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The effect of chloride ions on both anodic dissolution and pitting corrosion of tin metal in the aerated equimolar
solutions 0.1 M (1 M = 1 mol dm™?) citrate-chlorid—oxo-anions (CrO,>~, WO,*~, and MoQ427) has been investigated.
Different techniques were used, such as potentiodynamic, potentiostatic polarization, electrochemical impedance spec-
troscopy techniques. These were complemented by surface examination using scanning electron microscopy. Lower
current values in the presence of equimolar (0.1 M) citrate-oxo-anions with addition of Cl1™ in various concentrations were
observed, compared with those obtained in the oxo-anion free solutions. Thus, these oxo-anions might create a certain
impediment or barrier to the attack of the aggressive C1~ on the metal surface. However, the addition of the studied
anions at lower concentrations (10_3 and 1072 M) in 0.1 mol dm™? citrate-chloride, enhanced the active metal dissolution
and passivity break down of tin. Retardation to a considerable extent was observed, however, at higher concentrations
(5x 1072 and 107! M). All measurements using the different techniques, under the same conditions, confirmed that the
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order of reduced aggressiveness of C1~ was CrOs>~

> WO42_

> MoO,>~. This indicates that CrO4°~ remains the best

inhibitor to prevent the pitting corrosion, probably through its ability to repair defects in the oxide film.

Tin is widely used as an interior protective coating of steel
in canned food." Studies>~’ show that considerable efforts
have been made to study the corrosion of tin metal and its
inhibition against the aggressive effect of ions which are
naturally present in food and water. On the other hand, little
attention has been paid to the corrosion behavior of tin in the
so-called fruit acids.*~'°

Reports showed that oxo-anions of group 6 are good an-
odic inhibitors. They are known to be passivating ions
for iron,'' stainless steel,'*'* aluminium,'*'® and zinc.!"'8
Moreover, they have the ability to suppress halide ions
aggressivity.'>'>'® Chromates, one of this group, are widely
used as passivating oxidants and also as corrosion inhibitors.
Health, economic and environmental considerations have led
to a search for non-toxic alternatives to chromates. There
have been many efforts to use molybdates and tungstates as
possible replacements of chromates. Less attention has been
paid to the inhibition effect of these alternative anions on
the electrochemical behavior and corrosion of tin in aqueous
solutions of those anions themselves.'*? It is hoped that an-
odizing tin and tin plate by forming thick amorphous anodic
oxides which can resist CI™ ions attack would solve many
problems concerning the pitting corrosion of tin plate used in
the canning industry. It is well known that citrate/C1~ mixed
ions commonly coexist in canned food.

However, few studies have been found on the effect of
such anions as additives to the corrosive solutions. For
this reason the present article is devoted to the effects of
Cr04%—, WO042~, and MoO,>~ as corrosion inhibitors for
tin metal in citrate solutions in the absence and presence of
Cl™ ions. Potentiodynamic, potentiostatic and electrochemi-

cal impedance spectroscopy (EIS) measurements techniques
were used in this study. The morphology of the electrode sur-
face was investigated using a scanning electron microscope
(SEM).

Experimental

Tin anode disks with an apparent exposed area of 0.28 cm’
were prepared from extra pure tin rods, 99.999% (Aldrich). Each
electrode was polished with successive grade emery papers, de-
greased with acetone and washed in running doubly distilled wa-
ter. The counter electrode was a platinum sheet. The reference
electrode was a saturated calomel electrode (SCE) and all poten-
tials refer to the SCE. The electrolytic cell has been described
elsewhere.?! AR grade sodium citrate tribasic and sodium chlo-
ride were used for preparing solutions. Reagent grades (Fluka)
Na;CrO4, Na;W04-2H;0, and Na;MoO4-2H;0 were used as in-
hibitors.

Potentiodynamic and potentiostatic polarization studies were
made using a corrosion system (parc EG&G). In the potentiody-
namic experiments, the potential of the working electrode was
varied (from Ecoy up to +1600 mV vs. SCE) automatically by a
software program (Model 352) through a potentiostat/galvanostat
(Model 273A). The sweep rate was 1 mV s~ !, Potentiostatic cur-
rent-time transients were conducted by imposing a constant po-
tential on the tin anode and the variation of current was recorded
automatically as a function of time. Some representative anodes
were washed with doubly distilled water and examined using a
scanning electron microscope (JEOL Model JSM 5300), after the
imposition of a potential at +1000 mV vs. SCE (potentiostatic) for
10 min in either the absence or the presence of Cl~ ions and the
investigated additives.

The EIS measurements were carried out in a frequency range of
10kHz to 20 MHz and at —200 mV vs. SCE. An amplitude of 5 mV
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peak to peak was used for the a.c. signal. Details of the experimen-
tal procedures have been described elsewhere.”> Each experiment
was performed using freshly prepared solution and newly polished
electrodes. Measurements were conducted at 254-0.5 °C. The so-
lutions were not deaerated. Most of the experiments were repeated
at least twice; the reproducibility was found to be satisfactory.

Results and Discussion

1. Effect of Aggressive Ion Concentrations in the Ab-
sence of Oxo-Anions: Figure 1 represents the poten-
tiodynamic anodic polarization curves of tin in aerated 0.1
moldm— citrate solutions in the absence and the presence
of different concentrations of C1~ ion (0.05—0.5 M). From
these curves, it can be seen that the anodic behavior of tin in
chloride ion-free citrate solution, exhibits active-passive tran-
sition. The peak potential, Ej,, occurred at ca. —525 mV (vs.
SCE), which is comparable with the equilibrium potential of
the system SnO/Sn(OH), (—614 mV) at the given pH of the
solution (pH = 7.8). The positive shift may be attributed to
an overpotential associating with the oxide/hydroxide forma-
tion or the change of pH at vicinity of the electrode surface.’
According to the literature?*'®?* most of the Sn** ions in the
citrate solutions exist in the form of different soluble chelate
Sn?*-citrate® complexed species, while a small fraction of
Sn?* ions are in the form of Sn(OH),. Smith? has pointed
out that all of these species undergo hydrolysis to form a thin
layer of either Sn(OH); and/or SnO on the metal surface.

The influence of C1~ addition was revealed by a shift of the
peak potential to more positive values and the curves exhib-
ited high current values. This indicates the accelerating effect
of C1~ ion in both active and passive regions. The localized
corrosion of CI~ ions (pitting attack) was characterized for
all examined concentrations. The pitting potentials for the
various chloride ion concentrations are displayed in Fig. 5,
which shows that pitting potentials are shifted towards more
negative values with increasing the concentration of Cl~
ions.? The attack occurred at the early stage of the passive
region; Fig. 1 (at C1~ concentration > 0.2 M) indicates that
pitting could attack any small defect in the oxide film.”

Fig. 1.
electrode in 0.1 mol dm ~? citrate in the presence of various
C1™ ion concentrations 1: O0M; 2: 0.05M;3: 0.1 M;4: 0.2
M; 5: 0.5 M.

Potentiodynamic anodic polarization curves for tin
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Beyond the pitting attack (current oscillation) in the pres-
ence of higher concentrations of C1~ ion (0.2 and 0.5 M),
the anodic polarization curves showed a steady state current
value. This steady state current value following the current
oscillation may be associated with the formation of tin chlo-
ride oxide which blocks the active sites and prevents further
attack by Cl~. The same view was reported for tin in NaOH
solutions containing CI~ ions.”® Covered pits with loosely
white precipitate were observed by the naked eye on the
electrode surface at the end of the experiment in the presence
of such concentration of C1~ ions.

The SEM micrographs (Figs. 6a and 6b) showed pits on the
electrode surface in 0.1 mol dm~3 citrate—0.1 mol dm > NaCl
solution (Fig. 6b), while in free 0.1 mol dm™3 Cl~ citrate
solution, the pits were not observed under the conditions
mentioned in the experimental section.

2. Effect of the Aggressive Ion in the Presence of 0.1
moldm—2 of Oxo-Anions:  The effects of various CI~
concentrations on the potentiodynamic anodic polarization
behavior of tin in aerated 0.1 moldm™3 citrate solutions
containing 0.1 mol dm ™3 CrO42~, WO4%~, and MoO4%~ are
shown in Figs. 2, 3, and 4, respectively. The anodic po-
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Fig. 2. Potentiodynamic anodic polarization curves for tin

electrode in 0.1 moldm ™ citrate +0.1 moldm™* CrQO4>~
anion in the presence of various Cl~ ion concentrations 1:
0M;2: 0.05M;3: 0.1 M; 4: 0.2M;5: 0.5 M.
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Fig. 3. Potentiodynamic anodic polarization curves for tin

electrode in 0.1 moldm™> citrate+0.1 moldm > WQ,2~

anion in the presence of various Cl~ ion concentrations 1:
O0M;2: 0.05M;3: 0.1 M;4: 0.2M;5: 0.5M.
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Fig. 4. Potentiodynamic anodic polarization curves for tin

electrode in 0.1 moldm ™ citrate +0.1 moldm ™3 MoQ,*~
anion in the presence of various C1~ ion concentrations 1:
OM;2: 0.05M:;3: 0.1 M;4: 0.2M;5: 0.5M.
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Fig. 5. Variation of Ey; with the log. of aggressive C1™ ion

concentration in the absence and presence of oxo-anions
1: 0.0 M; 2: 0.1 M CrO4*~; 3: 0.1 M WO,*"; 4: 0.1 M
MOO427.

larization curve of tin in citrate solution containing CrO42~
only, shows a low steady state current compared with the
value obtained in CrO42~ free citrate solution. This may be
attributed to the fact that CrO,2~ is considered as a strong
oxidizer which inhibits the anodic reaction.?® Therefore, it
acts as an adsorption inhibitor?”* and pH buffering agent®
in a way which facilitates surface oxidation. Moreover, the
reduction of CrO,2~ leads to the formation of a mixed oxide
of spinel structure.*” Similar results were reported for tin in
aqueous solution of CrO4>~ anion." Addition of low concen-
trations (0.05—0.2 M) of C1~ showed no significant effect
on the anodic polarization behavior of tin. This suggests a
strong adsorption and/or incorporation of CrO42~ anion on
the surface film impeding the aggressive effect of C1™ ions.
However, 0.5 mol dm~2 of Cl~ ion broke down the passive
layer and induced pitting corrosion. The potential at which
the passive current increases rapidly is taken as the pitting
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potential (Ep, see Fig. 1). Figure 5 shows clearly that with
increasing CI~ > 0.05 moldm 3, the E,; was shifted to neg-
ative values. This indicates that the penetration of oxide film
by aggressive ions takes place at preferential sites. Compet-
itive adsorption of both C1~ and CrO42~ depends on their
concentrations. The reduction of oxo-anions is also assumed
to supply oxygen atoms, leading to displacement of Cl~
ions.* It is to be noted that, in the presence of CrQ,42~ with
< 0.5 moldm™3 CI~ ion, the break down of the oxide film
does not occur. This is evidence that the complete displace-
ment of CrO4>~ anions by CI~ ions will not occur except in
the presence of 0.5 mol dm~3 Cl~. Figure 6c shows that no
pits were formed in the solution of 0.1 mol dm™3 citrate, 0.1
moldm—3 CrO4>~ and 0.1 moldm~3 Cl~ ion at 1.0 V.

The influence of WO, anions is shown in Fig. 3. The
curves exhibited active-passive transition similar to that
shown for citrate solution. The passive current as well as
the passive potentials are slightly affected by increasing the
CI™ content of the solutions. Inorganic inhibitors can be
roughly classified into passivators, adsorbates and substances
forming salts that deposit on the metal surface or complexes
species incorporated in the surface film.'"'*'%*"*—=3 Another
point of view about the inhibitive action of oxo-anions has
been stated by Mikhailovskii.*® He assumed that the inhi-
bition should be attributed to the OH™ ion which formed
during reduction process and not to the respective anion or
its reduction product.

With 0.1 mol dm~3 WO,2~, lower 0.1 mol dm—3 C1~ may
induce pitting corrosion as compared with the 0.5 mol dm~3
CI™ needed to break down the passivity of tin in the presence
of 0.1 moldm—3 CrO,%~. Figure 3 shows that Ey,;; decreased
(shifted to more negative values) with increasing ClI~ con-
centration, as shown in Fig. 5. This suggests that CI~ may
have reduced the WO,?~ anions to hydrated chloro com-
plexes of lower valent W which precipitate on the surface
film and block the active sites.” A yellow deposit was ob-
served covering the electrode surface. The limit of protection
of such a deposit results in the break down and continuous
dissolution of metal in the high 0.5 moldm™3 Cl~. Similar
results were obtained for inhibition of Zn in KCI solutions
containing WO4>~ anion.'” The SEM of Fig. 6d shows the
precipitate formed at some sites as well as the appearance of
a few pits.

The curves in Fig. 4 demonstrate the effect of MoO4>~
on the potentiodynamic anodic polarization behavior of tin
in citrate solutions in the absence and presence of various
concentrations of C1~. In the former, the anodic polarization
curve shows low steady state passive current. This suggests
that MoO42~ passivates the surface and a thin protective film
of SnO or Sn(OH), containing MoQ42~ passivating film co-
exists.'” A similar view was recorded for Al in deaerated
Cl~ solution containing MoQO4*~ anions.'® With CI~, be-
havior analogous to that obtained in solutions containing the
same concentration of WO,42~ was seen especially for 0.1,
0.2, and 0.5 mol dm—3 of C1~. With 0.05 mol dm—2 pitting
attack does not occur, but the passive region current was
higher. This indicates that C1™ does not strongly attack the



564  Bull. Chem. Soc. Jpn., 73, No. 3 (2000)

Fig. 6.
Cl™ ions+0.1 M CrO4*~, d-0.1 M citrate+0.1 M CI~ ions+0.1 M WO42~, ¢-0.1 M citrate+0.1 M C1~ ions+0.1 M MoQ,2~.

formed protective film. Increasing the Cl~ concentration in-
creases pitting and E; was shifted to more negative values
(Fig. 5). The pitting attack was followed by a steady current,
which could be attributed to the formation of polymolyb-
date layer which impedes the penetration of C1~ ions to the

Inhibiting Effects of Oxo-Anions on the Pitting Corrosion of Tin

b)

metal/film interface.'® Similarly, Ogura and Ohama* pointed
out that molybdate anions form polymolybdate species which
adsorped or precipitated on the metal surface.

The SEM micrograph Fig. 6e showed a large pit on the
electrode surface in equimolar citrate-chloride 0.1 mol dm~3
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in the presence 0.1 moldm™2 MoQO42~. Ruijini and Ives'
reported that MoO,*~ anions added to Cl~-containing so-
lutions inhibited pit nucleation on stainless steel but did not
hinder pit development. They also found that pit growth
was prevented in MoQ,>~-containing solutions when the
pits were of small size.

Figure 7 compares the inhibitive action of these additives
at 0.1 mol dm—? of each and at the same potential of +1000
mV. It shows that C1~ raises the current flowing along the
passive region as a whole. The resistance of Sn to pitting
attack by Cl~ ions can be detected from the change of the
dissolution current density “Ai”.* Here Ai = icy~ —i,,, where
iy and i~ are the current density measured at a certain
potential (+1000 mV), in the absence and presence of Cl1—,
respectively. It can be seen that log Ai is linearly related to
log C- without and with constant inhibitor concentration
(0.1 M) in citrate solution according to

logAi=a+blogC - . (where a and b are constants)
It is found that Ai values decrease in the order
oxo-anion free solution > MoOs*~ > WO,*™ > CrO,>~

These values of Ai can be taken as a measure for the re-
sistivity to pitting attack by C1~ ions under potentiodynamic
polarization conditions® according to the order given above.
This suggests that CrO4%~ anions directly interfere in the an-
odic dissolution which could occur through the formation of
chloro-and chloro(oxo) complexes by reduction of CrO42~ to
Cr(Ill) producing oxide anions.'* This explains the tendency
of CrO4>~ to aid oxide film formation and the total absence
of pits in the solution containing equimolar concentration
(0.1 M) of CI~—CrO,2~. In solutions containing WO~
and MoQ,%~, the inhibition may be related to the chemi-
cal reaction occurring on the surface (formation of hydrated
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Fig. 7. Dissolution current density change “Ai” in the pres-
ence of oxo-anions. 1: 0.0 M; 2: 0.1 M CrO,%~; 3: 0.1
M W0,%7; 4: 0.1 M MoO4*~ (measured at +1000 mV vs.
SCE) as a function of C1™ ions concentrations.
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chloro-complexe of low valent W, forming poly-molybdate
species), while localized attack proceeded. This suggestion
is confirmed by SEM micrographs (see Figs. 6d and 6e).

3. Effect of Oxo-Anions in the Presence of 0.1 mol dm —3
Aggressive Ion: Typical potentiodynamic anodic polariza-
tion curves of tin in aerated equimolar 0.1 mol dm~3 solution
of citrate-C1~ ions in the absence and presence of various
concentrations of CrQ4>~ anions are given in Fig. 8. These
curves demonstrated that, in the presence of low concentra-
tions (1073 and 102 M) of the CrO,2~, the metal dissolution
is simulated.” A similar view was reported for tin in aerated
0.1 moldm~—* NaCl solutions containing CrO,>~ anions of
concentrations 10™* and 10~ moldm™35 Similar results
were recorded in the absence and presence of WO42~ and
MoQO42~ anions. At high concentrations (0.05 and 0.1 M),
the anodic polarization curves showed the inhibition effect
of these compounds.

To clarify the acceleration effect of the additives (CrO4*~,
W04, and Mo0,4%~) at lower concentrations (103 and
1072 M) and their inhibiting effect at high concentrations
(0.05 and 0.1 M), a study of potentiostatic current—time tran-
sients for tin in 0.1 mol dm™* equimolar solutions of citrate-
chloride was carried out. Figure 9 shows the results within
the active dissolution peak at —100 mV in the absence and
presence of lower concentrations of CrO42~. These can be
divided into three stages. In the first stage, the current in-
creases to a maximum, while in the second stage a decrease in
the anodic current occurred. Finally, a steady anodic current
is attained. These stages showed metal dissolution resulting
in rapid decay of the current density. It is observed that the
maximum current density of the first stage decreases with
an increase of CrO42~ concentration (in agreement with the
results of EIS, which will be discussed later). However, the
anodic current of the steady state is much higher at lower
concentrations than that in the absence of the additives. The
curves in Fig. 10 exhibit an acceleration effect for lower
concentrations at steady state current values in the passive
region (+500 mV). Similar trends in the absence and presence
of WO,?~ and MoO,2~ in both active and passive regions
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Fig. 8. Potentiodynamic anodic polarization curves for tin
electrode in 0.1 mol dm? citrate+0.1 moldm—* NaCl in
the presence of various CrO,?~ anion concentrations 1: 0

M;2: 1073 M;3: 1072 M; 4: 51072 M;5: 107" M.
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Fig. 9. Effect of CrO4>~ ions concentrations on potentio-

static transients for tin anodes in 0.1 mol dm 3 citrate-chlo-
ride ions at active dissolution peak (—100 mV vs. SCE). 1:
OM;2: 1073 M; 3: 1072 M; 4: 5x1072 M; 5: 107! M.
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Fig. 10.  Effect of CrO4>~ ions concentrations on poten-

tiostatic transients for tin anodes in 0.1 moldm™? citrate-
chloride ions in passive region (+500 mV vs. SCE). 1: 0
M;2: 1073 M; 3: 1072 M;4: 51072 M; 5: 107! M.

were recorded. Accordingly, these results can be correlated
with the potentiodynamic results, in which addition of the
investigated additives increases the steady state of current
density at both active and passive regions only at lower con-
centrations and diminishes it at higher concentrations (0.05
and 0.1 M).

Figure 12 represents the complex-plane impedance plots of
tin in 0.1 mol dm™> equimolar solution of citrate-CI~ in the
absence and presence of Na;MoQOy4 (1073 to 10~ M). Such
plots exhibit only semicircular behavior, indicating that the
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reaction is under charge transfer control.* The polarization
resistance (Rp) values are calculated from the differences in
impedance at lower and higher frequencies, as suggested by
El-Sayed.” To obtain the double layer capacitance (Cq), the
frequency at which the imaginary component of impedance
is maximum (—Z7,,) is found and Cg values are obtained
from the following equation:

f(_ernax) = 1/2nCdIRp~

Table 1 gives the values of pH, R, polarization resistance
and Cy; for tin in 0.1 mol dm~3 citrate-chloride ion containing
various concentrations of the investigated additives (CrO4%—,
WO,2~, and MoO4>7) in active region (—200 mV vs. SCE).
The increase of R, values with concentration of the additive
was in the following sequence:

CrO.2™ > WO, > MoO4>™

It is interesting that CrO4%~ leads to significantly higher Rp
values compared with W04~ and MoO42~, which reflects
that the CrO42~ anions remain the best inhibitor to retard the
corrosion of tin. This order is in good agreement with the
observed potentiostatic transient results at the same poten-
tial region (—200 mV vs. SCE), as shown in Fig. 11. The
above observation is supported by the values of Cy in the
presence of different concentrations of the additives. Thus,
the values of Cy decrease with increasing of the inhibitor
concentration. This effect may be attributed to saturation of
the free vacancies of the electrode surface by chemisorbed
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Fig. 11.  Potentiostatic transients for tin anodes in 0.1
mol dm™? citrate-chloride ions in the presence of 0.1 M

oxo-anions: 1: free; 2: M0042_; 3 WO2: 4: CrO4%~
(at —200 mV vs. SCE).

Table 1. Effect of Group 6 Oxo-Anions on the EIS Parameters of Tin in the Citrate-Chloride Solution at —200 mV vs. SCE

Concn of 9 _9 ~2

additive CrO, WO, MoO,

moldm™ pH Ry/Qcm? Ca/uFem? pH R/Qcm? Ca/uFem? pH Rp/Qcm? Cq/uFcm?
0.0 7.8 236 270 7.8 240 268 7.8 231 271
1073 8.6 1900 156 8.5 1420 161 8.3 1107 170
1072 9.0 2570 107 8.8 1730 112 8.6 1354 120

5x1072 98 3310 82 9.6 2890 93 8.8 2700 101
107" 104 3500 75 102 3050 81 9.0 2886 86
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anions accompanied by a decrease in the Cy values.®

However, the observed discrepancy with potentiodynamic
results, especially at lower concentrations (10~ and 1072 M)
of the additives, can be explained as follows: the corrosion
rate of tin in citrate-Cl~ ions solution increases gradually
over longer periods of measurements even in the presence
of additives at lower concentrations. Prolonged potentiody-
namic measurements (50 min) in the solution allows for the
formation of soluble tin citrate or tin chloride complex, pre-
sumably as more anodic sites are exposed to the dissolution
process.*! This may be the reason why the impedance studies
in which measurements are taken in a short time (6 min) fail
to reveal the acceleration of anodic dissolution. However, in
other techniques such as potentiodynamic and potentiostatic
studies (only at steady state of current values) longer peri-
ods of immersion allow for the metal dissolution and more
anodic sites are exposed to the corrosion process.

Conclusion

The following points can now be made:

i) The localized corrosion of CI~ in 0.1 mol dm~3 citrate is
evident for all examined concentrations and pitting potentials
are shifted towards more negative values with increasing C1~
concentrations.

ii) Lower current values in the presence of equimolar cit-
rate—oxo-anions with addition of Cl7in various concentra-
tions are observed compared with the values obtained in the
absence of these oxo-anions. Thus, these oxo-anions may
create a certain impediment or barrier to the attack of the
aggressive C1~ ions on the metal surface,

iil) Oxo-anions inhibit the anodic dissolution and the pas-
sivity breakdown in equimolar (0.1 M) citrate-chloride at
higher concentrations but accelerate them at lower concen-
trations.

iv) The order of oxo-anions inhibiting effect on the ag-
gressive Cl™ ions is as follows:

Bull. Chem. Soc. Jpn., 73, No. 3 (2000) 567
Cr042_ > WO42_ > MOO42_,

indicating that CrO42~ is more strongly adsorbed than the
other investigated anions and exhibits a greater inhibition
effect to prevent the pitting corrosion, probably through its
ability to repair defects in the oxide film.

v) The impedance technique shows that inhibition of the
anodic dissolution increases with increasing concentrations
of the investigated additives.
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