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A B S T R A C T

In this article, we tested a new organic molecule used as a corrosion inhibitor of the 60Cu–40Zn alloy in an
aqueous solution similar to sea water 3% NaCl namely 3-amino-1,2,4-triazole-5-thiol (ATT) using stationary and
transient electrochemical methods (polarization curves and electrochemical impedance spectroscopy (EIS)). In
addition, the metal surface analysis was performed by the scanning electron microscopy (SEM) coupled with the
X-ray dispersion energy (EDX) in the absence and in the presence of the inhibitor tested. Analysis of the polar-
ization curves reveals that the ATT acts as a mixed inhibitor, while the inhibition efficiency reaches a value of
97% for a concentration of 1mM of ATT, these results are confirmed by the EIS techniques, indicating that the
value of the charge transfer resistance increases with increasing of ATT concentrations, consequently the inhib-
itory efficiency increases and reaches a maximum value of 99% in the presence of 1mM of ATT. the influence of
the immersion time shows that the corrosion inhibition of the brass 60Cu–40Zn improves with the increase of the
immersion time and that the molecule adsorbs chemically and follows the Langmuir isotherm. SEM/EDS study
confirms the presence of protective film on the Brass surface.
1. Introduction

Owing to particular properties, the copper and its alloys are widely
used in various industrial fields, because of their interesting properties
especially the high electrical and thermal conductivities; however, in the
presence of oxygen, chlorides, sulphates or nitrates ions are exposed to
localized corrosion [1, 2]. Some work has been done to control corrosion
copper and its alloys using organic compounds that can adsorb to the
metal surface to form a protective film via functional electronegative
groups, electrons in conjugate bonds and heteroatom's (N, S and O) [3,
4].

Nevertheless, the use of corrosion inhibitors remains the most
appropriate and practical method to ensure lasting protection against
this scourge. Among the most commonly encountered inhibitors in the
literature are, for example, organic compounds containing azoles rings
such as benzotriazoles [5, 6], triazoles [7, 8, 9, 10], thiadiazoles [11,
12] and imidazoles [13, 14]. All these compounds showed good inhi-
bition efficiency in 3% NaCl. On the basis of the inhibition efficiency
(M. Damej).
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values, the ATT has a best protective effect against corrosion of brass in
3% NaCl.

The aim of the present paper is to study the effect of the addition of 3-
amino-1,2,4-triazole-5-thiol (ATT) on the corrosion resistance of Brass in
3% NaCl solution using different techniques such as potentiodynamic
polarization, impedance spectroscopy and surface analysis techniques.

2. Experimental

2.1. Samples

The composition of the Brass studied was [7, 15] (wt %): 60.61 % Cu,
39.19 % Zn, 0.12 % Al, and 0.08 % Si.

2.2. Corrosion solution

The aggressive solution was prepared by dissolving sodium chloride
(NaCl) in distilled water.
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2.3. Inhibitor

The organic compound tested as corrosion inhibitor is 3-amino-1,2,4-
triazole-5-thiol (ATT), which is a commercial inhibitor of the “FLOKA”
type, the structure of this compound, is as follows (Figure 1).

3. Methods

3.1. Potentiodynamic polarization method

The potentiodynamic polarization curves were recorded using a
potentiostat PGZ101. The electrochemical measurements were per-
formed in a conventional three electrodes electrochemical cell: Consist-
ing of platinum electrode as Auxiliary electrode, saturated calomel
electrode (SCE) as the reference and Brass alloy as the working electrode
the form of a disc of the surface 0,78cm2, the scanning speed of 1 mV/s,
starting from the free potential of corrosion and moving in the cathode
range towards more negative potentials until a surge of -1 V/Ag–AgCl
and in the anodic domain by moving towards more and more positive
potentials up to an overvoltage of 0.4 V/Ag–AgCl.

Before each measurement, the sample was polished with different
grad abrasive paper (600; 1000; 1200), cleaned with acetone, washed
with double distilled water and finally dried with hot air. These curves
were obtained after one hour of immersion in the electrolytic solution
with corrosion potential (Ecorr). Then the cathodic and anodic curves
were recorded using independent plots.

3.2. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectra (EIS) were performed using a
potentiostat PGZ 101. The design frequencies ranged from 100 kHz to 10
mHz, and these tests were conducted in an open circuit after 1 h of im-
mersion. The data were presented as Nyquist. The inhibition efficiency (E
%) was calculated using the following formula.

E%¼Rinh
t � R0

t

Rinh
t

� 100 (1)

Where R0
t and Rinh

t are the charge transfer resistance respectively without
and with inhibitor.
Figure 1. Chemical structure of 3-amino-1,2,4-triazole-5-thiol (ATT).

Figure 2. Cathodic (2.1) and anodic (2.2) polarization curves of bra
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3.3. Surface analysis

The surface treatment of the alloy was carried out using a scanning
electron microscopy (SEM; JEOL, JSM-IT100). After 24 h of immersion
with and without inhibitor, the samples were cleaned with double
distilled water and dried at room temperature. The morphology of Brass
surface was examined by SEM technique.

4. Results and discussion

4.1. Polarization curves

In order to highlight the electrochemical behaviour of ATT as a
cathodic, anodic or mixed type inhibitor and to elucidate its effect on
kinetics of electrochemical reaction, we have drawn the brass polariza-
tion curves 60Cu–40Zn in corrosive medium both in the absence and the
presence of different ATT concentrations. All polarization curves were
obtained after 1 h of immersion of the metal substrate in a corrosive
solution to an open circuit potential Ecorr.

Figure 2 show typical current voltage cathodic and anodic curves
obtained with and without ATT.

In cathodic field, we note that addition of the inhibitor causes a very
significant decrease in the corrosion current density. It passes from the
10.68 μA.cm�2 without inhibitor to the 0.29 μA.cm�2 in the presence of
1mM of ATT. Elsewhere; we observe an appearance a pseudo-plateau
who becomes wider when ATT concentration increases. For more
cathodic potentials, current density increases up to a value of 1mA cor-
responding to the diffusion of oxygen except 1mM in ATT reaches a lower
value. This behaviour can be explained by the formation of a film
adhering to the surface of the electrode and do a barrier against the
diffusion of oxygen.

In anodic domain, there is a displacement of the corrosion potential
towards positive values indicating a slowing down of 60Cu–40Zn alloy
dissolution and there is a significant decrease of anodic current density
for all the ATT concentrations. This decrease is also accompanied by a
change of pace with appearance of a current stage, whose current density
is less than 1 μA.cm�2 for 0.5 mM and 1 mM ATT concentrations. The
current becomes larger when ATT concentration decreases.

Electrochemical parameters issued from Figure 1 are summarized in
Table 1.

The inhibition efficiency (E %) was calculated from:

E% ¼ I0corr–Icorr
I0corr

� 100 (2)

where I�corr and Icorr were respectively the uninhibited and the inhibited
corrosion current densities, determined by extrapolation of cathode Tafel
lines to the free corrosion potential. The highest efficiency is obtained at
1 mM concentration; it reaches 97 %.
ss in 3% NaCl in presence of different concentrations the ATT.



Table 1. Electrochemical parameters of 60Cu–40Zn in 3% NaCl solution without and with ATT at different concentrations.

[ATT] Cathodic area Anodic area E%

Ecorr (mV/Ag–AgCl) Icorr (μA/cm2) bc (mV/dec) Ecorr (mV/Ag–AgCl) Icorr (μA/cm2) ba (mV/dec)

0 mM -235�1.10 10.68�0.05 -135�0.85 -220�1.06 10.35�0.06 45�0.20 -

0.1 mM -207�0.95 0.56�0.04 -141�0.96 -205�1.08 0.72�0.04 44�0.75 94.7

0.5 mM -141�1.04 0.36�0.02 -164�0.88 -152�1.20 0.20�0.01 52�0.65 96.6

1 mM -117�1.20 0.29�0.01 -189�0.75 -110�1.03 0.10�0.01 63�0.80 97.3

Figure 3. Electrochemical impedance (3.1) and bode (3.2) diagrams determined on 60Cu–40Zn/3% NaCl interface at different concentrations the ATT.

Figure 4. Equivalent electrical circuit of the metal/solution interface
Electrochemical.
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4.2. Electrochemical impedance spectroscopy (EIS)

4.2.1. ATT concentrations effect
The corrosion behaviour of 60Cu–40Zn brass, in 3% NaCl solution in

the absence and presence of different concentrations of ATT was inves-
tigated using EIS techniques at Ecorr corrosion potential. Figure 3 shows
the EIS Nyquist diagrams collected after 1 h of immersion of the Brass in
the 3% NaCl solution at the free corrosion potential without and with the
ATT.

In absence of inhibitor, the electrochemical impedance spectrum
consists of a single capacitive loop [16].

The addition of ATT at different concentrations shows an appearance
of two discernible capacitive loops with a large increase in polarization
resistance, but the representation of bode clearly shows the appearance
of two time constants.

At high frequencies, capacitive loop size increases with concentra-
tion, whose associated capacity values are less than 1 μF.cm�2 (Cf<1
μF.cm�2)this can be attributed to a protective film formation on themetal
surface.
Table 2. Electrochemical parameters associated with impedance diagrams of 60Cu–4

ATT Rf (kΩ.cm2) Cf (μF.cm�2)

0 mM - -

0.1 mM 7.47�0.35 0.42�0.02

0.5 mM 12.80�0.55 0.25�0.01

1 mM 15.84�0.24 0.20�0.01
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At low frequencies, inhibitory effect is seen by an increase of the
resistance transfer value charge Rt, which show a significant variation as
a function of inhibitor concentration. It reaches a maximumof the 137.23
kΩ.cm [2] with 1mM ATT concentration. The corresponding capacity
decreases from 112 to 11.59 μF cm2. These capacity values can be
attributed to the ability of the double layer. According to this observa-
tion, the following electrical equivalent circuit is proposed in the
Figure 4.

Parameters obtained from electrochemical impedance diagrams are
summarising in Table 2.

The results recorded in Table 2 indicate that ATT effectively protects
the metal surface. This is justified by an increase of the resistance transfer
charge and the decrease of the double layer capacity, which are also a
consequence of a progressive replacement of the vacant sites of the
metallic surface by ATT, indicating decrease active sites of the dissolution
reaction.

The inhibition efficiency increases with increasing inhibitor concen-
tration, he reaches 98.97 % for 1mM ATT concentration. These results
are confirmed with those found by stationary polarization curves.

Thus, the modelling of these diagrams by Ec-lab program corresponds
to 2R–C circuits, this is in agreement with the results presented in
reference [15, 16]. The 2R–C pairs are assigned to a contribution in
descending order of frequencies to the following phenomena:

✓ A contribution to high frequencies (Rf–Cf) associated with dielectric
character of the film formed by corrosion products reinforced by the
presence of the inhibitor and ionic conduction through the pores film.

✓ At medium frequencies, contribution (Rt-Cdl) is attributed to the
double-layer capacitance at 60Cu–40Zn electrolyte/brass interface at
the bottom of the coupled pore of resistance transfer charge.
0Zn/3% NaCl brass at different ATT concentrations.

Rt (kΩ.cm2) Cdl (μF.cm�2) E %

1.41�0.02 112�0.54 -

37.24�0.45 21.36�0.87 96.21

95.07�0.77 16.74�0.78 98.52

137.23�0.95 11.59�0.54 98.97



Figure 5. Electrochemical impedance diagram relating to the behaviour of
brass 60Cu–40Zn at different speeds of rotation of the electrode in presence of
1mM ATT/3% NaCl.

Figure 6. Effect of immersion time on impedance diagrams of the 60Cu–40Zn/
3% NaCl þ 1mM (ATT). Ω ¼ 1000 rpm.
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4.2.2. Influence of rotational speed
In order to evaluate influence of hydrodynamic conditions on inhib-

itory efficiency of ATT, the impedance diagrams were made at different
rates of rotation of Ecorr electrode after one hour of immersion (Figure 5).

From the form of these diagrams, it is clear that this parameter
considerably conditions mass transport to the interface. The electro-
chemical parameters are shown in Table 3.

Analysis of this table shows that, when rotational speed increases,
charge transfer resistance increases also with a decrease in the capacity of
the double layer. These respective evolutions characterize on one hand,
an increasing blockage of the charge transfer on the electrode surface
and, on another hand, a reduction of the contact surface linked to
adsorption of the inhibitor. In fact, hydrodynamic effect appears to have
favoured the formation of a less permeable protective layer and having
simplified the movement of mixture to the metal surface to form a layer
with higher strength [17, 18, 19, 20].

4.2.3. Effect of immersion time
The Figure 6 shows the evolution of electrochemical impedance di-

agrams at corrosion potential for 1mM of ATT as a function of immersion
time in a 3% NaCl solution and at a rotation speed of the electrode of
1000 rpm. The electrochemical parameters issued from the Figure 6 are
summarized in Table 4.

This figure shows that the electrochemical impedance diagrams have
the same shape as those obtained by concentration effect of ATT except
the loop corresponding to 24 h is closed. There is also a significant
Table 3. Electrochemical parameters relating to the behaviour of brass Cu–40Zn at d

Rotation speed (rpm) Rf (kÙ. cm2) Cf (μF

500 15.43�0.47 0.20�
1000 15.84�0.24 0.20�
1500 15.01�0.25 0.20�

Table 4. Parameters determined from electrochemical impedance diagrams of interf

Immersion times Rf (kΩ.cm2) Cf (μF.cm

1 h 15.84�0.24 0.20�0.

4 h 23.29�0.30 0.14�0.

24 h 42.25�0.50 0.08�0.

4

increase in the polarization resistance as a function of the immersion
time; it reaches a maximum of the order 153; 267.4 and 625.7 kΩ.cm [2]
after respectively 1; 4 and 24 h immersion. These effects suggest that the
character of inhibition of ATT results from the establishment on the brass
surface a very resistant protective film that blocks corrosion process.
4.3. Adsorption isotherm

4.3.1. Determination of the recovery rate
Recovery rate θ is calculated using charge transfer resistance for

different ATT concentrations at 20 �C according to the following rela-
tionship:

θ¼ 1–
Rt

Rinh
t

(3)

Rinh
t and Rt are charge transfer resistance in the presence and the absence

of inhibitor. Results obtained are grouped in Table 5:
Results recorded in Table 5 show that recovery rate increases when

the charge transfer resistance increases.

4.3.2. Plot of the adsorption isotherm
A plot of C=θ versus C should yield a straight line with intercept of

K�1. The adsorption isotherm obtained for ATT is plotted in Figure 7.
The negative sign of free enthalpy of adsorption indicates that the

adsorption of ATT at Brass surface is a spontaneous process. .The value of
ifferent rotation speeds of the electrode in the presence of 1 mM ATT/3% NaCl.

. cm�2) Rt (kÙ. cm2) Cdl (μF. cm�2)

0.01 110.84�0.98 14.36�0.77

0.01 137.23�0.95 11.59�0.54

0.01 173.51�1.15 8.02�0.33

ace 60Cu–40Zn/3% NaCl þ 1mM ATT for different immersion times.

�2) Rt (kΩ.cm2) Cdl (μF.cm�2)

01 137.23�0.95 11.59�0.54

01 244.11�1.30 6.52�0.44

00 583.50�1.45 2.72�0.02



Table 5. Recovery rate (θ) calculated from charge transfer resistance (Rt).

[ATT] mM - 0.1 0.5 1

Rt ðkΩ:cm2Þ 1.41 37.24 95.07 137.23

θ - 0.9621 0.9852 0.9897

Figure 7. Langmuir adsorption isotherm model of the brass surface in 3% NaCl
solution in the presence of inhibitor (ATT).

Figure 8. Differential capacitance curve in 3% NaCl þ 1mM ATT solution.

Figure 9. Graphic presentation of adsorption of 3-amino-1,2,4-triazole-5-thiol
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ΔG0
ads is closer to -40.39 kj.mol�1, and then this involves an electron

transfer between the organic molecules and the metal surface. This shows
that we have a chemical adsorption [21] (Table 6).

4.3.3. The zero charge potential (PZC)
Metal surface charge can be defined by the position of corrosion po-

tential Ecorr with respect to the zero charge potential [22, 23, 24, 25]EPZC.
The SIE offers a good method for determining the PZC of metals, the SIE
study has been applied to different potentials and a graph of the
double-layer capacitance Cdl of applied potentials is shown in Figure 8.

Table 7 shows the values of Ecorr, EPZC and EΓ Zero charge 60Cu–40Zn
brass surfaces at open circuit potential can be evaluated according to the
equation:

EΓ ¼Ecorr–EPZC (4)

EΓ is the rational corrosion potential as seen in Figure 8, minimum
point can be called PZC of the electrode, positive values of EΓ in the
inhibited solution mean that surface of brass carries the positive charge
in excess.

4.3.4. The inhibition mechanism
The adsorption depends also on the charge of the metal and its nature,

chemical structure of the organic product and the type of electrolyte
[26]. It is generally accepted that chemical adsorption process involves
the transfer or sharing of electrons between inhibitor and the surface of
the metal making it possible to form, respectively, coordination bonds or
covalent bonds [27].
Table 6. Equilibrium constant, regression coefficient and free enthalpy of
adsorption of ATT on Brass in 3% NaCl.

Inhibitor K (mol�1.L) R2
ΔG0

ads (Kj.mol�1)

ATT 28.69 104 1.00 - 40.39
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The charge transfer between metal surface and organic compound is
reinforced by the presence of heteroatoms which contains pairs of free
electrons. In this case, the strength of the bond established depends on
the electronic density of the heteroatom and the polarizability of the
functional group. In the case of aromatic compounds or unsaturated
systems, the electron density will be affected by the introduction of
substituents, which can increase or decrease the corrosion inhibiting
efficiency. It is well known that the inhibitory action of organic com-
pounds containing sulfur, nitrogen and/or oxygen is due to the formation
of a coordination bond between the metal and the free pair of electrons
present in the inhibitors [28].

The adsorption of the ATT was carried out by the free doublets of the
heteroatoms of the molecule and stabilized by the aromaticity of the
triazole ring (Figure 9).
(ATT) on the 60Cu40Zn brass surface in NaCl 3% media.

Table 7. Ecorr, EPZC and EΓ values recorded for 60Cu–40Zn brass in 3% NaCl
solution and 3% NaCl þ 1mM ATT.

Ecorr (mV) EPZC (mV) EΓ

1mM ATT - 120 - 540 420



Figure 10. SEM observation of 60Cu–40Zn brass surface after 24 h of an open-circuit immersion, in the absence (10.1) and in the presence the inhibitor ATT (10.2).

Figure 11. EDX spectrum obtained on the surface of 60Cu–40Zn brass after 24
h immersion in the absence (11.1) and in the presence the inhibitor ATT (11.2).
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4.4. Surface analyses SEM/EDX

SEM photos coupled with an EDX analysis of the metal surface in the
absence and in the presence of 1mM of ATT after 24 h of immersion are
shown in Figures 10 and 11.

In absence of inhibitor, degradation of the surface of the alloy is noted
by formation of a film formed by oxides of elements of the alloy, such as
CuO, Cu2O, CuCl and CuCl2.

On the other hand, in the presence of ATT, the surface state is better
preserved by the formation of a thin film visible by SEMmicrograph; this
result shows that ATT has an inhibitory effect on the formation of a film
that has a barrier effect against aggressive ions.

Figure 10 shows the EDX analysis of the surface in the absence and the
presence of the inhibitor. The spectrum has peaks attributed to carbon,
nitrogen and sulphur atoms, these peaks do not appear in the case of
control, so these peaks indicate the presence of an organic compound at
the surface of the alloy. This results confirm the protective effect of ATT
determine by the electrochemical studies.
6

5. Conclusions

The results demonstrated that the studied inhibitor (ATT) behaved as
a promising corrosion inhibitor for 60Cu–40Zn brass in 3% NaCl solu-
tion. From the results obtained, we can conclude that:

1. Inhibition efficiency increase with increasing inhibitor concentra-
tions to reach the maximum value of 98.97 % in the presence of 1 mM
of ATT.

2. The polarization curves show that ATT is a good inhibitor for brass; it
acts as a mixed type inhibitor. Thus, the electrochemical impedance
measurements showed that the compound tested acts by forming an
inhibitor film on the brass surface. The inhibitory properties of this
film improve with the immersion time.

3. The adsorption of inhibitor follows the Langmuir isotherm and the
values of the thermodynamic parameters are favourable to a chemi-
cally adsorption

4. Observation of the surface state by the SEM scanning electron mi-
croscope coupled with EDX shows the formation of an inhibitor film
on the surface of the brass to act as against corrosion of this last.
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