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The behavior of copper in the presence of cysteine in the concentration range 1-10° M - 1:10% M in
a0.5 M Na,SO, solution (pH 7 and pH 9) is studied using potentiodynamic polarization and
chronoamperometry. Potentiodynamic polarization shows that cysteine acts as a copper corrosion
inhibitor both in alkaline and neutral sulphate solutions. The inhibitory action occurs through Cu(l)ags,
which participates in the formation of the Cu(l)-cys film on the metal surface. At higher anodic
potentials Cu(ll).gs occurs, which is unfavourable for the adsorption of cysteine. The efficiency of
corrosion inhibition increases as cysteine concentration increases. Chronoamperometry results are in
accordance with the results of potentiodynamic polarization. The adsorption of cysteine proceeds
according to the Langmuir adsorption isotherm.
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1. INTRODUCTION

Copper and its alloys have a wide range of applications in many branches of industry owing to
their superior properties. However, numerous literature data indicate that under certain conditions they
may become susceptible to corrosion [1, 2]. Generally, passivation occurs in alkaline medium as a
result of copper oxide formation [3], but in the presence of sulphate ions corrosion occurs frequently in
the form of pitting [4]. This problem has initiated a lot of scientific research on corrosion prevention
and a significant number of potential corrosion inhibitors have been investigated [5, 6]. Earlier
research has shown that benzotriazole has an important application and proved to be an efficient
corrosion inhibitor for copper and its alloys in alkaline media [7 - 11] as well as in alkaline media
containing sulphate ions [12]. The inhibitory effect in sulphate solutions has also been established for
bis-[4H-5 hydroxy-1,2,4-triazol-3-yl]methane (BHTAM) [13], purine and adenine [14 - 16]. Due to the


http://www.electrochemsci.org/
mailto:mantonijevic@tf.bor.ac.rs

Int. J. Electrochem. Sci., Vol. 7, 2012 9044

fact that many compounds used as corrosion inhibitors have certain undesirable properties like
toxicity, more attention has been devoted lately to discovering non-toxic ecological inhibitors. Amino
acids, being available and non-toxic compounds that are easily produced, are therefore interesting as
potential corrosion inhibitors for copper and its alloys. The reaction mechanism of amino acids as
metal corrosion inhibitors involves adsorption on metal surface [17,18]. Having that in mind, the
presence of aromatic ring and heteroatom, such as sulphur and nitrogen, in the structure of aminoacid
was found to considerably increase inhibition efficiency [17, 19 - 21]. In particular, amino acids
containing sulphur have shown superior inhibition efficiency attributed to the presence of sulphur
atoms as a result of which they can be adsorbed as bidentate ligands with coordination taking place
through amino or carboxyl group and —SH [20, 22 - 25]. One of them is cysteine whose structure is
shown in Fig. 1.
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Figure 1. Cysteine structure

As far as the influence of pH is concerned [26], it can be said that at isoelectric point amino
acids are in the zwitterion form (Fig. 2a), in alkaline medium, they take the form of anion (Fig. 2b),
whereas in acid medium, they are in the cation form (Fig. 2c).
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Figure 2. The form of amino acid depending on the pH value of the medium

Depending on the pH value of the medium, the percentage of the dominant form of amino acid
varies. Quantum mechanics calculations done by Bereket and Yurt [26] using PCMODEL show that
dipole moment values follow the order anion > cation > zwitterion. At pH close to isoelectric point,the
inhibition effect is minimal, whereas in alkaline medium the dipole moment is higher and the
inhibition is stronger. The zwitterion structure of cysteine is dominant inthe pH range from 1.91 to
8.16, whereas above and below these values cation and anion forms are dominant, respectively [27,
28]. Cysteine was found to be a good inhibitor of copper corrosion in HCI solutions [21, 23], NaCl
[23], nitric acid [20] and sulphuric acid [28] solutions. However, the effect of cysteine on copper
behaviour in neutral and alkaline sulphate solutions has not been investigated hitherto. On the basis of
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the previously shown influence of pH on the form of cysteine molecule and the results of investigation
conducted by El-Rabiee et al. [18] showing that amino acids act as metal corrosion inhibitors in neutral
and alkaline media, it could be assumed that cysteine wouldalsoact as copper corrosion inhibitor in
these media. The behaviour of brass in neutral and alkaline sulphate media containing cysteine was
studied recently by Radovanovic et al. [29] and its effect as inhibitor of corrosion was confirmed. The
experiments were carried out in 0.5 M Na,SO, solutions of pH 7 and 9 and with the addition of
varying quantities of cysteine so that concentrations ranged from 1-10° M to 1:10% M. The behaviour
of copper in these solutions was investigated by determining the opencircuit potential by means of
potentiodynamic and potentiostatic polarization. Changes in the electrode surface conditions were
being observed. After the measurements were performed, the electrode surface was observed under the
microscope and the photographs were taken.

2. EXPERIMENTAL

2.1. Electrode preparation

The working electrode was made of copper wire obtained by upcasting procedure. It was
prepared by cutting wire and cold sealing it with a material based on methyl-metacrylate. The working
area of Cu electrode was 0.49 cm?. Prior to each measurement the Cu electrode was polished using 0.3
pum grit alumina paste (Al203), then rinsed with distilled water and dried. The reference electrode was a
saturated calomel electrode (SCE), whereas the auxiliary electrode was made of platinum.

2.2. Reagents

The following solutions were used: 0.5 M Na;SO4 (Zorka Sabac) as the basic solution whereby
the pH value of the solution was regulated by adding NaOH (Zorka Sabac). The solutions having pH ~
7 and pH ~ 9 were used. Cysteine (Merck) was added directly into the solution of sodium sulphate to
obtain a 1-10% M solution which was further diluted giving a series of solutions whose concentration
were 1-10° M; 1-10*M; 1-10° M; 1-10° M.

2.3. Procedure

The apparatus used in electrochemical experiments consisted of a potentiostat, polarographic
analyzer PA2 (Laboratorni Pfistroje Praha, Czech Republic) which was directly connected to a
computer via an AD card. The following methods were applied: the open circuit potential (OCP)
measurements, potentiodynamic polarization in the form of linear voltammetry and
chronoamperometry techniques. The open circuit potential was determined for 10 min upon which
polarization curves were recorded from the open circuit potential to 0.5 V (SCE) in the anode direction
and to -0.5 V (SCE) in the cathode direction. The measurements were performed at a scan rate of 1 mV
s™. Chronoamperometric measurements were performed for 5 min at potentials of 0.0, 0.1 and 0.2 V
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(SCE). All measurements were done at room temperature in naturally aerated solutions. The potential
was expressed relative to the saturated calomel electrode (SCE). The pH values of the solutions were
determined using pH metre CyberScan pH 510 Eutech. The electrode surface was examined by means
of metalographic microscope Carl Zeiss Jena 413609 Epytip 2, and digital shots were taken.

3. RESULTS AND DISCUSSION

3.1. The open circuit potential measurements

From Fig. 3, containing mean values of 5 open circuit potential measurements, it can be seen
that at lower cysteine concentrations in a neutral sodium sulphate solution, the potential value is more
positive than in a blank sulphate solution. As the concentration increases, these values become more
negative so that the open circuit potential value in the presence of 1:102 M cysteine is more negative
than the one recorded in a blank solution. As far as alkaline solutions are concerned, the trend clearly
indicates that introducing cysteine into the system and increasing its concentration results in shifting
the open circuit potential toward more negative values.
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Figure 3. Open circuit potential values of Cu electrode in a) neutral and b) alkaline sulphate solution
with and without the addition of cysteine. Mean values of five measurements are presented.

Furthermore, the microscopic pictures of the electrode surface shown in Fig. 4 confirm the
altered behaviour of copper in the presence of cysteine. A change in the colour of the electrode surface
was observed indicating the formation of a film on the surface. This change is more pronounced with
the increasing cysteine concentration.
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a) b) c) d) e)

Figure 4. Electrode surface after a) polishing, measuring the open circuit potential during 10 min
immersion in b) 0.5 M Na,SO, pH 9 and with the addition of ¢) 1-10° M, d) 1-10* M and e)
1-10 M cysteine (magnified 400x)

The shift in the open circuit potential can be ascribed to the adsorption of cysteine molecules
[22, 23, 30, 31] or the formation of a complex containing copper and cysteine [28]. In the presence of
lower cysteine concentrations in the solution, the potential values become more positive with time,
whereas when the solution contains higher cysteine concentrations (1-102 M), the potential becomes
more negative with time. The initial increase of the potential value points to the retardation of the
cathode process, most probably caused by the inhibitory effect of the amino acid present in the
medium and deposition ofcorrosion products. On the other hand, a negative shift of the potential value
indicates retardation of the anode process due to the formation of an adsorbed layer [30]. It can be
concluded that cysteine has an effect both on the anode and cathode process at the electrode surface
acting like a mixed-type inhibitor. Furthermore, it was observed that the difference in the potential
recorded with and without the inhibitor in a neutral sulphate solution did not exceed 85 mV, on the
basis of which cysteine can be classified as a mixed-type inhibitor [32]. However, if the values of the
open circuit potential obtained in alkaline solution are taken into consideration, it can be said that
cysteine has a dominant effect on the cathode process under the said conditions.

3.2. Potentiodynamic polarization

The behavour of copper was studied during cathodic and anodic potentiodynamic polarization
in sulphate solutions with and without the addition of cysteine. In the inhibitor free solution during
anodic polarization copper undergoes dissolution [14, 33, 34] according to the following reactions:

CU - e- = Cu+surf (1)

Cu+5urf - e- = Cu2+50| (2)

wheras the cathodic reaction under these conditions is oxygen reduction which can be
expressed as:

0O, + 2H,0 + 4e” = 40H" 3)



Int. J. Electrochem. Sci., Vol. 7, 2012 9048

However, the medium and its pH value have a significant effect on the behaviour and
dissolution of copper. It can be observed in Fig. 5 and 6 (Curvel) showing potentiodynamic
polarization curves recorded by using copper electrode in a 0.5 M sodium sulphate solutions of pH 7
and 9.
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Figure 5. Potentiodynamic polarization curves recorded for copper in a neutral 0.5 M Na,SO, solution
with varying cysteine concentrations

It can be first observed that the curves are similar in shape, with higher current density recorded
in a neutral solution. Anodic polarization of copper, both in a neutral and alkaline solution, leads to the
formation of Cu(l) oxide. The formation of copper oxide at the electrode surface leads to passivation
and prevents further corrosion of copper [35 - 40]. However, polarization graphs do not show decrease
in current density with further increase in potential values. Rather, it shows a current plateau indicating
that copper dissolution proceeds through the layer containing oxidation products [41]. This could be
accounted for by the fact that, as sulphate ions tend to adsorb on copper surface [37, 38, 40, 42],
competitive adsorption of hydroxyl and sulphate ions takes place on the surface. Furthermore, parallel
reactions of copper with hydroxyl and sulphate ions occur whereby sulphate ions adsorbed on copper
surface supress the reaction of copper oxide formation. That is why the anodic current density values
are lower in alkaline than in neutral solutions since the former contain a higher concentration of
hydroxyl ions exhibiting higher copper binding affinity [43]. The behaviour of copper during anodic
polarization changes when cysteine is added to a sodium sulphate solution, which can be seen in
Figures 5 and 6. What can be observed first is that the influence of cysteine depends on the pH value of
the solution and its concentration in the solution. The inhibitory effect of cysteine is more expressed in
the presence of lower concentrations in alkaline as compared to neutral solutions. It can be observed
that copper oxidation process begins at more negative potentials as the cysteine concentration in the
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solution increases and that these values are more negative than in cysteine-free alkaline solutions. In
neutral solutions, the presence of cysteine at a concentration lower than 1-102 M influences copper
behaviour, particularly in the vicinity of the corrosion potential due to adsorption at the electrode
surface. As the potential increases the current density gravitates towards the value recorded in the
cysteine-free solution. At a cysteine concentration of 1-10% M, a current plateau occurs as a result of
the Cu(l)-cysteine complex formation. Under these conditions the ongoing electrochemical process is
controlled by the transfer of mass through the surface film. In the area of cathodic polarization, at a
low cysteine concentration, a small peak occurs near the corrosion potential which can be accounted
for by the reduction of copper oxidation products formed due to the immersion of the electrode in a
sulphate solution during open circuit potential measurements [30, 33, 44]. At a 1:10° M cysteine
concentration, the current density recorded during cathodic polarization is higher than in a cysteine-
free solution owing to the reduction of the Cu(l)-cys [45].
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Figure 6. Potentiodynamic polarization curves recorded for copper in alkaline solution containing 0.5
M Na,SO, with varying cysteine concentrations

In alkaline solutions, lower cysteine concentrations are sufficient to form a stable Cu(l)-
cysteine complex, which can be noticedin potentiodynamic curves as a current plaesau encompassing a
wider potential range with increasing cysteine concentration. A further increase in the potential value
results in increased current density, with the curves approaching the one for a blank sodium sulphate
solution. This can be interpreted in terms of the results obtained by Dursun and Nisli [45]. They found
out that at pH 9.2 cysteine forms a complex with Cu(l) rather than with Cu(ll), so that at higher
potentials corresponding to Cu(ll) formation, cysteine exhibits lower inhibition efficiency. Summing
up the obtained results, a conclusion can be drawn that inhibitory effect of cysteine comes from the
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interaction with Cu(l)ags, which is dominant at lower anodic potentials and that formation of the Cu(l)-
cysteine film is the result of the following interaction:

Cu® + cys = Cu(l)-cys (4)

Owing to a high stability constant value [46, 47] this complex provides strong corrosion
inhibition efficiency. At higher anodic potentials Cu(ll)ags is formed having an unfavourable effect on
adsorption. Such behaviour was reported by Matos et al. [28]. Cu(ll) also influences oxidation of the
Cu(l)-cys complex [44]. High inhibition efficiency during anodic polarization exhibited by amino
acids containing a sulphur atom can be ascribed to their adsorption at anodic sites on the surface
proceeding through the sulphur atom [19]. Consequently, the degree of surface coverage (0) can be
calculated as follows:

9 — jﬂ'ﬂf‘r_-iﬂ'ﬂf‘f'[[ﬂi'ﬂ (5)

Jeorr

The most suitable parameter for describing the effect of cysteine on copper dissolution during
anodic polarization is inhibition efficiency (IE), whose value is calculated by using the following
equation:

IE = -?-u'uf“r__-?-n'u'r“r[[ﬂi‘a‘l -100 [%] (6)

Jeorr

Where jeorr and jeorrnny represent corrosion current density in the absence or presence of the
inhibitor, respectively. The values obtained from the graphs shown in Fig. 5 and 6 are summed in
Table 1. In general, an increased cysteine concentration enhances inhibition efficiency, which is
somewhat higher in alkaline than in neutral solutions.

Table 1. Corrosion parameters obtained from polarization curves shown in Fig. 5 and 6

jcorr/}l 'bc/V ba/V IE (%) jcorr/l.l 'bc/V ba/V IE (%)
‘ A cm?

0 -0.080 | 3.700 |0.522 |0.120 |O -0.042 [3.200 |0.699 |0.151 |0

1-10° | -0.036 |2.000 |0.472 |0.094 |45.95 |-0.074 |1.300 |0.329 |0.166 |59.37
1-10° | -0.040 | 1.800 [0.396 |0.122 |51.35 |-0.092 |1.100 |0.135 |0.158 | 65.62
1-10° | -0.050 |1.300 |0.120 |0.070 |64.86 |-0.144 |0.830 |0.138 |0.081 | 74.06
1-10° | -0.065 | 1.100 |0.089 |0.065 |70.27 |-0.162 | 0.800 |0.087 |0.066 |75.00
1-10° | -0.149 |0.900 |0.120 |0.080 |75.68 |-0.323 |0.379 |0.077 |0.105 |88.16
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Upon careful examination of Fig. 7, it can be concluded that with increasing cysteine
concentration, current density decreases exponentially while the degree of surface coverage increases
exponentially. This points to the fact that the metal surface becomes saturated with the adsorbed
cysteine molecules so that further increase in concentration does not lead to increased inhibition
efficiency. Furthermore, some authors have reported reduced inhibition efficiency in the presence of
high cysteine concentrations [22, 23].
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Figure 7. Dependence of corrosion current density (m) and inhibition efficiency (e) on cysteine
concentration in a neutral 0.5 M sulphate solution
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Figure 8. The electrode surface after anodic polarization up to 0.5 V (SCE) in a) 0.5 M Na,SO,4 pH 9
and b) in the presence of 1-10 M cysteine (magnified 400x)

Fig. 8. shows microscopic photographs of the electrode surface after various treatments. During
anodic polarization in sodium sulphate solution of pH 9, changes in the metal surface can be observed.
Addition of cysteine to the solution has an effect on copper behaviour which is more pronounced as the
cysteine concentration in the solution increases. At a cysteine concentration of 1:107 M, there are no
observable changes in the copper surface after anodic polarization.
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3.3. Chronoamperometry

Chronoamperometry was used to examine the influence of constant potential applied to a
copper electrode immersed in a 0.5 M sodium sulphate solution with and without cysteine. The
experiments were carried out both in neutral and alkaline solutions. Chronoamperometric curves were
recorded at potentials 0.0, 0.1 and 0.2 V (SCE). It was observed that with an increase in the potential to
which the electrode was exposed, the current density also increased. It applies to the solutions with and
without the inhibitor as well as to neutral and alkaline solutions. Chronoamperometric curves recorded
at various potentials in alkaline sulphate solution containing 1-10"® M cysteine are shown in Fig. 9.
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Figure 9. Chronoamperometric curves recorded in alkaline sulphate solution containing 1-10° M cys
at potentials 0.0, 0.1 and 0.2 V (SCE) for 5 min

a) b) c) d)

Figure 10. The electrode surface after a) polishing, chronoamperometry for 5 min in a 0.5 M Na,SO,
solution pH 9 and with the addition of 1-10°® M cysteine at a potential b) 0.0 V (SCE), ¢) 0.1 V
(SCE) and d) 0.2 V (SCE) (magnified 400x)

When chronoamperometric curves recorded in a 1-10° M cysteine solution are compared with
the micrographs of the electrode surface recorded after measuring (shown in Fig. 10) it can be
observed that complementary results were obtained. More specifically, current density increases as the
potential to which the electrode is exposed gets higher. Simultaneously, the micrographs show that
several corrosion products are formed at the electrode surface. During polarization at a potential of 0.0
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V (SCE), which is quite close to the opencircuit potential, it can be seen that initially the current has a
somewhat higher value which rapidly decreases due to the formation of a protective film preventing
further dissolution. The current reaches a constant value at which it reamains until the end of
measurement. The low value of the current indicates that no pronounced corrosion process takes place
at the applied potential. At potential values of 0.1 and 0.2 V (SCE) current density has a high initial
value which then decreases as a result of a film formation. However, as can be observed, it
subsequently increases indicating that dissolution takes place as the surface layer does not provide
sufficient protection. The current quickly reaches a constant value and remains the same until the end
of the measurement for 5 minutes. Similar behaviour was reported earlier [48].
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Figure 11. Chronoamperometric curves recorded in a) neutral sulphate solution containing various
cysteine concentrations at a potential of 0.1 V (SCE) and b) alkaline sulphate solution
containing various cysteine concentrations at a potential of 0.2 V (SCE)

The addition of cysteine reduces current density at all potentials and in all solutions. This effect
becomes more pronounced as the concentration increases although there are some exceptions related to
the highest cysteine concentration (1-102 M) in alkaline sulphate solutions. Nevertheless, as the
calculated IE for these conditions is high, it cannot be ascribed to the activation effect but more likely,
it is the result of a much more negative value of the corrosion potential than in other solutions. As an
example, Fig. 11 shows chronoamperometric curves recorded in neutral and 0.5 M Na,SO, alkaline
solutions containing various cysteine concentrations at potentials of 0.1 and 0.2 V (SCE), respectively.
The decreased current density in the presence of the inhibitor is generally attributed to adsorption of
the inhibitor molecules [14, 49] and the formation of a protective layer at the electrode surface [50 -
52].

3.4. Adsorption mechanism

Cysteine is adsorbed on the copper surface and one of the models which potentially describes
adsorption mechanism is the Langmuir adsorption isotherm. A number of studies [22 - 25] also
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indicate that cysteine adsorption proceeds according to the Langmuir isotherm, which is described by
the following equation:

-G

g )
e ACe BT = KC (7)

where K represents adsorption constant, AG is adsorption energy, C stands for cysteine
concentration (mol dm™®), whereas 0 represents the degree of surface coverage. This equation can be
also written as:

1

C—_
e r € ®

The relationship between the adsorption constant and adsorption energy is expressed as:

1 —_‘nl'.n:ﬂ“'_s
K= B5.55 e & (9)
. _ 1
which leads to —AG = (InK — In——)RT (10)

where R represents universal gas constant and T is thermodynamic temperature (293 K). By
analysing the collected experimental data it can be seen that there is a linear dependence between
cysteine concentration added to a 0.5 M Na,SO, solution and the relationship between cysteine
concentration and the degree of coverage (0), both in neutral and alkaline solutions (Fig. 12). This
means that each cysteine molecule replaces one water molecule on the copper surface. Furthermore, it
is ideally considered that no interaction occurs between the molecules adsorbed on the metal surface.
The slope of the Langmuir isotherm corresponding to the analysed data shows a small deviation from
1, which is characteristic for the ideal case. It is the result of the interaction between the adsorbed
molecules [53, 54].

0,014 4

0,012 4

0,010 4

0,008

0,006

0,004 4

/6 /mol dm™

0,002 4

0,000

-0,002

T T T T T T
0,000 0,002 0,004 0,006 0,008 0,010

c/mol dm™

Figure 12. The Langmuir adsorption isotherm obtained from the data on copper behaviour in neutral
and alkaline 0.5 M Na,SO, solutions containing various cysteine concentrations
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Based on the established adsorption model it is possible to calculate the Gibbs free energy of
adsorption. From the results shown in Table 2, it can be seen that the values range from -30 to -40 kJ
mol™, which points to a strong physical adsorption with slight chemisorption of cysteine on the copper
surface under these conditions.

Table 2. Gibbs free energy of adsorption and R? for cysteine on copper in sodium sulphate solution

" Neutral solution Alkaline soluion

AG/kJ mol™* -35 -34
R* 0,99993 0,99961

Such behaviour can be expected considering the form and structure of cysteine in neutral and
alkaline solutions. The sulphur-containing amino acids are characterized by their ability to be adsorbed
as bidentate ligands with S atom as one and carboxyl or amino group the second adsorption centre. The
availability of carboxyl or amino group depends on a solution pH. In neutral solutions, amino acid
exists in the form of zwitter ions and can be attracted to anodic sites on the metal surface through a
carboxyl group since a free electron pair of nitrogen atom is not available, thus blocking the sites that
are active for corrosion. In the case of alkaline solutions, the amino acid occurs in the form of anions
so that both amino and carboxyl group can take part in the adsorption process at the electrode surface
[18].

4. CONCLUSION

The aim of this study was to investigate the effect of cysteine in the concentration range 1-10°
M - 1:10% Mon electrochemical behaviour of copper in neutral (pH 7) and alkaline (pH 9) 0.5 M
sodium sulphate solution. The methods used included determination of the open circuit potential,
potentiodynamic and potentiostatic polarization. The addition of cysteine shifts the open circuit
potential to a more negative region. Cysteine influences copper electrode behaviour during anodic
potentiodynamic polarization in the vicinity of the corrosion potential, whereas at higher potential
values copper behaves similarly as in a cysteine-free solution. This can be attributed to inhibitory
action through Cu(l)ags, Which is a dominant species in the region of lower anodic potentials, as well as
the formation of the Cu(l)-cys film on the metal surface. At higher anodic potentials Cu(ll),4s OCcurs,
which is unfavourable for the adsorption of cysteine. Generally, inhibition efficiency increases with the
increasing cysteine concentration. Chronoamperometric results indicate that as the electrode potential
increases, the current density increases as well. The addition of cysteine results in decreased current
density at all potentals and in all solutions. The adsorption of cysteine on copper surface in neutral and
alkaline sodium sulphate solutions proceeds in accordance with the Langmuir adsorption isotherm.
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