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Abstract The electrochemical behaviour of copper in
neutral buffered and non-buffered synthetic seawater
and in pure chloride solutions has been studied by cyclic
voltammetry, weight loss measurements, open circuit
potential and scanning electron microscopy (SEM).
Values of the repassivation potentials of Cu in non-
buffered and buffered synthetic seawater, at 50 mV s)1,
were 0.12 and 0.46 V vs. SCE, respectively. The sharp-
ness, heights and location of the different peaks as well
as their charges were shown to be influenced by the
composition of the solution, buffering conditions,
deoxygenation, polarization potential and time. High
chloride concentrations lead to higher oxidation char-
ges. The anodic and the cathodic charges were shown to
increase as the chloride concentration increases. The
open circuit potential transients of copper in non-
deoxygenated, non-buffered synthetic seawater indicate
pitting from the beginning of the exposure, while in
buffered solutions the pitting appeared only after a quite
long exposure period, i.e. after 40 days. Corrosion rates
of Cu samples after 3 months of immersion were higher
in solutions of pure chloride (0.5 M) than in synthetic
seawater. After six months the differences were even
more noticeable. SEM images have showed a somewhat
higher density of pits on copper samples immersed in the
chloride solution (0.5 M), in comparison with those in
synthetic seawater.

Keywords Boric acid/borax buffered seawater Æ Copper
corrosion Æ Deoxygenation Æ SEM micrographs Æ
Voltammetric studies

Introduction

The corrosion, passivation and breakdown of passivity
of copper have been studied over a wide range of
experimental conditions [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12,
13, 14, 15, 16, 17, 18, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29,
30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45,
46, 47, 48, 49, 50].

According to various authors, in the absence of
aggressive anions the passivation of copper in alkaline
solutions is due to an oxide layer whose electrochemical
characteristics and structure depend on the solution
composition and the applied polarization potential [1, 2,
3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18]. In
alkaline media, cyclic voltammograms exhibit various
peaks that have been assigned to Cu(I), Cu(II) and
Cu(III) species and a multiplicity of cathodic peaks re-
lated to the reduction of different soluble and insoluble
copper-containing species [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
12, 13, 14, 15, 16, 17, 18].

In the absence of aggressive anions, the structure of
the passive Cu layer in borate buffer, as revealed by
ESCA and ISS, consists of inner Cu2O and outer CuO
hydrated layers [8]. In the potential region of oxygen
evolution, some authors have detected an additional
anodic peak. This peak has been attributed to the for-
mation of Cu(III) oxide species (Cu2O3) and/or to the
formation of soluble complex copper-containing species
[1, 2, 3, 7, 31]. According to Pourbaix [19], in the absence
of aggressive anions, Cu in neutral aqueous solutions
may lead to the formation of solid species, i.e.:

2CuþH2O! Cu2Oþ 2Hþ þ 2e�

Ee ¼ þ0:471� 0:0591pH
ð1Þ

CuþH2O! CuO þ 2Hþ þ 2e�

Ee ¼ þ0:570� 0:0591pH
ð2Þ

Cuþ 2H2O! CuðOHÞ2 þ 2Hþ þ 2e�

Ee ¼ þ0:609� 0:0591pH
ð3Þ
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Cu2OþH2O! 2CuOþ 2Hþ þ 2e�

Ee ¼ þ0:669� 0:0591pH
ð4Þ

Cu2OþH2Oþ 2OH� ! 2CuðOHÞ2 þ 2e�

Ee ¼ þ0:747� 0:059pH
ð5Þ

2CuðOHÞ2 ! Cu2O3 þH2Oþ 2e�

Ee ¼ þ1:578� 0:059pH
ð6Þ

2CuOþH2O! Cu2O3 þ 2Hþ þ 2e�

Ee ¼ þ1:648� 0:059pH
ð7Þ

During the anodic polarization of copper in neutral
and alkaline solutions, soluble copper species, i.e. Cu+,

Cu2+, Cu3+, HCuO2) and CuO2
2), can be formed.

Their amount and nature depend on the solution pH
and the applied polarization potential. Soluble copper-
containing species have been identified by RRDE studies
[2, 5, 7, 8, 9, 12, 47].

In aqueous solutions in the presence of O2 (non-
deoxygenated solutions), the reduction of O2 leads to the
formation of OH), according to the reaction:

O2 þ 2H2Oþ 4e� ! 4OH� Ee ¼ þ1:229� 0:059pH

ð8Þ

while in the absence of O2, the reduction of H2O leads
also to the formation of OH) species, but this process
occurs at much lower potentials, according to:

2H2Oþ 2e! H2 þ 2OH� Ee ¼ 0:00� 0:059pH

ð9Þ

The corrosion, passivation and transpassive corro-
sion of copper in the presence of aggressive anions, i.e.
HCO3

), Cl) or SO4
2), has also been investigated by

many researchers [20, 21, 22, 23, 24, 25, 26, 27, 28, 29,
30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45,
46, 47, 48, 49, 50]. Perez Sanchez et al. [33] reported
studies on copper in moderate alkaline aqueous solu-
tions containing sodium carbonate. They identified, in
the region of Cu(II) species, the precipitate CuCO3.-
Cu(OH)2 (malaquite), as long as soluble ionic Cu species
were produced. The precipitation of carbonates oc-
curred principally around pits. They state that the pro-
cess becomes more noticeable at lower pH values.
Milosev et al. [36] noted that an increase in the HCO3

)

concentration, electrode potential and/or passivation
time promoted the formation of a stable layer consisting
of a precipitated Cu(II) oxidation product covering the
underlying Cu2O layer. According to Milosev et al. [36],
this second Cu(II) layer is essential for copper passivity.
At [HCO3

)]‡0.05 M, the surface film is protected
against breakdown, whereas the presence of chloride
ions in solution stimulates it. The authors [36] have
concluded that in bicarbonate/sulfate-containing solu-
tions the ratio [HCO3

)]/[SO4
2)] is determinant for

avoiding or promoting pitting. Beyond a certain poten-

tial, which increases with the solution pH, copper pitting
takes place. This potential is strongly dependent on the
nature and concentration of the aggressive anions [30,
31, 34, 35, 47].

In the presence of chloride the mechanism generally
accepted for copper electrodissolution depends on the
chloride concentration. At chloride concentrations lower
than 1 M, according to Deslouis et al. [46] and Lee and
Nobe [40], among others, the process is due to the fol-
lowing oxidation reactions:

Cuþ Cl� ! CuClðsÞ þ e�

Ee ¼ þ0:137� 0:0591log½Cl��
ð10Þ

CuClþH2O! CuOþ Cl� þ 2Hþ þ 2e�

Ee ¼ þ1:00� 0:118pHþ 0:059log½Cl��
ð11Þ

Cuþ 2Cl� ! CuCl�2 þ e�

Ee ¼ þ0:208þ 0:059log½CuCl�2 � � 0:118log½Cl��
ð12Þ

CuCl�2 þH2O! CuOþ 2Cl� þ 2Hþ þ 2e�

Ee ¼ þ1:00� 0:118pHþ 0:059log½Cl��
ð13Þ

Cuþ 2Cl� ! CuCl2 þ 2e�

Ee ¼ þ0:354� 0:0591log½Cl��
ð14Þ

Cu2Oþ Cl� þ 2H2O! Cu2ðOHÞ3ClþHþ þ 2e�

Ee ¼ þ0:451� 0:029pH� 0:029log½Cl��
ð15Þ

CuCl2 ! Cu2þ þ 2Cl� þ e�

Ee ¼ þ0:618� 0:059pH
ð16Þ

2CuCl2 þ 3H2O! Cu2O3 þ 4Cl� þ 6Hþ þ 2e�

Ee ¼ þ2:28þ 0:177pHþ 0:118log½Cl��
ð17Þ

Copper oxides and copper chlorides constitute the
passivating layer but complex ions may also be formed,
i.e. as CuCl2

), CuCl3
), etc. These complex ions may

diffuse through the solution, out of the electrode surface.
Breakdown of the CuCl layer may result in pitting cor-
rosion of copper, as reported by Chialvo et al. [47], who
studied the kinetics of pitting corrosion of copper in
borate buffer solutions containing sodium chloride.

According to Mankowski [35], in chloride/sulfate-
containing solutions, pit morphology and the mecha-
nism of pitting depend on the relative concentrations of
both anions. For higher concentrations of Cl) ions,
chloride is responsible for the pitting. This must be the
case for Cu in synthetic seawater (0.5 M NaCl+0.03 M
Na2SO4).

In the presence of sulfate ions, brocanthite may be
formed by chemical and/or electrochemical reactions,
i.e.:
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4Cuþ SO2�
4 þ 6H2O!CuSO4 � 3CuðOHÞ2þ 6Hþ þ 8e�

Ee ¼þ0:451� 0:0444pH� 0:0074log½SO2�
4 �

ð18Þ

4CuþþSO2�
4 þ6H2O!CuSO4 �3CuðOHÞ2þ6Hþþ4e�

Ee¼þ0:383�0:088pH�0:0591log½SO2�
4 �

ð19Þ

2Cu2Oþ4H2OþSO2�
4 !CuSO4 �3CuðOHÞ2þ2Hþþ4e�

Ee¼þ0:433�0:0296pH�0:0148log½SO2�
4 �

ð20Þ

4CuOþ SO2�
4 þ 2H2Oþ 2Hþ ! CuSO4 � 3CuðOHÞ2

ð21Þ

X-ray diffraction and XPS data reported by Man-
kowski [35] have identified, on copper exposed in
chloride aqueous solutions, pits topped by an atacamite
cap and the surface with a layer of CuCl, while in
solutions containing only sulfates, copper is denuded
under the caps. These passivating layers present a du-
plex structure of copper hydroxide and brochantite,
CuSO4.3Cu(OH)2. Brossard [37] reported SEM micro-
graphs of Cu electrode surfaces after anodization at
0.00 V, exhibiting a large number of isolated spike-like
crystals of different size. These crystals were identified
by EDAX as CuCl.

The passivation of copper in sulfate/chloride-con-
taining solutions is due to films composed of CuO2,
CuCl, CuO/Cu(OH)2, Cu2Cl, Cu2Cl.(OH)3 (atacamite)
and/or CuSO4.3Cu(OH)2 (brochantite), depending on
the polarization potentials and on the relative concen-
trations of Cl) and SO4

2) ions.
Bech-Nielsen et al. [50], based on Auger measure-

ments, report for copper exposed in chloride solutions,
at open circuit potential, a mixed CuCl/Cu2O layer at
the earliest times followed by later growth of pure Cu2O
(thin layer). According to Sutter et al. [44], Cu2O is the
main compound on the surface layer formed on Cu in
0.5 M aerated chloride solution, under open circuit po-
tential. Sutter et al. [44] have attributed the formation of
the cuprous oxide, Cu2O, partly by the hydrolysis of
CuCl2

) within the diffusion layer.
Most of the processes involved in the electrodissolu-

tion, passivation and transpassivation of Cu in aqueous
solutions, particularly in the presence of aggressive an-
ions, lead to the formation of protons. Thus in non-
buffered media, local acidification occurs.

In spite of the large amount of cyclic voltammetric
studies of copper in aqueous solutions, no systematic
studies exist for copper in buffered and non-buffered
chloride aqueous solutions. On the other hand, the
synergetic effects of Cl) and SO4

2) have been reported,
but no systematic studies exists for Cu in seawater, a
solution constituted by 0.5 M NaCl, 0.03 M Na2SO4

and minor amounts of other anions, i.e. F) and HCO3
).

In real systems, i.e. seawater, dissolved oxygen is
present; however, most of the studies of copper in
aqueous chloride solutions reported in the literature deal
only with deoxygenated solutions. Besides that, studies
on the corrosion of copper in seawater are scarce.

Therefore, we have decided to start a study on the
corrosion, passivation and breakdown of passivity of
copper in deoxygenated and non-deoxygenated, buffered
and non-buffered chloride solutions of pure chloride and
of synthetic seawater.

Experimental

Copper electrodes were made from a copper rod (Goodefellows,
99.99% purity). A three-electrode two-compartment cell was used
for cyclic voltammetric studies. The secondary electrode was a
platinum foil and the reference electrode was a commercial satu-
rated calomel electrode (SCE) connected to the main compartment
of the cell by a Luggin capillary.

The working electrode was mechanically polished with alumina
powder down to 0.05 lm, then rinsed several times with distilled
water and finally dried with acetone. Before each voltammetric
experiment the copper electrode was polarized for 1 min at about
)1.3 V vs. SCE. Dissolved O2 was removed by bubbling N2 (L� Air
Liquide).

Synthetic seawater solutions were prepared with pure water,
from a Millipore system, and ‘‘Sea Salts Sigma Cell Culture’’. The
composition of synthetic seawater is the following: 0.5 M
NaCl+0.03 M Na2SO4+0.002 M NaHCO3+0.0001 M
NaBr+0.0005 M H3BO3. The borax buffer (pH 7.0) was prepared
with boric acid (0.5 M H3BO3) and borax (25 mM Na2B4O7).

Cyclic voltammetric studies were performed via a modular
automated acquisition system (Autolab, Eco Chemie) composed of
a potentiostat (PSAST 10), a digital/analog converter (DAC124)
and an analog/digital converter (ADC 124), connected to a per-
sonal computer equipped with an appropriate program (GPES) for
data acquisition.

Open circuit potential measurements were performed with
copper samples immersed in a flask connected to the compartment
of the reference electrode via a KNO3 salt bridge. An HP 34 401A
digital multimeter connected by an interface (RS-232) to an IBM
PC model 80286 allowed automatic data acquisition over a 3-
month period.

Scanning electron micrographs were obtained with a micro-
scope from JEOL, model JSM-5200LV. Samples were treated fol-
lowing the procedure described in ISO/DIS 8407.

Results and discussion

Cyclic voltammetric data

Cyclic voltammograms (CVs) from copper in non-
deoxygenated and deoxygenated buffered aqueous
solutions of synthetic seawater are given in Fig. 1. The
data show that when the anodic scan does not reach the
transpassive region the shapes of the CVs do not show
significant differences due to the presence of dissolved
oxygen. The CV corresponding to non-deoxygenated
solutions, for Eka=)0.1 V, presents a cathodic charge,
Qc>Qa, while in the deoxygenated solution, Qa>Qc.
This is due to the fact that in the first case the cathodic
charge contains also the contribution of the reduction
reaction of O2.
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When the anodic limit reaches the transpassive re-
gion, i.e. for Eka=0.3 V vs. SCE, the charges and peak
potentials show large differences. In non-deoxygenated
solutions the crossover of the anodic currents is ob-
served much earlier, with a value for Erepass=+0.060 V
vs. SCE, while in deoxygenated solutions no crossover is
observed until Eka=0.3 V. Thus we may conclude that a
more stable film is formed in deoxygenated solutions.

On the other hand, in non-deoxygenated media the
CV shows an abrupt increase in current at about 0.0 V,
while in deoxygenated media, under the same experi-
mental polarization conditions, a well-defined anodic
peak is recorded at +0.100 V vs. SCE. This peak may be
assigned to reactions such as those given by Eqs. 4, 5,
11, 12, 14, 15 and/or 20, according to the reversible
potentials in Table 1. Crousier et al. [41], Sutter et al.
[44] and Chialvo et al. [47], among others, have observed
a similar peak from Cu in pure chloride deoxygenated
solutions, which they have attributed to the formation of
CuCl2

) species by an electrochemical reaction (Eq. 12)
followed by a chemical reaction, i.e.:

CuCl�2 ! CuClþ Cl� ð22Þ

A small anodic peak, peak A¢, is observed at
+0.025 V vs. SCE, during the reverse scan. This peak is

related to the presence of SO4
2), as will be demonstrated

below.
In the absence of O2, the cathodic peak, CII, appears

at less negative potentials, )0.36 V against )0.51 V vs.
SCE in the presence of O2. This means that, in the ab-

Fig. 1 Cyclic voltammograms
of Cu in buffered aqueous
solutions of synthetic seawater
at pH 7.0 m=50 mV s)1: (a)
non-deoxygenated and (b)
deoxygenated solutions

Table 1 Equilibrium potentials for the redox couples of Cu in
aqueous solutions of pH 7.0, [NaCl]=0.5 M and [Na2-
SO4]=0.03 M

Redox couple Ee (VSHE) Ee (VSCE)

H2O/H2 )0.413 )0.655
Cu/Cu2O +0.057 )0.185
Cu/CuO +0.137 )0.105
Cu/CuSO4.3Cu(OH)2 +0.153 )0.091
CuCl/Cu2(OH)3Cl +0.171 )0.071
Cu/CuCl +0.178 )0.064
CuCl/CuO +0.192 )0.050
Cu/Cu(OH)2 +0.195 )0.047
Cu2O/CuSO4.3Cu(OH)2 +0.204 )0.038
Cu2O/CuO +0.256 +0.015
Cu2O/Cu2(OH)3Cl2 +0.257 +0.014
Cu/CuCl2 +0.371 +0.130
CuCl2/Cu

2+ +0.599 +0.317
O2/OH) +0.816 +0.574
CuCl2/Cu2O3 +0.887 +0.645
CuO/Cu2O3 +1.234 +0.998
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sence of O2, different basic copper chloride salts are
formed that present a more positive reduction potential.

The data show clearly that the corrosion process of
Cu, in deoxygenated media, presents faster kinetics and
much higher oxidation charges, but pitting is displaced
to more positive potentials. This may be due to the
formation of thicker films that are more adherent and
less porous.

In order to obtain a better understanding of the role
played by the buffer, copper electrodes were polarized
potentiodynamically, in boric acid/borax buffered solu-
tions, in the absence and in the presence of the seawater
salts (see data in Fig. 2). The CVs, recorded under
similar experimental conditions, show large differences.
Copper in boric acid/borax (pH 7.0) gives CVs with two
small but well-defined cathodic peaks, located at )0.13
and )0.39 V vs. SCE. The addition of sea salts leads to
CVs showing only one large anodic peak, at +0.16 V,
with the corresponding cathodic peak at )0.36 V vs.
SCE. Most probably this cathodic peak, at +0.36 V,
can be assigned to the reduction of CuCl to Cu (Eq. 10).

In the absence of seawater, current peaks AI and AII

can been assigned to the formation of Cu2O and to a
complex hydrous CuO, respectively. The negative scan
shows the current peaks CII and CI, which are related to
the electroreduction of CuO to Cu2O and of Cu2O to
Cu, respectively. According to Babic et al. [16], the
average composition of the outer oxide layer could be
represented as CuOx(OH)2)2x, with x ranging between 0

and 1. The outer part of the Cu(II) oxide layer formed
during increased anodic polarization and longer oxida-
tion times is less hydrated and its reduction potential is
more negative than the more hydrated Cu(II) oxide layer
[16, 18].

In synthetic seawater, the presence of chloride and
sulfates, in concentrations of the order of 0.5 M and
0.03 M, respectively, explains the differences in the peak
potentials and charges corresponding to the cyclic vol-
tammetric response of Cu. The anodic peak, AII, re-
corded at +0.16 V vs. SCE, may be related with the
formation of a film of complex composition, i.e. made of
copper(II) oxide/copper(II) hydroxide+copper(II)
chloride/copper(II) sulfates.

The anodic charges under the CVs of copper in buf-
fered seawater for Eka=0.3 V are quite high, in com-
parison to the corresponding ones without seawater
(242.8 against 8.0 mC cm)2, respectively).

Sea salts play a definite role in the kinetics of the
corrosion process of copper in buffered aqueous solu-
tions. Under the same experimental polarization condi-
tions (anodic potential and oxidation time), the anodic
and cathodic charges have shown an increase by a factor
of about 40.

Figure 3 shows the effect of buffering the synthetic
seawater. Differences related to buffering are clearly
visible in the CVs recorded at the two anodic limits. For
Eka=)0.1 V during the forward sweep, in the absence of
buffer, one anodic peak, located at )0.19 V vs. SCE, is

Fig. 2 Cyclic voltammograms
of Cu in deoxygenated aqueous
solutions of: (a) boric acid/
borax; (b) boric acid/
borax+synthetic seawater;
m=50 mV s)1; pH 7.0
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observed, while in the buffered solution, no anodic peak
is seen, only an increase in current starting at around
)0.18 V vs. SCE. During the reverse sweep for both
systems a cathodic peak, CII, is observed at )0.36 and
)0.180 V vs. SCE in the non-buffered and buffered
solutions, respectively. This is an indication that the film
growth process is favoured in the buffered media.

Anodic excursions of potential extended into the
transpassive region, i.e. until +0.2 or +0.3 V, lead to
CVs showing large differences related to the buffering
conditions. In the non-buffered media the anodic profile
of the CV shows a small anodic peak, AI, at )0.22 V,
followed by an exponential increase in current at about
0 V vs. SCE. The cathodic side of the corresponding CV
shows a well-defined cathodic peak, peak CII, at )0.24 V
and a small peak, CI, at )0.51 V vs. SCE. Current peak
CII is due to the reduction of Cu(II) oxides, and/or other
complex chloride or sulfate species, to compounds
involving Cu(I), whereas peak CI can be attributed to
the reduction of Cu(I) species to Cu(0).

No signs of the rupture of passivity are displayed by
the CVs for Cu in buffered solutions of synthetic sea-
water, even when the anodic potentials reach a value of
0.3 V. Such signs are only observed when the polariza-
tion potential reaches higher values (see data of Fig. 4).
According to Fig. 4 the repassivation potentials of Cu,
in the non-buffered and buffered synthetic seawater, are
)0.12 and +0.46 V vs. SCE, respectively. These data are
in agreement with Arvia and co-workers [47], who state

that buffering aqueous solutions inhibits the nucleation
of pits. On the other hand, in the absence of buffer, local
acidification occurs due to the protons produced by the
reactions, i.e. Eqs. 1, 2, 3, 4, 6, 7, 13, 17, 18, 19 and 20
that may favour the dissolution of the passivating layers
or may lead to more porous and less adherent films.

Figure 5 shows CVs from copper in buffered aqueous
solutions of various concentrations of NaCl with
polarizations reaching the transpassive region, i.e. for
Eka=0.3 V vs. SCE. At low concentrations
(0.1 mol dm)3) the cathodic profile of the CV corre-
sponding to a reversal potential of +0.3 V shows a quite
complex pattern, with three cathodic peaks at )0.18,
)0.26 and )0.66 V vs. SCE, respectively, and one well-
defined anodic peak, at +0.100 V vs. SCE, preceded by
a small shoulder. The two first cathodic peaks may be
associated with the electroreduction of solid and soluble
copper(II) species, while the peak at the most negative
potential is related to the reduction of Cu(I) species to
Cu(0). As the concentration increases the cathodic pro-
file tends to a simpler one showing only one cathodic
peak located at )0.36 V vs. SCE.

For the purpose of comparison, cyclic voltammo-
grams of Cu in synthetic seawater and in solutions
containing chlorides and sulfates, in concentrations
identical to those of seawater, i.e. 0.5 M NaCl and
0.5 M NaCl+0.03 M Na2SO4, were run under similar
experimental conditions. The corresponding CVs are
given in Fig. 6. They do not show any significant dif-

Fig. 3 Cyclic voltammograms
of Cu in deoxygenated aqueous
solutions of synthetic seawater:
(a) non-buffered and
(b) buffered solutions;
m=50 mV s)1
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ferences. Only the small peak A¢, at +0.025 V vs. SCE,
is seen in synthetic seawater or in solutions containing
SO4

2), but not in pure chloride solutions. Thus we may
conclude that this peak is related to the presence of
SO4

2) ions.
Sweeping the potential at a low sweep rate, i.e. 1 mV

s)1, leads to well-defined peaks with charges much
higher then those corresponding to CVs recorded at
higher sweep rates, i.e. at 50 mV s)1 (Fig. 7). Under
slow potentiodynamic polarization, films of higher
thickness are produced. The ratio between the cathodic
and anodic charges approaches unity. It can be con-
cluded that almost all the anodic charge leads to
deposited species that can be reduced during a slow
potential sweep. Our conclusions are in agreement with
data reported by Babic et al. [16].

Table 2 summarizes data from CVs recorded at slow
sweep rates, i.e. 1 mV s)1, for the various systems under
study. From the data in Table 2 one may conclude that:

1. In buffered media, for Eka=0.0 V vs. SCE the char-
ges under the anodic side of the CVs, recorded at
1 mV s-1, follow the order: Qa(Cu|synthetic seawa-
ter)=542<Qa(Cu|0.5 M NaCl+0.03 M Na2SO4)=
565<Qa(Cu|0.5 M NaCl)=628 mC cm)2.

2. On the other hand, the corresponding cathodic
charges follow the order:Qc(Cu|0.5 M NaCl+
0.03 M Na2SO4)=385<Qc(Cu|0.5 M NaCl)=450
<Qc(Cu|synthetic seawater)=475 mC cm)2.

Fig. 4 Cyclic voltammograms of Cu in deoxygenated synthetic
seawater with polarizations reaching the transpassive region:
non-buffered (dashed line) and buffered (solid line) solutions;
m=50 mV s)1

Fig. 5 Cyclic voltammograms of Cu in deoxygenated aqueous
solutions of x M NaCl+boric acid/borax; m=50 mV s)1; pH 7.0
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The corrosion potentials,E¢corr, followanorder similar
to that of the cathodic charges, i.e.:Ecorr(Cu|0.5 M Na-
Cl)=)0.570<Ecorr(Cu|0.5 M NaCl+0.03 M Na2SO4)
=)0.54<Ecorr(Cu|synthetic seawater)=)0.400 V vs.
SCE.

Buffered synthetic seawater is less aggressive for Cu
than the corresponding solutions containing only chlo-
rides or chloride and sulfates in the same amount as in
seawater. Most probably, the other anions present in
seawater, such as bromide, may contribute to reduce the

aggressiveness of chlorides and sulfates. On the other
hand, the major corrosive effects of seawater are neces-
sarily due to the presence of chlorides, since the addition
of sulfates leads only to very small differences; however,
it should be mentioned that the concentrations in
Na2SO4 are quite low in comparison with those of NaCl.

For Cu in deoxygenated, buffered pure chloride
solutions the anodic and cathodic charges increase al-
most linearly with the concentration of Cl) (see plots of
Fig. 8). In fact, chloride contributes to increase the
amount of soluble species, most probably through the
formation of copper chloride complexes. As mentioned
in the relevant literature, the adsorption of Cl) is en-
hanced by increasing the anodic potential and/or by
increasing the chloride concentration. The adsorbed Cl)

ions participate directly in the elementary steps of ioni-
zation through the pores of the oxide and/or copper
chloride layer [47, 48].

Weight loss measurements

Weight loss studies, performed under identical condi-
tions to those used for the open circuit potential mea-
surements, of Cu samples immersed in aqueous
solutions of synthetic seawater and 0.5 M in NaCl, have
lead to the results presented in the graphic of Fig. 9. The
data show a maximum in the corrosion rates after about
1 month of exposure followed by a decrease to a mini-
mum of 26 and 38 lg cm)2 d)1 after about 3 months.
Then, during the next 3 months, a continuous increase
in Vcorr, at rates of 0.49 and 0.38 lg cm)2 d)1, is ob-
served for Cu in 0.5 M NaCl and in synthetic seawater,
respectively. These data correlate well with our conclu-
sions from the open circuit potential measurements
(below).

Open circuit potential measurements

Figure 10 gives the open circuit potential curves of
copper in non-deoxygenated buffered and non-buffered
synthetic seawater, over a three-month period. The
buffered solution gives oscillations in the open circuit
potential, of high amplitude and quite frequent, only
after about 40 days of exposure, while Cu in the non-
buffered solution gives oscillations of quite high ampli-
tude from the beginning of the exposure.

Fig. 6 Cyclic voltammograms of Cu in deoxygenated buffered
aqueous solutions of synthetic seawater (solid line), 0.5 M
NaCl+0.03 M Na2SO4 (dashed line) and 0.5 M NaCl (dotted line);
pH 7.0; m=50 mV s)1; Eka=0.3 V vs. SCE

Fig. 7 Cyclic voltammograms of Cu in deoxygenated buffered
aqueous solutions of synthetic seawater at two sweep rates:
m=50 mV s)1 (dashed line) andm=1 mV s)1 (solid line); pH 7.0;
Eka=0.0 V vs. SCE

Table 2 Charges and peak
potentials from CVs of Cu,
recorded at 1 mV s)1; Eka=0.0
V vs. SCE

System Qa Qc Qa/Qc E¢corr Ep
A
II Ep

C
I Ep

C¢
II

(mC cm)2) (V vs. SCE)

Cu|0.5 M NaCl, pH 7.0 628 450 1.4 )0.57 )0.012 )0.20 )0.16
Cu|0.5 M NaCl, without buffer 611 450 1.4 )0.55 )0.012 – )0.16
Cu|synthetic seawater, pH 7.0 542 475 1.4 )0.40 )0.007 – )0.17
Cu|synthetic seawater, without buffer 716 375 1.9 )0.45 )0.023 – )0.16
Cu|0.5 M NaCl+0.03 M Na2SO4, pH 7.0 565 385 1.5 )0.54 )0.013 – )0.15
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Open circuit potential measurements lead us to con-
clude that in buffered media more stable passivating
layers are formed. Passivation of copper occurs and is
maintained during longer periods in buffered solutions
of synthetic seawater. According to Arvia and colleagues
[47], buffering inhibits the nucleation of pits.

Bech-Nielsen et al. [50], based on Auger measure-
ments, report for copper exposed in chloride solutions,
at open circuit potential, a mixed CuCl/Cu2O layer at
the earliest times followed by later growth of pure Cu2O
(thin layer).

Millet et al. [43] have found differences in the elec-
trochemical reduction curves of oxide layers grown on
Cu in aerated 0.1 M sodium acetate/0.5 M NaCl
solution, at open circuit potential, as the immersion time
advances. From XPS measurements they have concluded
that in the oxide layers, in some cases, an evolution of the
oxidation state of copper from +2 to +1 occurs.

SEM micrographs

Micrographs from copper samples exposed over a three-
month period, in non-deoxygenated buffered synthetic
seawater and in 0.5 M NaCl aqueous solutions, are gi-
ven in Figs. 11 and 12. Deep pits with a round shape
covered by copper salts have been observed. The density
of the pits is higher on samples immersed in the 0.5 M
NaCl aqueous solution in comparison with those im-
mersed in synthetic seawater.

Our studies are planned to continue, particularly fo-
cused on the analysis of SEM images (pitting density
determinations and identification of the corrosion
products around the pits and on the surface).

Conclusions

Cyclic voltammetric data

Deoxygenation leads to faster kinetics and to much
higher oxidation charges; however, pitting is displaced
to much more positive potentials.

Sea salts play a definite role in the kinetics of the
corrosion process of copper in buffered aqueous solu-
tions. Under the same experimental polarization condi-
tions, the anodic and cathodic charges associated with
the corresponding CVs, recorded at 50 mV s)1, have
shown an increase by a factor between 30 and 50,
depending on the experimental conditions.

Buffering influences strongly the voltammetric re-
sponse of Cu in synthetic seawater and in chloride
solutions: the shape, number and size of voltammetric
peaks is strongly influenced. In buffered media, CVs
corresponding to Eka=0.2–0.3 V vs. SCE, recorded at
50 mV s)1, present anodic charges about 10 times
higher, and pitting takes place at much higher anodic
potentials. Repassivation potentials are displaced, in the
positive direction, by about 400 mV.

Fig. 8 Plots of the anodic and cathodic charges, from CVs of Cu in
buffered NaCl aqueous solutions of various concentrations;
Eka=0.0 V vs. SCE; m=1 mV s)1; pH 7.0

Fig. 9 Plots of Vcorr as a
function of immersion time for
Cu in synthetic seawater and in
0.5 M NaCl buffered aqueous
solutions
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CVs of Cu polarized between )1.30 and +0.0 V vs.
SCE in deoxygenated solutions containing only chloride,
recorded at 1 mV s)1, show anodic and cathodic char-
ges increasing with the concentration of Cl). The dif-
ference between anodic and cathodic charges increases
as the concentration of chloride increases. In fact it is
reported in the literature that chloride contributes to
increase the amount of soluble species, most probably
through the formation of copper chloride complexes.

The peak current densities of the anodic the cathodic
peaks were shown to increase linearly with the chloride
concentration.

CVs show clearly that sweeping the potential, at low
sweep rates, leads to a well-defined pair of peaks, with
charges much higher then those corresponding to CVs
recorded at higher sweep rates, i.e. at 50 mV s)1. Under
slow potentiodynamic polarization, films of higher
thickness are certainly produced. At low sweep rates, the
ratio between the cathodic and anodic charges tends to
unity, indicating that almost all the anodic charge leads
to deposited species that can be reduced during a slow
potential sweep.

The open circuit potential transients of copper in non-
deoxygenated, non-buffered synthetic seawater indicate
pitting from the beginning of the exposure, in agreement
with voltammetric data, while for copper in buffered
solutions, oscillations, indicative of pitting, appear only
after a quite long exposure period, i.e. after 40 days.

Data from weight loss studies are in quite good
agreement with the conclusions from open circuit po-
tential measurements: copper starts to corrode during
the initial period of immersion, leading to the formation
of a passivating film. Then, after a three-month period,
Vcorr starts to increase, at quite a high rate, reaching
higher values in 0.5 M NaCl solutions. Then breakdown
of passivity takes place.

SEM micrographs of the copper samples with 1, 3, 6
and 9 months of immersion for both solutions show

Fig. 10 Open circuit potential curves of Cu in non-deoxygenated
aqueous solutions of synthetic seawater: (a) non-buffered and (b)
buffered

Fig. 11 SEM micrographs of
copper samples after (a)
1 month, (b) 3 months, (c)
6 months and (d) 9 months of
exposure in buffered synthetic
seawater
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round pits covered by copper salts. A higher density of
pits is observed on samples exposed in chloride solutions
(0.5 M NaCl), in comparison with those exposed in
synthetic seawater.

All the studies have confirmed that synthetic seawater
is somewhat less aggressive than pure chloride solutions
of identical concentrations of NaCl.

Further studies for the characterization of the cor-
rosion products on copper samples immersed in buffered
and non-buffered synthetic seawater, as well as a more
detailed analysis of the corroded surfaces, are in pro-
gress.
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Acta 37:2541

Fig. 12 SEM micrographs of
copper samples after: (a)
1 month, (b) 3 months, (c)
6 months and (d) 9 months of
exposure in buffered 0.5 M
NaCl aqueous solution

270



29. Jardy A, Lasalle-Molin AL, Keddam M, Takenouti H (1992)
Electrochim Acta 37:2195

30. Souto RM, Gonzalez S, Salvarezza RC, Arvia AJ (1994)
Electrochim Acta 39:XXXX

31. Fonseca ITE, Correia de Sà AI (1995) Mater Sci Forum
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