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Potentiostatic and potentiodynamic studies were carried out to establish the inhibiting e�ects of
citric acid on the pitting corrosion of tin. The critical potential (Ecrit), which leads to pitting or
general corrosion, was determined in sodium perchlorate solution in the pH range 1.0 to 4.0. Pit
nucleation and growth, at pH 4.0, can be described by instantaneous nucleation followed by
progressive nucleation. The results show that the minimum acid concentration needed to inhibit
pitting of tin is 10)2

M. Pitting occurrence by direct interaction between metal and perchlorate
anions was observed.

Keywords: tin, perchlorate, citric acid, pitting, inhibition

1. Introduction

The electrochemical behaviour of tin is of interest due
to its widespread technological application. A rela-
tively large amount of work has focussed on the
electrochemical behaviour of the metal in the pres-
ence of organic acids [1±20]. These acids are naturally
present in canned food and, therefore, they partici-
pate directly in the electrochemical corrosion and/or
passivation of the metal.

General corrosion of tin is observed in pure citric
acid revealing a surface that shows anisotropic re-
¯ection of polarized light. Several authors report that
pitting corrosion occurs when the surface is exposed
to aqueous solutions containing aggressive anions
such as halides [21]. However, this form of localized
corrosion may also occur in the presence of other
species such as perchlorate, sulphate and nitrate an-
ions [22±25].

The dissimilar character of the corrosion ob-
served for citric and perchlorate media stimulated
interest in the study of the electrochemical behav-
iour of tin in solutions containing the two anions
(perchlorate and citrate), with special emphasis on
the determination of which interaction anion/surface
prevails and on the in¯uence of citric acid concen-
tration on the nature of the corrosion. The present
paper relates the in¯uence of the potential, pH and
citric acid concentration on the corrosion of tin in
0.5M NaClO4. The possibility of the citrate anion
improving resistance to pitting corrosion was also
investigated.

2. Experimental details

Potentiodynamic and potentiostatic measurements
were carried out in a standard electrochemical cell. A
tin disc with an exposed geometric area of 0.64 cm2

mounted in polyester resin was used as working elec-
trode. The reference electrode was a reversible hydro-
gen electrode placed in a Luggin±Haber capillary and
the counter electrode was a platinized platinumwire of
large area. The electrolytes, 0.5M NaClO4 and 10)9 to
10)1

M citric acid,were prepared fromMerckp.a. grade
reagents and triply distilled water. Solutions of pH 1.0,
2.0, 3.0 and 4.0were obtained by addition of perchloric
acid. Before each experiment, the surface of the elec-
trode was wet-ground with abrasive grade 600 mesh
paper, washed quickly with triply distilled water and
immersed in the electrolytic solution. Nitrogen was
bubbled through the cell to deaerate the solution. To
avoid perchlorate reduction at tin electrodes, the initial
potential of the experiments was ®xed at )0.5 V [22]. A
metallographic microscope coupled to a Polaroid TM

camera was used to observe the electrode surface. Po-
tentials quoted in this text are given on the standard
hydrogen scale. All experiments were carried out at
25 °C.

3. Results and discussion

3.1. Tin/perchlorate system

The critical potential (Ecrit) of tin in 0.5M sodium
perchlorate was determined to characterise the metal
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resistance to corrosion in this solution. As the type of
corrosion was found to be pH dependent, the term
critical potential, for either pitting or general corro-
sion, was used in order to simplify terminology. Two
electrochemical methods were employed to determine
Ecrit: potentiostatic (Fig. 1) and potentiodynamic
with a scan rate of 0.5mV s)1 (Fig. 2).

Before the additions of citric acid to the system,
the potentiostatic current transients obtained at
pH 3.0 and 4.0 were analysed. Current transients
associated with pit growth involve several contribu-
tions which may be evaluated by an appropriate se-
lection of the applied potential (E). Thus,
potentiostatic current transients were run for both
E < Ecrit and E P Ecrit.

3.1.1. Current transients recorded when E < Ecrit.
When the applied potential is more negative than the
critical potential, the overall anodic current density, j,
can be considered as the sum of two terms:

j � jdl � jox �1�
where jox is related to the oxide formation. The
double layer charging component, jdl, drops to zero in
time; therefore, in the time domain of this study, its
contribution can be neglected.

During metal oxidation intense dissolution of tin
occurs [28±31]. On the other hand, the formation of
an oxide ®lm is indicated by the presence of a current
peak at about )0.35V (Fig. 2). Thus, the oxide for-
mation mechanism may be described as a result of
metal dissolution followed by hydroxide formation
[32] and the main steps of the anodic process may be
assigned to the following reactions:

Sn ()kf
kb

Sn2� � 2 eÿ �2�

Sn2� � 4 H2O +( Sn�OH�4 � 4 H� � 2 eÿ �3�
According to Ogura's model [32], the current re-

lated to the oxide formation, jox, is given by

jox � P1

�t � P2�1=2
� P1P

1=2
2 erf�P2t�1=2 �4�

where the constant parameters of Equation 4 are

P1 � nFD1=2
o �1� 1=K�Csat

o pÿ1=2 �5�
P2 � kf � kb �6�

and where Do is the metallic hydroxide di�usion co-
e�cient, kf and kb are the forward and backward rate
constants of Reaction 2, respectively, Co

sat is the
saturation concentration of the metallic hydroxide at
the electrode surface, K is the equilibrium constant of
Reaction 2 and n and F have their usual meaning.

The P1 and P2 values resulting from the ®tting of
the experimental data to Equation 4 are shown on
Table 1. Comparison of the potentiostatic current
transient obtained with Equation 4 and the experi-
mental data (Fig. 3) allows use of Ogura's model [32]
to describe jox.

3.1.2. Current transients recorded when E P Ecrit.
Figure 1(d) shows that, after oxide formation and
t P 60 s, a considerable current increase occurs.
Therefore, a new term, jp, related to the pit growth
current, must be included to represent the total cur-

Fig. 1. Current density as a function of time at constant potential
in 0.5M NaClO4: (a) pH 1.0, Ecrit � ±0.38V; (b) pH 2.0, Ecrit �
±0.37V; (c) pH 3.0, Ecrit � ±0.32V and (d) pH 4.0, Ecrit � ±0.30V.

Fig. 2. Polarization curves of tin in NaClO4 0.5M, v � 0.5
mV s)1, at pH 1.0, 2.0, 3.0 and 4.0.

Table 1. Parameters resulting from the ®tting of experimental data

to Equation 4

E/V pH 104 ´ P1/A s1/2 m)2 P2/s
)1

)0.33 3 1.8 � 0.3 10.1 � 0.3

)0.31 4 25.1 � 2.7 2.9 � 0.3
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rent density. Thus, the total current, at EPEcrit and
t > 60 s, can be written as

j � jdl � jox � jp �7�
where jdl can be neglected and jox is described by
Equation 4.

The rising segments of the current-time transients
obtained at pH 4.0 (Fig. 1(d)) show that the curves
are dependent on the applied potential. A relation-
ship between current and the square root of the time
was found for 60 s < t < 120 s (Fig. 5). After 120 s,
an e�ective decrease in the nucleation rate (Fig. 6) is
shown by the transition from an i/t1/2 relationship to
an i/t3/2. Thus, the experimental current transients
presented in Fig. 1(d) seems to be governed by a
nucleation and growth process.

The data at pH 4.0 are in agreement with Hills'
model [33], where jp � jni + jnp, and can be repre-
sented by the equations:

jni � 23=2 P3t1=2 �8�
jnp � 4=3 knP3t3=2 �9�

where

P3 � nFNop�Doc�3=2M1=2qÿ1=2 �10�

In the equations above, jni and jnp correspond to in-
stantaneous and progressive nucleation currents, re-
spectively, No represents the number of nuclei already
present or instantaneously formed, Do and c are the
di�usion coe�cient and the concentration of the
dissolved material, kn is the rate constant for nuclei
formation, M and q the molecular weight and the
density of the dissolved material and the other terms
have their usual meaning.

The current density relationship with t1/2 suggests
that the pit growth process is an instantaneous three-
dimensional nucleation followed by growth controlled
by hemispherical di�usion [33]. The interception on
the time axis at zero current indicates that an in-
duction period (s) is necessary to initiate the nucle-
ation and growth processes (Fig. 4). The slope djni/
dt1/2 allows the calculation of P3 and substitution of
P3 into Equation 9 allows kn to be evaluated
(Table 2).

The rate constant for nuclei formation depends on
the metal and on the applied perturbation charac-
teristics. The marked dependence of the growth cur-
rent on potential indicates that there is a distribution
of the nucleation sites of di�erent energies which
nucleate at distinct potentials [33]. The increase of the
rate constant, kn, suggests that the more positive the
applied potential the greater will be the number of the
activated sites (Table 2). After 120 s, the decrease in
the nucleation rate (Fig. 5), may be explained by the
overlapping of the di�usion zones around each nu-
cleus and, therefore, a progressive regime is detected
at this stage of the transients.

The overall anodic current density of the system
may be described as a sum of the components jdl, jox
and jp (Equation 7). When t < 60 s, the variation
jox(t) is given by Equation 4 and jp � 0. When
60 s < t <120 s, jp equals jni (Equation 8) and in the
case of t > 120 s jp may be represented by jnp
(Equation 9).

Fig. 3. Current transients obtained at E < Ecrit, in 0.5M NaClO4.
Symbols denote experimental data: (d) E � )0.31V, pH 4.0; (s)
E � )0.33V, pH 3.0 and solid lines correspond to current tran-
sients calculated with Equation 4.

Fig. 4. Current density dependence on t1/2 at constant potential, in
0.5M NaClO4, pH 4.0.

Fig. 5. Logarithmic plot of current density as function of time in
0.5M NaClO4, pH 4.0.
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The results for pit growth at pH 3.0 showed a
current density dependence on t, instead of t1/2 that
did not allow comparison with the data obtained at
pH 4.0.

3.2. Tin/perchlorate, citric acid system

The type of corrosion varies with pH in 0.5M Na-
ClO4. At pH 1.0 and 2.0 the resulting surface, after
5min of potential holding at Ecrit, shows general
corrosion (Fig. 6(a)) described as pitting initiation
[26, 27]. At pH 3.0 and 4.0 the current increase occurs
at more positive potentials (Fig. 6(c)) and pitting
corrosion occurs. It is interesting to note that the
di�erence between the type of corrosion found at
pH 1.0 and 2.0 (general) and at pH 3.0 and 4.0 (pit-
ting) may be associated not only with the solution
acidity, but also with the presence of a ®lm on the

electrode surface [22]. This assumption is supported
by the potentiodynamic pro®le of the metal at pH 3.0
and 4.0 where an anodic current peak, at about
)0.35V, indicates the formation of an oxide layer
before breakdown potential (Fig. 2).

Figure 6(a) and (b) compare the surface of the
electrode subjected for 5min to the critical potential,
at pH 2.0. The Ecrit displacement, after reaching a
citrate concentration of 10)2

M approaches 0.11V and
general corrosion is observed. After each citrate ad-
dition, the electrode surface shows an increase in
number and size of areas where dissolution is more
uniform. The characteristic corrosion promoted by
the citric acid was identi®ed in these areas where
anisotropic re¯ection of polarized light was observed.
The minimum concentration of the organic acid
needed to inhibit pit nucleation is 10)2

M (Fig. 6(b)).
At pH 3.0, the surface shows pitting corrosion
(Fig. 6(c)). After each addition of citric acid, a de-
crease in the number of pits was noted. The minimum
concentration of the organic acid to completely in-
hibit pitting of tin is 10)2

M (Fig. 6(d)) and the Ecrit

shift approaches 0.08V.
The e�ect of the systematic additions of citric acid

on the critical potential of tin in sodium perchlorate
solution is shown in Fig. 7. In the pH range from 1.0
to 4.0, citrate additions shift Ecrit to more positive

Fig. 6. Electrode surface after 5 min of potential holding at Ecrit. (a) pH 2.0, in NaClO4 0.5M, Ecrit � ±0.37V; (b) pH 2.0, in NaClO4

0.5M + 10)2
M of citric acid, Ecrit � )0.26 V; (c) pH 3.0, in NaClO4 0.5M, Ecrit � )0.32V; and (d) pH 3.0, in NaClO4 0.5M + 10)2

M of
citric acid, Ecrit � )0.24V.

Table 2. P3 parameters and rate constant for nuclei formation as

function of applied potential, pH 4.0

E/V 104 ´ P3/A s)1/2 m)2 kn/s
)1

)0.28 1.19 1.31

)0.29 1.03 1.23

)0.30 0.95 1.17
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values. There is a linear dependence of Ecrit on pH. At
potentials more negative than the critical potential
the electrode displays passive behaviour in the ab-
sence of citric acid. For solutions containing 10)2

M

of citric acid the electrode surface exhibits no pitting
corrosion. In the region between the two former re-
gions, the inhibiting e�ect of the organic acid is in-
complete and the electrode shows a mix of pitting and
general corrosion.

Figure 7 shows also the Ecrit±log[HCit] depen-
dence at constant pH. When the citric acid concen-
tration is in the range 10)9

M < [Hcit] < 10)2
M,

there is a linear decay of Ecrit. However, after
reaching a citric acid concentration of 10)2

M a de-
¯ection is observed indicating that, from this point,
the behaviour of the system changes. The diagram
makes clear that, above an organic acid concentra-
tion of 10)2

M, general corrosion occurs and below
this limit pitting corrosion is observed. The citrate
anion e�ect is clearly identi®ed by the increase in the
Ecrit value.

The current transients recorded in the presence of
citric acid show that the induction period is longer
than that observed in pure perchlorate (Table 3).
Therefore, it can be suggested that the metal/citrate
anion interactions are stronger than those of metal/
perchlorate and/or the aggressive behaviour of ClOÿ4
presence is weakened, favouring the formation of a
more stable layer.

4. Conclusion

The critical potential was determined in 0.5M sodium
perchlorate in the pH range from 1.0 to 4.0. The re-
sults showed that the type of corrosion, pitting or

general, depends on pH. At pH 3.0 and 4.0 the pit
initiation is preceded by the formation of an oxide
layer, described by a dissolution±precipitation model
for metal passivation. Pit nucleation and growth in-
volve a number of contributions which were distin-
guished through the analysis of current transients at
constant potential. At pH 4.0, pit growth occurs in
two steps and can, in principle, be described by in-
stantaneous nucleation followed by progressive nu-
cleation.

In general, compounds which inhibit pitting can
promote general corrosion. The inhibiting e�ect of
citric acid on pitting corrosion is recognised by the
shift of the critical potentials to more positive values.
Actually, the type of corrosion is closely related with
the quantity of citrate anions. The minimum con-
centration of the organic acid to inhibit pitting of tin
is 10)2

M.
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