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a b s t r a c t

The inhibiting effects of 2-mercapto-4-amino-5-nitroso-6-hydroxy pyrimidine (MAP) at various concen-
trations on the copper corrosion in 3.5% NaCl solutions at 25 ◦C are examined. The inhibiting efficiency
of MAP is evaluated from weight loss, potentiodynamic polarization, electrochemical impedance
spectroscopy (EIS), and electrochemical frequency modulation (EFM) measurements. Experimental
eywords:
opper
FM
orrosion inhibition
IS

investigations showed that MAP reduces markedly the copper corrosion in 3.5% NaCl solutions, and
this reduction in corrosion rates enhances with increasing concentration of this compound. The results
obtained from the different corrosion evaluation techniques are in good agreement. Polarization curves
indicate that MAP is a mixed-type inhibitor. The results of EIS indicate that the value of CPEs tends to
decrease and both charge transfer resistance and inhibition efficiency tend to increase by increasing the
inhibitor concentration. EFM can be used as a rapid and non-destructive technique for corrosion rate

rior k
measurements without p

. Introduction

Copper and its alloys have wide field of application in industry
nd technology, because they are easily available and economically
uitable, though they rank quite high among the construction mate-
ials which undergo corrosion at high rates. The corrosion studies
iven in the literature related to these metals have concentrated
ainly on their anodic polarization characteristics. From these

tudies it is known that in neutral or nearly neutral pH conditions,
ighly protective copper oxides or hydroxides can be formed on
he metal surface. In the presence of Cl− ions the formation of such
xide or hydroxide films makes the events much more complex in
he corrosion of copper [1,2].

The corrosion of copper and its alloys depends to a great extent
n the makeup of the electrolyte in contact with the metal surface.
he mechanism involves copper dissolution at local anodic sites
nd electrochemical reduction of some species such as oxygen at
athodic areas. A given surface area may alternate from being anode

nd cathode to produce uniform corrosion. In chloride solutions,
he first step of the anodic dissolution is the formation of complex
uCl2−. In addition, it was found that during anodic polarization,
here is always an equilibrium between a thin layer of CuCl and a

∗ Corresponding author at: Electrochemistry Research Laboratory, Chemistry
epartment, Faculty of Education, Ain Shams University, Roxy, Cairo, Egypt.
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nowledge of Tafel constants.
© 2010 Elsevier B.V. All rights reserved.

dense layer of dissolved CuCl2− [3]. In natural fresh water, protect-
ing coatings, such as Cu2O and Cu(OH)2 are formed on copper. These
layers are important in different regards; they are useful for their
corrosion protection properties and they influence electrochemical
processes at copper electrodes [4–6].

The dissolution reaction of copper in chloride solution can be
given as below:

Cu + Cl− � CuClads + e− (1)

CuClads + Cl− � CuCl−2 (2)

Cu + 2Cl− � CuCl−2 + e−(slow) (3)

Meanwhile, copper oxide and hydroxide can be formed. The
cathodic reaction consists of reduction of oxygen:

O2 + 2H2O + 4e− � 4OH− (4)

The insoluble corrosion products that formed on the surface may
slow down the rate of anodic dissolution and oxygen reduction
reactions. It is already known that copper corrosion could occur
in chloride solutions, via degradation of corrosion products, with
complex formations with chlorides. It is explained that, the rate of

anodic dissolution is proportional to the rate of diffusion of CuCl2−

into the solution, that in low chloride concentration CuCl may form
at the beginning and then the dissolution will proceed in the form of
CuCl2−, the presence of insoluble corrosion products on the surface
metal will not be able to prevent the reduction of oxygen [7,8].

dx.doi.org/10.1016/j.matchemphys.2010.10.037
http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:khaledrice2003@yahoo.com
dx.doi.org/10.1016/j.matchemphys.2010.10.037
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Table 1
Corrosion rate and efficiency data obtained from weight loss measurements for cop-
per in 3.5% NaCl solutions in absence and presence of different concentrations from
MAP.

Concentration, M CR, mg h−1 cm−2 ˘%

Blank 175 –
5 × 10−5 61.25 65
28 K.F. Khaled / Materials Chemis

One of the most important methods in the protection of copper
gainst corrosion is the use of organic inhibitors. Organic com-
ounds containing polar groups including nitrogen, sulfur and
xygen [9–21] have been reported to inhibit copper corrosion. The
nhibiting action of these organic compounds is usually attributed
o their interactions with the copper surface via their adsorption.
olar functional groups are regarded as the reaction center that
tabilizes the adsorption process [22]. In general, the adsorption
f an inhibitor on a metal surface depends on the nature and the
urface charge of the metal, the adsorption mode, its chemical
tructure and the type of the electrolyte solution [23]. Also, het-
rocyclic compounds containing nitrogen are known to be good
nhibitors of corrosion of copper and alloys [23–25]. The inhibi-
ion properties of derivatives of benzotriazole and of pyrimidine in
he corrosion of copper and its alloys have been investigated in a
esearch programme in progress in our laboratory [26,27].

Sherif [28–31] investigated the influence of 2-amino-5-
thylthio-1,3,4-thiadiazole (AETD) on copper corrosion in aerated
Cl solution [28] as well as the influence of 2-amino-5-ethylthio-
,3,4-thiadiazole (AETD) [30], 2-amino-5-ethyl-1,3,4-thiadiazole
AETDA) [29] and 5-(phenyl)-4H-1,2,4-triazole-3-thiole (PTAT)
30] in NaCl solution. It is expected that these compounds show
igh inhibition efficiency since they are heterocyclic compounds
ontaining more donor atoms, besides that they are non-toxic and
heap. AETD, AETDA and PTAT proved to be good mixed type cop-
er corrosion inhibitors and the inhibition efficiency increased with
oncentration [28–31].

Substituted uracils are studied as copper corrosion inhibitors
n 3% NaCl [31]. Following compounds are investigated: uracil
Ur); 5,6-dihydrouracil (DHUr); 5-amino-uracil (AUr); 2-thiouracil
TUr); 5-methyl-thiouracil (MTUr); dithiouracil (DTUr), so the
ubstituent influence can be estimated. Zucchi et al. [32] stud-
ed the inhibiting action of tetrazole derivatives in 0.1 M NaCl
olution. Following compounds are tested: tetrazole (T), 5-
ercapto-1-methyl-tetrazole (5Mc-1Me-T), 5-mercapto(Na salt)-

-methyl-tetrazole (5NaMc-1Me-T), 5-mercapto-1-acetic acid
Na salt)-tetrazole (5Mc-1Ac-T), 5-mercapto-1-phenyl-tetrazole
5Mc-1Ph-T), 5-phenyl-tetrazole (5Ph-T) and 5-amino tetrazole
5NH2-T) in the range of pH from 4 to 8 and at temperatures of
0 and 80 ◦C.

The purpose of the present work is to test the hypothesis
hat 2-mercapto-4-amino-5-nitroso-6-hydroxy pyrimidine (MAP),
nhibits corrosion of copper when added to 3.5% NaCl solutions.
he study has been carried out by using weight loss, potentiody-
amic polarization, electrochemical impedance spectroscopy, EIS
nd electrochemical frequency modulation, EFM.

. Experimental

.1. Materials and chemicals

Cylindrical rods of copper specimens obtained from Johnson Mattey (Pura-
ronic, 99.999%) were mounted in Teflon. An epoxy resin was used to fill the space
etween Teflon and copper electrode. The circular cross-sectional area of the copper
od exposed to the corrosive medium, used in electrochemical measurements, was
.28 cm2. The aggressive environment used was solution of 3.5% NaCl prepared from
nalytical reagent-grade chemicals. The investigated compound MAP was obtained
rom Aldrich Chemical Co., it was added to the 3.5% NaCl without pre-treatment at
oncentrations of 5 × 10−5, 10−4, 5 × 10−4 and 10−3 M.

.2. Chemical measurements

The weight loss experiments were carried out using rectangular copper coupons
99.999%) having dimensions of length 3.0 cm, width 1.0 cm, and thickness 0.20 cm

ith an exposed total area of 7.6 cm2. The coupons were abraded, dried and
eighted (m1), and then suspended in 50 ml aerated solution of 3.5% NaCl with-

ut and with different concentrations of MAP for exposure period (4 days = 96 h).
fter the designated exposure to the test solution, the specimens were rinsed with
idistilled water, washed with acetone to remove a film possibly formed due to the

nhibitor, dried between two tissue papers, and weighted again (m2). Weight loss
MAP
10−4 40.6 76.8
5 × 10−4 26.9 84.6
10−3 14.7 91.6

measurements were made in triplicate and the loss of weight was calculated by
taking an average of these values.

2.3. Electrochemical measurements

The electrochemical measurements were performed in a typical three-
compartment glass cell consisted of the copper specimen as working electrode (WE),
platinum counter electrode (CE), and a saturated calomel electrode (SCE) as the ref-
erence electrode. The counter electrode was separated from the working electrode
compartment by fritted glass. The reference electrode was connected to a Luggin
capillary to minimize IR drop. Solutions were prepared from bidistilled water of
resistivity 13 M� cm, the copper electrode was abraded with different grit emery
papers up to 4/0 grade, cleaned with acetone, washed with bidistilled water and
finally dried.

Tafel polarization curves were obtained by changing the electrode potential
automatically from −600 to +250 mVSCE at open circuit potential with scan rate
of 1.0 mV s−1. Impedance measurements were carried out in frequency range from
100 kHz to 40 mHz with an amplitude of 10 mV peak-to-peak using ac signals at
open circuit potential. Electrochemical Frequency Modulation (EFM) was carried
out using two frequencies 2 Hz and 5 Hz. The base frequency was 1 Hz, so the wave-
form repeats after 1 s. The higher frequency must be at least two times the lower one.
The higher frequency must also be sufficiently slow that the charging of the double
layer does not contribute to the current response. Often, 10 Hz is a reasonable limit.

The electrode potential was allowed to stabilize 60 min before starting the
measurements. All experiments were conducted at 25 ± 1 ◦C. Measurements were
performed using Gamry Instrument Potentiostat/Galvanostat/ZRA. This includes a
Gamry Framework system based on the ESA400, Gamry applications that include
dc105 for dc corrosion measurements, EIS300 for electrochemical impedance spec-
troscopy and EFM 140 for electrochemical frequency modulation measurements
along with a computer for collecting data. Echem Analyst 5.58 software was used
for plotting, graphing and fitting data.

3. Results and discussion

3.1. Chemical measurements

3.1.1. Weight loss measurements
The spontaneous dissolution of copper in 3.5% NaCl solutions

containing different concentrations of MAP was studied by weight
loss measurements. Fig. 1a shows corrosion rate calculated from
weight loss at different concentrations of MAP, ranging from
5 × 10−5 to 10−3 M at 25 ± 1 ◦C. Corrosion rate and inhibition effi-
ciencies can be calculated from equations [16]:

CR = m1 − m2

AT
(5)

˘% = (CR)o − (CR)
(CR)o

× 100 (6)

where m is the weight loss in grams, A is the total surface area in
cm2, T is the time of exposure in h, and (CR)o and (CR) are the cor-
rosion rates in (mg cm−2 h−1) without and with MAP, respectively.

The corrosion parameters such as inhibition efficiency (˘%) and
corrosion rate CR at different concentration of MAP in 3.5% NaCl
at 25 ± 1 ◦C are presented in Table 1 and Fig. 1b. As can be seen

from Table 1, MAP inhibits the corrosion of copper at all concentra-
tions. Data in Table 1 reveal that the inhibition efficiency increases
with increasing concentration of MAP. The corrosion inhibition can
be attributed to the adsorption of MAP molecules at copper/NaCl
solution interface.
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ig. 1. Variations of the corrosion rate calculated from weight loss measurements
nd corresponding inhibition efficiency at different concentrations of MAP in 3.5%
aCl solutions.

.2. Electrochemical measurements
.2.1. Polarization curve measurements
The anodic copper dissolution was controlled by both electro-

issolution of copper and diffusion of soluble CuCl2− to the bulk
olution [33]. Fig. 2 shows typical polarization curves for copper

ig. 2. Anodic and cathodic polarization curves for copper in 3.5% NaCl solutions in
he absence and presence of various concentrations of MAP at 25 ± 1 ◦C.
d Physics 125 (2011) 427–433 429

in chloride media. The three distinct regions that appeared were
the active dissolution region (apparent Tafel region), the active-
to-passive transition region, and the limiting current region. In
the inhibitor-free solution, the anodic polarization curve of cop-
per (blank-curve in Fig. 2) showed a monotonic increase of current
with potential until the current reached the maximum value. After
this maximum current density value, the current density declined
rapidly with potential increase, forming an anodic current peak that
was related to CuCl film formation.

In the presence of MAP, both the cathodic and anodic current
densities were greatly decreased over a wide potential range from
−600 to +250 mV.

It is also seen that increasing the MAP concentrations, decreases
the cathodic, anodic and corrosion currents (icorr) and consequently
the corrosion rates.

It has been shown that in the Tafel extrapolation method, the
use of both the anodic and cathodic Tafel regions is undoubtedly
preferred over the use of only one Tafel region [34]. However, the
corrosion rate can also be determined by Tafel extrapolation of
either the cathodic or anodic polarization curve alone. If only one
polarization curve is used, it is generally the cathodic curve which
usually produces a longer and better defined Tafel region. Anodic
polarization may sometimes produce concentration effects, due to
passivation and dissolution, as well as roughening of the surface
which can lead to deviations from Tafel behaviour.

The situation is quite different here; the anodic dissolution of
copper in aerated 3.5% NaCl solutions obeys, as previously men-
tioned, Tafel’s law. The anodic curve is, therefore preferred over the
cathodic one for evaluation of corrosion currents, icorr, by the Tafel
extrapolation method. However, the cathodic polarization curve
deviate from the Tafel behaviour, exhibiting a limiting diffusion
current, may be due to the reduction of dissolved oxygen. Accord-
ingly, there is an uncertainty and source of error in the numerical
values of the cathodic Tafel slopes calculated by the software. This
is the reason why values of the cathodic Tafel slopes, calculated
from the software, are not included here.

Addition of 10−3 M of MAP reduces to a great extent the cathodic
and anodic currents, icorr. The corresponding electrochemical kinet-
ics parameters such as corrosion potential (Ecorr), anodic Tafel
slopes (ˇa) and corrosion current density (icorr), obtained by extrap-
olation of the Tafel lines are presented in Table 2. The inhibitor
efficiency was evaluated from dc measurements using the follow-
ing equation [35]:

IEp% =
(

1 − icorr

iocorr

)
× 100 (7)

where iocorr and icorr correspond to uninhibited and inhibited current
densities, respectively.

Inspection of Table 2 shows that the addition of different
concentration of MAP decreases corrosion current densities and
increases the inhibition efficiencies IEp%.

3.2.2. Electrochemical impedance spectroscopy, EIS
The other way to evaluate the inhibition effect of MAP is using

electrochemical impedance spectroscopy, EIS. An equivalent cir-
cuit, such as shown in Fig. 3, was used to consider all the process
involved in the electrical response of the system. Rs represents the
solution resistance, Rp is the polarization resistance and can be
defined also as the charge-transfer resistance, CPE1 and CPE2 are
constant phase elements (CPEs), R′

p is another polarization resis-
tance and W is the Warburg impedance. The different elements

were evaluated by a fitting procedure.

Fig. 4 shows the Nyquist plots for copper in 3.5% NaCl solution
with and without MAP, respectively. The shape of the impedance
diagrams of copper in 3.5% NaCl is similar to those found in the liter-
ature [36]. The presence of MAP increases the impedance but does
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Table 2
Electrochemical kinetic parameters obtained by potentiodynamic technique for copper in 3.5% NaCl without and with various concentrations of MAP at 25 ± 1 ◦C.

Concentration, M icorr, �A cm−2 −Ecorr, mV (SCE) ˇa , mV dec−1 IEp%

Blank 11.30 293.0 227.0 –

MAP

5 × 10−5 4.59
10−4 3.51
5 × 10−4 2.67
10−3 1.25
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ig. 3. Equivalent circuit used to model impedance data for copper in 3.5% NaCl
olutions in the absence and presence of various concentrations of MAP at 25 ± 1 ◦C.

ot change the other aspects of corrosion mechanism occurred due
o its addition. Symbols in Fig. 4 represent the measured data and
olid lines represent the fitting data obtained using the equivalent
ircuit [29] presented in Fig. 3. The parameters obtained by fitting
he experimental data by using the equivalent circuit, and the calcu-
ated inhibition efficiencies are listed in Table 3. The Nyquist plots
resented in Fig. 4 clearly demonstrate that the shapes of these
lots for inhibited copper electrode are not substantially different
rom those of uninhibited electrode. Addition of MAP molecules

ncreases the impedance but does not change other aspects of the
lectrode behaviour. Nyquist spectra presented in Fig. 4 are mod-
led using an equivalent circuit model similar to the one proposed
y several authors [37,38].

ig. 4. Nyquist plots for copper in 3.5% NaCl solutions in the absence and presence
f various concentrations of MAP at 25 ± 1 ◦C.

able 3
lectrochemical parameters calculated from EIS measurements on copper electrode in
5 ± 1 ◦C using equivalent circuit presented in Fig. 3.

Inhibitor Rs , � cm2 Rp , � cm2 CPE1, �−1 cm−2 Sn1 n1

Blank 113 733 1.3 × 10−6 0.

MAP

5 × 10−5 89.3 1896 1.2 × 10−6 0.
10−4 90.2 2821 0.76 × 10−6 0.
5 × 10−4 97.2 4123 0.45 × 10−6 0.
10−3 103.4 7132 0.05 × 10−6 0.
311.0 198.0 59.4
300.0 189.0 68.9
298.0 179.0 76.4
304 191.0 88.9

The impedance spectra obtained for copper in 3.5% NaCl
contains depressed semicircle with the center under the real
axis, such behaviour is characteristic for solid electrodes and
often referred to as frequency dispersion and attributed to
the roughness and other inhomogenities of the solid electrode
[12,39].

Parameters derived from EIS measurements and inhibition effi-
ciency is given in Table 3. Addition of MAP increases the values of Rp

and R′
p and lowers the values of CPE1 and CPE2 and this effect is seen

to be increased as the concentrations of MAP increase. The constant
phase elements (CPEs) with their n values 1 > n > 0 represent dou-
ble layer capacitors with some pores [29]. The CPEs decrease upon
increase in MAP concentrations, which are expected to cover the
charged surfaces and reducing the capacitive effects. This decrease
in CPE results from a decrease in local dielectric constant and/or
an increase in the thickness of the double layer, suggested that
MAP molecules inhibit the copper corrosion by adsorption at the
copper/NaCl interface The semicircles at high frequencies in Fig. 4
are generally associated with the relaxation of electrical double
layer capacitors and the diameters of the high frequency semicir-
cles can be considered as the charge-transfer resistance (Rct = Rp)
[12]. Therefore, the inhibition efficiency, IEi% of MAP for the copper
electrode can be calculated from the charge-transfer resistance as
follows [12]:

IEi% =
(

1 − Ro
p

Rp

)
× 100 (8)

where Ro
p and Rp are the polarization resistances for uninhibited and

inhibited solutions, respectively. The CPEs are almost like Warburg
impedance with their n values close to 0.5 in presence of MAP [29],
which suggests that the electron transfer reaction corresponding
to the second semicircle takes place through the surface layer and
limits the mass transport (Warburg). The presence of the Warburg
(W) impedance in the circuit confirms also that the mass transport
is limited by the surface passive film. The values of copper system
could be interpreted as follows: the double layer capacitance were
in the range of (1.3–0.05 �−1 cm−2 Sn1 ), and simulated as a constant
phase element (CPE1) with n1 value close to 0.8, indicating that
the behaviour corresponds to a capacitor with some imperfections,
such as roughness and porous. The first resistance Rp corresponds
to the oxidation of copper, after this oxidation a copper oxides film

is formed. This film has a higher resistance due to passive charac-
teristics. The capacity CPE2 of this film was simulated as a constant
phase element too, with n2 value close to 0.5, indicating the porous
nature of the film [40]. The presence of MAP on the copper sur-
face, both resistances increase. The first resistance Rp increases as

3.5% NaCl solutions without and with various concentrations of MAP derivatives

R′
p CPE2, �−1 cm−2 Sn1 n2 W, �−1 cm−2 Sn1 IEi%

89 6.1 19.3 × 10−6 0.52 20.3 × 10−6

81 20.8 16.1 × 10−6 0.51 8.3 × 10−6 63.2
91 42.7 9.2 × 10−6 0.49 4.1 × 10−6 74.4
88 61.2 7.4 × 10−6 0.60 2.9 × 10−6 82.3
91 68.8 2.0 × 10−6 0.56 1.2 × 10−6 90.7
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Table 4
Electrochemical kinetic parameters obtained by EFM technique for copper in 3.5% NaCl with various concentrations of MAP at 25 ± 1 ◦C.

Concentration, M icorr, �A cm−2 ˇa , mV dec−1 ˇc , mV dec−1 EEFM% CF-2 CF-3

Blank 71.75 71.76 119.1 1.9 1.4

a
p
r
c

MAP

5 × 10−5 24.03 61.7
10−4 14.9 69.30
5 × 10−4 10.7 80.8
10−3 5.6 69.8
consequence of the presence of the oxide film, which avoids the
enetration of the electrolyte to the copper surface. The second
esistance R′

p is the resistance of the MAP film. The capacity of the
oated copper electrode is lower than the bare electrode, due to the

Fig. 5. Intermodulation spectra recorded for copper electrode in 3.5% NaCl solution
120.0 66.5 1.76 2.8
113.7 79.2 1.91 2.6
131.3 85.1 1.89 2.98
187.3 92.2 1.97 2.78
presence of the film, which decreases the amount of the electrolyte
in contact with the copper metal. From the values of Rp and R′

p it
is possible to estimate the inhibition efficiency of the MAP on the
copper surface as described earlier in Eq. (8).

s in the absence and presence of various concentrations of MAP at 25 ± 1 ◦C.
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.2.3. Electrochemical frequency modulation, EFM
The electrochemical frequency modulation (EFM) technique is a

ew tool for monitoring the electrochemical corrosion. The theory
f EFM technique is previously reported [41]. Electrochemical fre-
uency modulation technique has many features [42–45,36]. EFM

s a non-destructive technique, rapid test, gives directly values of
he corrosion current without a prior knowledge of Tafel constants
nd has a great strength due to the causality factors, which serve
s an internal check on the validity of the EFM measurement.

Corrosion kinetic parameters listed in Table 4 are calculated
rom EFM measurements using the following equations [36]:

corr = i2ω√
48(2iωi3ω − i2ω)

(9)

a = iωUo

2i2ω + 2
√

3
√

2i3ωiω − i22ω

(10)

c = iωUo

2
√

3
√

2i3ωiω − i22ω − 2i2ω

(11)

ausality factor (2) = iω2±ω1

i2ω1

= 2.0 (12)

ausality factor (3) = i2ω2±ω1

i3ω1

= 3.0 (13)

here i is the instantaneous current density at the working copper
lectrode measured at frequency ω and Uo is the amplitude of the
ine wave distortion.

Table 4 shows the corrosion kinetic parameters such as inhibi-
ion efficiency (EEFM%), corrosion current density (�A cm−2), Tafel
onstants (ˇa, ˇc) and causality factors (CF-2, CF-3) at different
oncentration of MAP derivatives in 3.5% NaCl at 25 ± 1 ◦C.

Fig. 5 representing the EFM intermodulation spectra (spectra
f current response as a function of frequency) of copper in 3.5%
aCl devoid of and containing various concentrations of MAP at
5 ± 1 ◦C. The inhibition efficiency, EEFM%, of MAP was calculated at
ifferent concentration using equation (14) presented below [36]:

EFM% =
(

1 − icorr

iocorr

)
× 100 (14)

here iocorr and icorr are corrosion current density in the absence
nd presence of MAP compound, respectively.

The calculated electrochemical parameters (icorr, ˇc, ˇa, CF-2,
F-3 and EEFM%) are given in Table 4. As can be seen from Table 4, the
orrosion current densities decrease with increase in MAP concen-
rations. The causality factors in Table 4 indicate that the measured
ata are of good quality. The standard values for CF-2 and CF-3 are
.0 and 3.0, respectively. The causality factor is calculated from the
requency spectrum of the current response. If the causality fac-
ors differ significantly from the theoretical values of 2.0 and 3.0,
hen it can be deduced that the measurements are influenced by
oise. If the causality factors are approximately equal to the pre-
icted values of 2.0 and 3.0, there is a causal relationship between
he perturbation signal and the response signal. Then the data are
ssumed to be reliable [41]. When CF-2 and CF-3 are in the range
–2 and 0–3, respectively, then the EFM data is valid.

In Table 4, addition of increasing concentration of MAP to 3.5%
aCl solutions decreases the corrosion current density (icorr), indi-
ating that MAP inhibits the 3.5% NaCl corrosion of copper through
dsorption. The calculated inhibition efficiency EEFM% enhances
ith increasing MAP concentration.
.3. Inhibition mechanism

Adsorption of MAP can be described by two main types of
nteractions: physical adsorption and chemisorption. In general,
d Physics 125 (2011) 427–433

physical adsorption requires the presence of both the electrically
charged surface of the metal and charged species in solution. A
chemisorption process, on the other hand, involves charge sharing
or charge-transfer from the inhibitor molecules to the metal sur-
face to form a coordinate type of bond. This is possible in case of a
positive as well as a negative charge of the surface. The presence
of a transition metal, having vacant, low-energy electron orbitals
(Cu+ and Cu2+) and of an inhibitor with molecules having rela-
tively loosely bound electrons or hetero-atoms with a lone pair of
electrons is necessary [46].

In neutral NaCl solutions, MAP may be adsorbed on the metal
surface in the form of neutral molecules involving the displacement
of water molecules from the metal surface and sharing of elec-
trons between the nitrogen atoms and the metal surface (chemical
adsorption).

Also, the presence of MAP molecules may induce the formation
of semiconductive copper oxides as in case of benzotriazoles [47].
This was possibly responsible for the improvement of corrosion
resistance.

The type of intermediates that formed on Cu surface in 3.5%
NaCl can be explained according to the potential-pH diagram. The
presence of Cu2O may facilitate adsorption via H-bond forma-
tion. Another possible mechanism, therefore may be adsorption
assisted by hydrogen bond formation between unprotonated
N, O and S atoms in MAP molecule and the oxidized surface
(Cu2O) species. Unprotonated N, O and S atoms may adsorb
by direct chemical adsorption or by hydrogen bonding to a
surface oxidized species. The extent of adsorption by the respec-
tive modes depends on the nature of the metal surface. The
adsorption layer acts as an additional barrier to the corrosive
attack and enhances the performance of the passive layer as a
result.

The criteria for inhibitor selection can also be inferred from
above considerations. A good inhibitor must have strong affinity
for the bare metal atoms. The requirement is different in the pres-
ence of the oxide species, a passive oxide film is formed on the
electrode surface, where hydrogen bond formation accounts for
most of the inhibition action. An effective inhibitor is one that
forms hydrogen bonds easily with the oxidized surface. These
findings could be further explained on the basis that in pres-
ence of dissolved oxygen (the role of dissolved oxygen in oxide
formation have been discussed elsewhere [48–52], where the
metal surface is oxidized, the ability of a MAP to provide corro-
sion inhibition is related to its tendency to form hydrogen bonds
with the oxide species on the metal surface. It is quite evident
from the chemical structure of MAP molecule that it has NH
and SH bonds. These results confirmed the importance of hydro-
gen bonding in effective corrosion inhibition in presence of oxide
species.

4. Conclusions

Experimental investigations showed that MAP reduces
markedly the copper corrosion in 3.5% NaCl solutions, and
this reduction in corrosion rates enhances with increasing concen-
tration of this compound. Weight loss measurements show that
by increasing MAP concentration inhibition efficiency increases.
Polarization studies show that this class of compounds acts as
mixed-type inhibitors. The results of EIS indicate that the value
of CPEs tends to decrease and both charge transfer resistance and

inhibition efficiency tend to increase by increasing the inhibitor
concentration. This result can be attributed to increase of the
thickness of the electrical double layer. EFM can be used as a rapid
and non-destructive technique for corrosion rate measurements
without prior knowledge of Tafel constants.
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[2] G. Kılınççeker, B. Yazıcı, A.B. Yılmaz, M. Erbil, Br. Corros. J. 37 (2002) 23.
[3] J. Crousier, L. Pardessus, J. Croussier, Electrochim. Acta 33 (1988) 1039.
[4] U. Bertocci, D. Turner, in: A.J. Bard (Ed.), Encyclopedia of Electrochemistry of

the Elements, Vol. II, Marcel-Dekker, New York, 1974.
[5] J. Van Muydler, in: J’.O.M Bockris, B.E. Conway, E. Yeager, R.E. White (Eds.),

Comprehensive Treatise of Electrochemistry, vol. 4, Plenum Press, New York,
1981, pp. 1–96.

[6] H.D. Speckmann, H.H. Strehblow, Werkst. Korros. 35 (1984) 512.
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