; some results are shown in Figure 4. For the
electrode without inhibitor (curve 1), a linear relation
was observed between potential and log (j) in the active
dissolution region. Bacarella and Griess [1] analyzed the
apparent Tafel behaviour and concluded that dissolu-
tion is controlled by the diffusion of soluble CuCly
species from the outer Helmholtz plane to the bulk
solution. This analysis was confirmed in more detailed
studies by Lee and Nobe [8]. By comparing polarization
curves in the absence (curve 1) and presence of various
concentrations of SO (curves 2-7) it is observed that
increase in SO concentration shifts the corrosion
potential (E.,,) in the positive direction and reduces
both the anodic and cathodic current densities. These
results reveal that the presence of SO in NaCl solution
inhibits both the anodic and cathodic processes (mixed
inhibitor). The action of SO may be related to adsorp-
tion and formation of a barrier film on the copper
surface. The formation of such a barrier film is
confirmed by EDX and SEM examinations of the
electrode surface (see section 3.6).

The electrochemical parameters (jeorr, Ecorrs Pa and b
and R,) associated with polarization measurements for
copper at different SO concentrations were simulta-
neously determined from the polarization curves in the
potential range (Ecory  +20 mV) using M352 corrosion
software from EG&G Princeton Applied Research and
are listed in Table 1. The slopes of the anodic (b,) and
cathodic (b.) Tafel lines remain almost unchanged upon
addition of inhibitor. Thus the adsorbed inhibitor acts
by simple blocking of active sites for both anodic and
cathodic processes. In other words, the inhibitor

log (j/Acm?
o

7

-0'.4 . -0.3
E / V(SCE)

-0.6 -0.5

Fig. 4. Potentiodynamic anodic and cathodic polarization curves of
a Cu electrode in 3% NaCl solution in the absence and presence of
various concentrations of SO at a scan rate of 0.10 mV s™! and at
25°C. (1) Blank; (2) 2 x 107 m; (3) 5 x 107 M; (4) 8 x 1075 m; (5)
107 M; (6) 2.5 x 107* M; (7) 5.0 x 107* m.

decreases the surface area for corrosion without affect-
ing the corrosion mechanism of copper in NaCl solu-
tions, and only causes inactivation of a part of the
surface with respect to the corrosive medium [19-21].

3.2.2. Effect of temperature

The influence of solution temperature (15-65 °C) on the
anodic and cathodic polarization characteristics of
copper in 3% NaCl solution containing (2.5 x 10™* m
SO) was studied; the results are depicted in Figure 5.
Increase in solution temperature slightly shifts E... in
the negative direction and enhances both the anodic and
cathodic current densities. Table 2 presents the electro-
chemical parameters associated with polarization mea-
surements for copper in (3% NaCl +2.5 x 10™* m SO)
solution at different temperatures. The j..,, values were
used to calculate IE% of SO at different concentrations
and temperatures (see Figure 2), using the equation [21].

IE% = 100 x [(]gorr _jcorr)/J{(:)orr] (7)

where j ) and jeorr are the corrosion current densities
for uninhibited and inhibited solutions, respectively.

3.3. Impedance measurements

3.3.1. Effect of inhibitor concentration and temperature

Figure 6 shows Nyquist plots recorded for copper in 3%
NaCl solution at 25 °C without (Figure 6a) and with
various concentrations of SO (Figure 6b) at the respec-
tive corrosion potentials. The influence of solution
temperature on the impedance response of copper in
(3% NaCl + 2.5 x 107 M SO) solution was studied at
OCP; results are depicted in Figure 7. For the copper
electrode without SO, a high frequency (HF) semicircle
was observed followed by a straight line portion in the
low-frequency (LF) region. The HF semicircle is attrib-
uted to the time constant of charge transfer and double-

log (j/Acm?)

0.4
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Fig. 5. Effect of temperature (15-65°C) on the potentiodynamic
anodic and cathodic polarization curves of a Cu electrode in (3%
NaCl + 2.5 x 107* M SO) solution at a scan rate of 0.10 mV s™'.
(1) 15 °C; (2) 25 °C; (3) 35 °C; (4) 45 °C; (5) 55 °C; (6) 65 °C.



Table 2. The electrochemical parameters (jeorr., Ecorr., b and b, and
R;) associated with polarization measurements of Cu electrode in
3% NaCl solution containing 2.5 x 107 M SO at different temper-
atures

T/K _jcorr / Ecorr / ba / bC / Rp /
1A cm™> V(SCE) V dec.™! V dec.™! kQ
288 0.24 —0.2421 0.077 -0.128 8.86
298 0.32 -0.2473 0.076 -0.127 6.58
308 0.40 -0.2552 0.078 -0.127 5.32
318 0.46 -0.2572 0.076 -0.128 4.53
328 0.53 -0.2650 0.078 -0.127 4.00
338 0.58 -0.2677 0.076 -0.126 3.62

layer capacitance [3, 4]. This semicircle makes an angle
approaching 65° with the real axis and its intersection
gives a value of 1.75Q cm? for the resistance of the
solution (R) enclosed between the working electrode
and the counter electrode. The intercept of the HF
charge transfer semicircle with the real axis gives the
charge transfer resistance (R.;) value [26]. The LF linear
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Fig. 6. (a) impedance response of a Cu electrode in 3% NaCl solu-
tion at the OCP and at 25 °C. (b) impedance response of a Cu elec-
trode in 3% NaCl solution containing various concentrations of SO
solution at the respective corrosion potentials and at 25 °C. (1)
25 % 107 Mm; (2) 5 x 107 m; (3) 7.5 x 107* M; (4) 1.0 x 107> m; (5)
125 % 1072 m; (6) 1.5 x 1073 M (CMCQ); (7) 1.75 x 107 m; (8)
2% 107 m.
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Fig. 7. Influence of solution temperature (15-65 °C) on the imped-
ance responses of a Cu electrode in 3% NaCl solution containing
2.50 x 10™* M SO at the respective corrosion potentials.

portion is generally believed to be a Warburg type
impedance related to the diffusion of soluble copper
species (CuCl;y) from electrode surface to bulk solution
[3, 4]. To obtain the double layer capacitance (Cq), the
frequency (fimax) at which the imaginary component of
the impedance is maximal was found and used in
equation 8:

Cdl - 1/2nfmaxRCt (8)

The inhibition efficiency was evaluated by R and Cy,
values of the impedance. The more densely packed the
inhibitor surface film, the larger the diameter of the
semicircle, which results in higher R, and lower Cg
values. Results of the present work showed that the R
values increase with increasing SO concentration, while
the Cg4 values tend to decrease (see the relation in
Figure 8). The decrease in Cg values is due to the
adsorption of SO on the metal surface [27]. The reverse
changes were produced by increasing temperature, as
shown in Figure 7. The R, values were used to calculate
the IE% of SO at different concentrations and temper-
atures (see Figure 2), using equation 9.

R/ R ©)

where RS[ and R are the charge transfer resistances for
uninhibited and inhibited solutions, respectively. It is
apparent that the inhibition efficiency increases with
increasing inhibitor concentration and tends to attain a
maximum value when the concentration reaches values
close to its critical micellar concentration. Moreover, the
inhibition efficiency decreases with increasing tempera-
ture, confirming the suggestion that physical adsorption
occurs. It is worth noting from Figure 2 that the
inhibition efficiencies obtained from impedance mea-
surements are comparable and run parallel with those
obtained from weight loss and potentiodynamic polari-
zation methods.

IE% = 100 x [(Rq
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Fig. 8. Variation of R and Cg4 with SO concentration at the OCP and at 25 °C.

The large semicircle observed from high to low
frequencies in the presence of inhibitor indicates that
the charge-transfer resistance became dominant in the
corrosion process due to the formation of an SO film on
the copper surface. However, the Warburg impedance in
the LF region is still visible at SO concentrations below
CMC (as shown in Figure 6b; curves 1-5), indicating
that the corrosion process is controlled by mixed charge-
transfer and diffusion in solution. On the other hand, at
SO concentrations equal to and higher than CMC,
Warburg impedance at the LF region disappears (see
curves 6-8 in Figure 6b). This disappearance of the
Warburg impedance could be due to the formation of a
protective film of the inhibitor on the copper surface
(more details are shown in section 3.6).

The impedance data were interpreted according to
two suitable equivalent circuits depicted in Figure 9.
The first equivalent circuit (Figure 9a) was used to
stimulate the EIS data displaying a Warburg impedance,
while the second one (Figure 9b) was used to fit the EIS
data displaying a capacitive loop. In these two circuits,
R, is the solution resistance, R is the charge transfer
resistance, Cy is the double-layer capacitance, and Z4
represents the diffusion impedance appearing in the LF
region.

(a)

(2]
v
m

z

ct d

One constant phase element (CPE) is substituted for
the capacitive element to give a more accurate fit [28], as
the obtained capacitive loop is a depressed semi-circle
rather than regular one. The CPE is a special element
whose immittance value is a function of the angular
frequency (®), and whose phase is independent of the
frequency. Its admittance and impedance are, respec-
tively, expressed as:

Yepe = Yo(jo)" (10)
and
Zepe = (1/Yo)[(jeo)"] ! (11)

where Y is the magnitude of the CPE, j is the imaginary
number (7=-1), o is the phase angle of the CPE and
n = o/(n/2). The factor n is an adjustable parameter
that usually lies between 0.50 and 1.0 [29]. The CPE
describes an ideal capacitor when n = 1. Values of o are
usually related to the roughness of the electrode surface.
The smaller value of a, the higher the surface roughness
[5, 28]. The measured complex plane impedance plot is
similar to that calculated by the equivalent circuit
models. The points in Figure 6 and the following
impedance plots represent the experimental data, while
the solid curves represent the best fits.

(b)

CPE

Fig. 9. (a) Equivalent circuit used to fit the EIS data for copper displaying a Warburg impedance. (b) Equivalent circuit used to fit the EIS

data for copper displaying a capacitive loop.



3.3.2. Effect of immersion time
Electrochemical impedance spectroscopy is a useful
technique for long time tests, because they do not
significantly disturb the system and it is possible to
follow it overtime [30]. Immersion time experiments
in the present work were carried out in (3%
NaCl+2.5x10™* M SO) solution for 720 min and
Nyquist plots were recorded every 10 min during the
first hour, and then every 60 min afterward. The results
obtained (not shown here) showed that the immersion
time has a significant influence on the size and shape of
the impedance spectra, and therefore the inhibition
efficiency of SO. The capacitive loop was found to
increase in size with increase in immersion time,
reaching a maximum in 50 min, and remained fairly
constant afterward. The Warburg impedance was still
visible during the initial 50 min and then disappeared.
More details are shown in Figure 10, which represents
the variation for R, and Cg with immersion time. It is
clear that the R, values increased sharply from 7.09 to
100 kQ cm” during the initial 50 min and remained
fairly constant afterward. At the same time, the capac-
itance values were reduced drastically from 9.03 to
0.64 uF cm™ after 50 min. These results demonstrate
that the formation of the inhibitor surface film, and
therefore the inhibitor adsorption, on the fresh copper
surface was relatively fast and completed within 50 min.

3.3.3. Determination of the PZC of copper in NaCl
solutions

Adsorption of surfactants on a corroding metal depends
mainly on the charge of the metal surface, the charge or
the dipole moment of surfactants, and the adsorption of
other ionic species if it is electrostatic in nature [16]. The
potential of zero charge (PZC) plays a very important
role in the electrostatic adsorption process. The PZC of
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copper in 0.01 m Na,SO, solution is —0.214 V(SCE)
according to Bockris and Reddy [31], while it is —0.14 V
(SCE) in 0.50 m H,SO,4 solution [14]. The PZC of
copper in NaCl solutions has not been found. The ac
impedance study was used to evaluate the potential of
zero charge (PZC) [28, 32]. A plot of Cq4; values recorded
for copper in 3% NaCl solution at each applied
potential is shown in Figure 11, which is a parabola
with a minimum capacitance at about —0.49 V(SCE).
This value can be called the PZC of copper in 3% NaCl
solution, which is more negative than the corrosion
potential [-0.28 V(SCE)]. This means that the copper
surface is positively charged at the corrosion potential.

3.4. Mode of adsorption of SO on the copper surface

The inhibitive action of SO in NaCl solution results
from physical (electrostatic) adsorption of the negatively
charged oleate ions to the positively charged copper
surface, forming a barrier on the copper surface. In the
early stages of adsorption (low surface coverage), i.e., at
low SO concentrations and at low immersion times, the
adsorption of the hydrocarbon chain (due to the
presence of “—CH=CH-" group) and the electrostatic
adsorption of the oleate ions on the copper surface take
place simultaneously. This model suggests that the
adsorbed oleate ions cover a large area, thereby inhib-
iting copper corrosion effectively.

When the immersion time and SO concentration
increase, more oleate ions adsorb electrostatically on the
copper surface. In this case, the physi-sorption of the
hydrocarbon chain may be ignored. A hemimicelle
barrier composed of oleate ions will form over the whole
surface due to the interaction between hydrocarbon
chains via van der Waals forces. The barrier becomes
more compact and protective with adsorption of more
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Fig. 10. Dependence of R, and Cq on on the immersion time for cu electrode in 3% NaCl solution containing 2.50 x 10~ M SO solution at

the OCP and at 25 °C.
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Fig. 11. Relationship between Cg values and the applied potential
for a copper electrode in 3% NaCl solution at 25 °C.

oleate ions on the surface. In this way, the inhibition
efficiency of SO increases with increase in immersion
time and concentration.

3.5. Adsorption isotherms

Adsorption isotherms are very important in determining
the mechanism of organo-clectrochemical reactions
[32]. The most frequently used isotherms are Langmiur,
Frumkin, Hill de Boer, Parsons, Temkin, Flory-Huggins
and Dahar-Flory-Huggins and Bockris-Swinkel [33-41].
All these isotherms are of the general form:

(0, x) exp(—2a0) = KC (12)

where f (0, x) is the configurational factor which
depends upon the physical model and the assumptions
underlying the derivation of the isotherm, 6 the surface
coverage (0 = 1.E/100), C the inhibitor concentration in
the bulk of solution, “a” the lateral interaction term
describing the molecular interactions in the adsorption
layer and the heterogeneity of the surface (this is a
measure for the steepness of the adsorption isotherm). K
the adsorption-desorption equilibrium constant. In this
study, the Frumkin adsorption isotherm (equation 13)
was found to fit the experimental data obtained from the
three techniques (see Figure 12).

KC =10/(1 — 0)] exp(—2a0) (13)
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Fig. 12. Curve fitting of weight loss, polarization and impedance
data obtained for a Cu electrode in 3% NaCl solution containing
2.50%107* M SO to Frumkin isotherm at 25 °C.

The isotherm parameters (K and a) obtained from the
Frumkin adsorption isotherm are shown in Table 3. The
values of K decrease with increase in temperature. Large
values of K mean better inhibition efficiency, i.c., strong
electrical interaction between the double layer existing at
the phase boundary and the adsorbing inhibitor mole-
cules. Small values of K, however, compromise such
interactions between adsorbing inhibitor molecules and
the metal surface so that the inhibitor molecules are
easily removable by the solvent molecules from the
surface. These results confirm the suggestion that this
inhibitor is physically adsorbed and the strength of
adsorption decreases with temperature. Small and
positive values of “a” indicate the existence of weak
lateral forces of attraction between adsorbate molecules
in the adsorption layer [42].

The free energies of adsorption (AngS) were calcu-
lated from the equation [42]:

K = (1/55.5) exp(—AG>,/RT) (14)

where 55.5 is the concentration of water in the solution
in mol 17!, R is the universal gas constant and 7T is the
thermodynamic temperature. It follows from the theory

of adsorption from solutions [42] that:
(d InK/dT), = —AH’; /RT? (15)

where AH(;GlS is the isosteric enthalpy of adsorption. The
integrated version of the Vant Hoff equation:

Table 3. Values of “K” and “a” for Cu in 3% NaCl solution containing 2.50 x 10™* M SO obtained by applying Frumkin isotherm on the

polarization and impedance data at different temperatures

T/K K a
Wt. loss Polarization Impedance Wt loss Polarization Impedance

288 8111 7708 8103 0.27 0.21 0.26
298 6981 6836 6974 0.29 0.22 0.28
308 6317 6124 6311 0.29 0.24 0.29
318 5716 5597 5710 0.31 0.25 0.30
328 5276 5115 5271 0.32 0.26 0.31
338 4680 4582 4675 0.34 0.27 0.33
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Fig. 13. Relation between log (binding constant) and 1/7 for a Cu
electrode in 3% NaCl solution containing 2.50 x 107* M SO to
Frumkin isotherm at 25 °C obtained by applying Frumkin adsorp-
tion isotherm on weight loss, polarization and EIS data.

InK = -AH’,./RT + constant (16)

may be used to determine AH 2, . The slopes of the lines,

shown in Figure 13, depict the linear relation between

InK and (1/7) at a given surface coverage. These slopes

multiplied by R give the values of AH?, . The values of

the entropy change of the inhibitor adsorption (Asgds),

was calculated from the equation:
AGY = AH® — TASY

ads (17)
Table 4 presents the thermodynamic parameters of
adsorption (AG%, ,AH’, and AS? ) obtained from the
three methods by applying the Frumkin adsorption
isotherm for Cu in 3% NaCl containing various
surfactant concentrations at OCP and at 25 °C.

The negativity of the free energies of adsorption
(AGY,), shown in Table 4, means that the adsorption
process is spontaneous. The absolute value of the adsorp-
tion enthalpy, \AHgds|, increases with increase in surface
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coverage due to the attractive interaction between the
adsorbed molecules indicating the validity of the Frumkin
model [43]. The origin of the attractive forces is most
probably the dipole—dipole interaction occurring between
the neighbouring adsorbed molecules [44]. The negativity
of the enthalpy means that heat is released from the
adsorption process. Generally, an exothermic adsorption
process signifies either physi- or chemi-sorption, while an
endothermic process is attributable unequivocally to
chemi-sorption [45]. In an exothermic process, physi-
sorption is distinguished from chemi-sorption by
considering the absolute value of adsorption enthalpy.
Typically, the enthalpy of a physi-sorption process is
lower than 41.86 kJ mol™', while that of a chemi-
sorption process approaches 100 kJ mol™" [46]. In the
present work, the absolute values of enthalpy are rela-
tively low approaching those typical of physi-sorption.
Table 4 clearly shows that the values of AS?, decrease
with increasing inhibitor concentration.

It is worth noting from the data of Table 4 that the
absolute values of AHY, and AGY, increase with
increasing inhibitor concentration, and tend to reach
maximum values at inhibitor concentrations close to the
CMC. In addition, AS?, decreases with increasing
inhibitor concentration and goes to negative values at
concentrations close to the CMC. These results suggest
that the highest inhibition efficiency is obtained when
the SO concentration reaches a value close to its CMC.
The trend of ASgdS with inhibitor concentration may be
due to replacement of water molecules from the surface
during adsorption of inhibitor molecules, resulting in a
decrease in disordering [47].

3.6. EDX and SEM examinations of the electrode surface

EDX survey spectra were used to determine which
elements were present on the copper surface before and
after exposure to the inhibitor solution. Figure 14
presents spectra for copper samples exposed for 30, 60
and 120 min in 3% NaCl with and without added

Table 4. The thermodynamic parameters of adsorption process obtained from the polarization and impedance data by applying Frumkin iso-
therm for Cu in 3% NaCl solution containing various concentrations of the surfactant at OCP and at 25 °C

Cinnib X 10°/M Wt. loss Polarization Impedance

AFlgds/ Angs/ ASgds/ AHgds/ Angs/ ASgds/ AHgds/ Angs/ ASgds/

kJ mol™! kJ mol™! J mol 'K™! kJ mol™! kJ mol™! J mol 'K™! kJ mol™! kJ mol™! J mol 'K™!
1 -4.86 -25.12 67.99 -4.90 -25.14 67.93 -4.84 -25.10 68.00
2 —-6.51 -26.43 66.85 —-6.45 -26.41 66.99 —6.40 -26.38 67.05
5 -7.80 -27.20 65.11 -7.84 -27.30 65.31 -7.78 -27.00 64.50
8 -11.00 -29.00 60.41 -11.12 -29.12 60.41 -10.95 -28.96 60.44
10 -14.90 -31.00 54.03 -15.02 -31.09 53.93 —14.78 -30.93 54.20
25 -16.66 -32.50 53.16 -16.71 -32.61 53.36 —16.63 -32.45 53.09
50 -23.34 -34.38 37.05 -23.50 -34.42 36.65 -23.25 -34.35 37.25
75 —-30.68 -35.99 17.82 -30.74 —-36.05 17.82 —-30.62 —-35.96 17.92
100 -36.60 -37.10 1.68 —-36.65 -37.17 1.75 -35.92 -36.50 1.94
125 -37.55 -37.25 -1.01 -37.62 -37.31 -1.04 -37.51 -37.21 -1.00
150 (CMC) -37.73 -37.40 -1.11 -37.80 -37.44 -1.21 -37.69 -37.37 -1.08
175 -37.97 -37.42 -2.75 —-38.05 -37.34 -2.38 -37.91 -37.43 -2.85
200 -38.35 -37.44 -3.09 -38.41 -37.50 -3.05 —-38.30 -37.46 -3.02
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Fig. 14. EDX spectra of copper specimens (a) after 30 min of immersion in 3% NaCl solution. (b) after 30 min of immersion in (3%
NaCl + 2x1073 m SO) solution. (c) after 60 min of immersion in (3% NaCl + 2x1073 M SO) solution. (d) after 120 min of immersion in

(3% NaCl + 2x107 m SO) solution.

inhibitor (2.0 x 107 m). In uninhibited NaCl solutions,
the EDX spectra (Figure 14a) confirm the existence of
cuprite crystals (Cu,O), as indicated by the Cu and O
signals. However, in inhibited NaCl solutions (Fig-
ure 14b-d), the EDX spectra showed an additional line
characteristic of the existence of C (due to the carbon
atoms of SO). In addition, the O signal is significantly
enhanced due to the two oxygen atoms present in the
carboxylate group of SO. These data show that a
carbonaceous material containing oxygen atoms has
covered the electrode surface. This layer is undoubtedly
due to the inhibitor, because the carbon signal and the
high contribution of the oxygen signal are not present
on the copper surface exposed to uninhibited NaCl
solutions (see Figure 14a). In addition, the intensity of
the carbon and oxygen signals increase with immersion
time (see Figure 14b—d), since more oleate ions will
electrostatically adsorb on the fresh copper surface.
The spectra of Figure 14b—d show that the Cu peaks
are considerably suppressed relative to the samples
prepared in 3% NaCl solution, and this suppression

increases with immersion time. The suppression of the
Cu lines occurs because of the overlying inhibitor film.
These results confirm those from polarization measure-
ments which suggest that a surface film inhibited the
growth of copper oxide, and hence retarded the reduc-
tion of dissolved oxygen in the NaCl solution. The
inhibitor surface film acts as a barrier to the diffusion of
oxygen molecules from solution to copper substrate [48],
which may increase the overpotential of cathodic
reduction of dissolved oxygen, as shown in Figure 1.
This surface film also increases the charge transfer
resistance of the anodic dissolution of copper (Fig-
ure 6b), slowing down the corrosion rate. This may
explain the disappearance of the Warburg impedance at
high immersion times and concentrations.

The formation of a protective surface film of inhibitor
on the electrode surface was further confirmed by SEM
observations after 30, 60 and 120 min immersion in
uninhibited and inhibited NaCl solutions, as shown in
Figure 15. The SEM micrograph shows the initial
growth of cuprite crystals in 3% NaCl solution
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Fig. 15. SEM images of copper specimens (a) after 30 min of immersion in 3% NaCl solution. (b) after 60 min of immersion in 3% NaCl
solution. (c) after 30 min of immersion in (3% NaCl + 2x107* M SO) solution. (d) after 60 min of immersion in (3% NaCl + 2x107> M
SO) solution. (e) after 120 min of immersion in (3% NaCl + 2x107> m SO) solution.

(Figure 15a), followed by the successive formation of a
surface layer of very small crystals (Figure 15b). In
inhibited solution, the copper surface is free of corrosion
products (Figure 15¢) and only after 60 and 120 min
does some roughness appear (see Figure 15d and e).

4. Conclusion

Weight loss, polarization, AC impedance, SEM and
EDX were used to study the corrosion inhibition of
copper in aerated stagnant 3% NaCl solution at the
corrosion potential using sodium oleate (SO) as an
anionic surfactant inhibitor. The principle conclusions
are

(1) The corrosion of copper in NaCl solutions is signif-
icantly reduced upon the addition of SO.

(i1) Inhibition efficiency increases with increasing SO
concentration and immersion time, while it de-
creases with temperature. Maximum inhibition effi-
ciencies were observed at concentrations around
the critical micellar concentration.

(i) SEM and EDX observations of the electrode sur-
face showed that a surface film of inhibitor is
formed on the electrode surface. This film re-
tarded the reduction of dissolved oxygen and
inhibited the growth of copper oxide in the NaCl
solution (mixed-type inhibitor).

Physisorption is proposed as the mechanism for

corrosion inhibition.

(v) The inhibition efficiencies obtained from polariza-
tion data are comparable with those obtained from
impedance measurements.

(vi) The data obtained from the three techniques fit
the Frumkin adsorption isotherm well.

(iv)
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