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The electrochemical behavior of tin metal in tartaric acid solutions of different concentrations was
investigated. Some amino acids, namely, alanine, glycine, glutamic acid and histidine were used as
environmentally safe inhibitors for the tin dissolution process. Different electrochemical techniques
including, potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) were used.
The metal surface was examined via scanning electron microscopy (SEM). The E/I curves showed that
the anodic behavior of tin exhibits active/passive transition. The active dissolution of tin was increased
by increasing tartaric acid concentration. Glycine was found to give the highest corrosion inhibition
efficiency at a concentration of 0.02 mol dm™. The corrosion inhibition process is based on the
adsorption of the amino acid molecules on the metal surface. The adsorption process was found to
obey the Freundlich isotherm, and the adsorption of glycine on Sn has an adsorption free energy of -
10.2 kJ/mol which reveals physical adsorption of the amino acid molecules on the metal surface. The
experimental impedance data are in good agreement with the polarization experiments. An equivalent
circuit model was proposed for fitting of the experimental impedance data, and to simulate the
electrode/electrolyte interface.

Keywords: Amino acids, corrosion, impedance, tartaric acid, tin

1. INTRODUCTION

Tin is a moderately corrosion resistant material that is widely used in tinplate for food beverage
[1]. The electrochemical behavior of tin in aqueous solutions is of interest due to the widespread
technological application in soft solders, bronze and dental amalgam beside its use as tinplate [2-4].
Tinplate is light gauge, cold reduced, low carbon steel, coated with commercially pure tin. It possesses
the strength and formability of steel and corrosion resistance and lustrous of tin. Worldwide, more than
9x10% food packaging cans are used; therefore this application is by far the largest of its diverse
industrial applications. About one third of the world's tin production goes into the manufacture of
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tinplate [1, 5]. It provides robust form of packaging, allowing minimization of head space oxygen and
sterilization of the foodstuff within the hermetically sealed can, giving long, safe ambient shelf life
with minimal use of preservatives. The presence of bare tin surface inside the can leads to protection of
the food flavor and its natural appearance through the oxidation of the tin surface in preference to
oxidative degradation of the food. This process is vital for the long shelf life of the food cans, since
this oxidation step passivates the tin surface preventing its corrosion [6]. Dissolution of metallic tin,
especially from the inside of a can body into the food content has a major influence on the food quality
and may cause toxicological effects. The presence of citric and tartaric acid in food beverage leads to
the preferential formation of tin complexes and tin dissolution. The presence of oxidizing agents or
depolarizers enhances the tin dissolution process by direct chemical attack without hydrogen evolution
[4, 5]. Although organotin complexes have diverse toxicological profiles, inorganic tin complexes are
assigned to be as essentially non-toxic [6]. Passivation of tin in the presence of carboxylic acids
present in fruit juices and different foodstuffs was investigated [4, 7-10]. The oxidative degradation of
tartaric acid, being the strongest naturally occurring acid in fruits, especially in grapes, has a harmful
effect on the food beverage [11]. Such oxidative degradation is enhanced in the presence of Fe(ll)
coming from the tin dissolution and the corrosion of the mild steel sheets of the tinplate. The
commonly present oxidation states of tin in aqueous solutions are the metal itself, Sn(0), the divalent
cation, Sn(lIl), and the tetravalent cation, Sn(lV). The dissolution process is taking place as Sn(ll) [4,
12]. Fortunately, the dissolution of tin in most cases is accompanied by an oxidation step to form a
passive film that can protect the metal surface from further corrosion. The thickness of the passive film
and its stability is dependent mainly on its formation conditions [8, 13].

Since tinplate has a vital importance for the canned food industry, the electrochemical
behavior, especially the dissolution process and surface oxidation of tin seems to be an important
subject worthy of intensive investigations. In this work, the corrosion and passivation behavior of tin in
aqueous solutions containing tartaric acid, being a natural additive in food cans, was investigated. The
control of the corrosion process by the addition of small amounts of amino acids as environmentally
safe corrosion inhibitors was also investigated. In this respect, conventional electrochemical techniques
and electrochemical impedance spectroscopy were used. Whenever it was necessary, the metal surface
was investigated by scanning electron microscopy.

2. EXPERIMENTAL

Spectroscopically pure tin rod (Alderich-Chemie) was used for the preparation of the working
electrodes. The metal rod was mounted into glass tubes by two-component epoxy resin leaving a
surface area of 0.31 cm? to contact the solution. The electrochemical cell was a three-electrode all-
glass cell, with a platinum counter electrode and a silver-silver chloride reference electrode. Before
each experiment, the working electrode was polished mechanically using successive grades emery
papers down to 2000 grit, rubbed with a smooth polishing cloth, then washed with triple distilled water
and transferred quickly to the electrochemical cell. The electrochemical measurements were carried
out in aqueous solutions, where analytical grade reagents and triple distilled water were always used.
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The electrochemical experiments were carried out using the Zahner Elektrik IM6 electrochemical
workstation. For impedance measurements, the amplitude of the superimposed AC-signal was 10 mV
peak to peak. The method involves direct measurements of the impedance, Z, and the phase shift, 6, of
the electrochemical system in the frequency range from 0.1 to 10° Hz. The impedance measurements
were performed for different immersion time intervals. To achieve reproducibility, each experiment
was carried out at least three times. Unless otherwise stated, all experiments have been carried out at
room temperature 25+1°C and the potentials were measured against and referred to the silver/silver
chloride reference electrode (E°= 0.2225 V vs. NHE). Details of the experimental procedures and
preparations were as described elsewhere [14-16].

Small additions of naturally occurring amino acids were used to inhibit the corrosion process of
tin in tartaric acid solutions. It is well known that sulfur and sulfur- containing amino acids like
cysteine react with metallic tin with the formation of tin complexes [17]. The amino acids used as
environmentally safe inhibitors for the tin corrosion in tartaric acid solutions include two aliphatic
acids, glycine and alanine, an acidic amino acid, glutamic acid and a basic amino acid, histidine. The
pH of the solution, being an important factor in the corrosion process [11], was controlled using an
ORION pH meter model 230A and was found to be 1.8 in 1.0 mol dm™ tartaric acid and decreases to
1.5 in the presence of the amino acid. The corrosion inhibition efficiency, o, was calculated from the
measured values of the corrosion current densities measured in amino acid free and amino acid
containing tartaric acid solutions. A JEOL JEM-100S electron microscope was used for the SEM
surface analysis.

3. RESULTS AND DISCUSSION

3.1 Potentiodynamic measurements

Fig.1 presents the potentiodynamic measurements of tin electrode in aqueous tartaric acid
solutions of different concentrations.

The figure shows the different oxidation steps of the metal surface. The potential was swept
anodically from -2.5 V up to 2.5 VV (Ag/AgCl) at a scan rate of 50 mV s™. As the potential gets more
positive, the cathodic current density corresponding to hydrogen evolution reaction decreases until it
reaches zero at a potential of = - 1.0 V. At more anodic potential > - 1.4 V an active dissolution region
is recorded, which is characterized by an anodic current peak that depends on the tartaric acid
concentration. This region extends over a range of potential which is also dependent on the acid
concentration. The increase of the dissolution peak current, i, with the increase of tartaric acid
concentration was found to obey a logarithmic law of the form:

b = a+blogC 1)
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where a is the intercept of the i, vs. log C linear relation (cf. Fig. 2) and b is the slope. The
intercept, a, was found to be 22.5 mA cm™ at 1.0 mol dm™ tartaric acid. The value of b represents the
rate of change of the peak current density with log C.
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Figure 1. Potentiodynamic polarization curves of Sn electrode in naturally aerated aqueous tartaric
acid solutions of different concentrations at pH 1.8 and 25°C. The scan rate is 50 mV s™.
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Figure 2. Relation between iy, and log Cyig for Sn in naturally aerated aqueous tartaric acid solutions
of pH 1.8 and 25°C.
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The increase of i, with the increase in the tartaric acid concentration can be explained by the
adsorption tendency of the tartarate ion on the tin surface followed by the dissolution of the adsorbed
complex according to:

SN + H4CyO6” (agy — SN-HiCuOppss) + 26 (2)
Sn-H4C406(ads) — Sn-H4C405(aqs) (3)

At more anodic potentials the peak current diminishes and a passive region appears which
extends from =~ + 1.8 V up to + 2.5 V and no oxygen evolution was recorded. This means that a passive
film is formed, even in the acidic medium (pH 0.5-1.8), which is a poor electroconductor, whose
formation and thickening were mainly caused by ionic conductance [18]. The dissolution of tin
proceeds via the divalent cation according to the redox reaction:

Sn®** + 2e — Sn E°=-0.1375V (4) [19]
At more anodic potentials, the Sn (11) species oxidize to the Sn (1V) according to:
sn** + 2¢ — Sn* E°=+0.1510V (5) [19]

The Sn (1V) species hydrolyze, even in acidic solutions [20], to give the hydroxide according
to:

Sn** + 4H,0 — Sn(OH), + 4 H* (6)

The formed hydroxide transforms into the hydrated tin oxide, SnO,.H,O, which is responsible
for the recorded passivity [21, 22]. The dehydration of Sn(OH), to SnO; involves a free energy change
of about —42 kJ mol-* and is therefore an irreversible process [23]. Precipitation of tin oxide on the

anode surface blocks the active surface sites and causes the recorded passive behavior.

3.2. Electrochemical Impedance Spectroscopic Measurements

The potentiodymic experiments were confirmed by electrochemical impedance spectroscopy
(EIS), which is a powerful technique in studying corrosion mechanisms and adsorption phenomena
[24]. The technique enables the simulation of the experimental impedance results to theoretical data
according to proposed electrical models representing the metal/solution interface. The fitting of the
data can verify or role out mechanistic models and enables the calculation of numerical values
corresponding to physical and/or chemical properties of the system under investigation [16, 25]. Fig. 3
presents the impedance characteristics of the tin electrode after immersion in tartaric acid solutions for
different time intervals. The data are presented as Bode plots, since this format is always recommended
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as impedance plots. In such data presentation, all impedance results are equally represented and the
phase angle, 0, being a sensitive parameter for interfacial phenomena, appears explicitly [24, 26]. In
Fig. 3, there is a single phase maximum at all time intervals and the total impedance, Z, acquires a
constant value at both high and low frequencies.
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Figure 3. Bode plots for Sn electrode after different time intervals of immersion in naturally aerated
aqueous 1.0 mol dm tartaric acid solution at pH 1.8 and 25°C.

This means that the electrode process is governed by a single time constant i.e. it represents a
simple corrosion process [14, 26]. The impedance data were analyzed using software provided with the
electrochemical workstation, where the dispersion formula was used.

Z = R+ Rt/ 1+(2nf Rt Cq))* (7)

In this formula an empirical factor a (0 < a < 1) is introduced to account for the deviation from
the ideal capacitive behavior due to surface inhomogenties, roughness factors and adsorption effects
[16, 27, 28]. The experimental impedance values were fitted to a simple equivalent circuit model
consisting of a parallel combination representing the electrode capacitance, Cqy, and the corrosion
resistance, R, in series with a resistor, R, representing the ohmic drop in the electrolyte (cf. Fig. 4).
The equivalent circuit parameters were calculated and presented in Table 1.

The value of R is in the range of 450 to 700 Q, indicating the formation of a slightly passive
layer as recorded by the potentiodynamic experiments. The calculated value of a is in the range of 0.75
to 0.8 which means that the passive layer thus formed deviates from the ideal RC behavior [29]. The
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electrode capacitace , Cq is in the range of 10 ton 12 pF cm, which is the value of normal double
layer capacitance [24].

Figure4. Equivalent circuit model for fitting of the experimental impedance data of Sn in naturally
aerated aqueous tartaric acid solutions of pH 1.8 and 25°C. [Rs = solution resistance, R¢ =
charge transfer (corrosion) resistance, Cqy = electrode capacitance].

Table 1. Equivalent circuit parameters for Sn after immersion in 1.0 mol dm™ aqueous tartaric acid
solution for different time intervals at 25° C.

Time Rs Rt Ca o
(min) Q) (kQ cm?) (uF cm™®)
5 78.87 0.58 12.47 0.77
15 78.78 0.71 11.82 0.77
30 77.48 0.46 12.13 0.76
60 77.07 0.58 11.10 0.79
90 76.29 0.46 10.89 0.79
120 76.55 0.56 10.45 0.80

3.3. Effect of amino acids

The effect of different amino acids on the electrochemical behavior of tin after 2 h immersion
in aqueous solutions containing 1.0 mol dm™ tartaric acid was investigated by both the polarization
and EIS techniques.

Different concentrations of glycine were added to the corrosive medium to optimize the most
suitable concentration that leads to the lowest corrosion rate. The results of these experiments are
summarized in Table 2. It is clear that the presence of 0.02 mol dm™ of the amino acid is a suitable low
concentration for the corrosion inhibition process. The effect of the same concentration of the different
amino acids on the corrosion rate of tin was investigated using the Tafel polarization technique and
presented as Tafel plots in Fig. 5. The values of the corrosion parameters and corrosion inhibition
efficiency were calculated and presented in Table 3. In general, the presence of amino acids has a little
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effect on the general shape of the polarization curves (cf. Fig. 5). The extrapolated corrosion current
density is affected by the nature of the amino acid (cf. Table 3).

Table 2. Tafel slopes, Ecorr, Icor and the corrosion inhibition efficiency, o, for Sn Electrode after 2 h
immersion in 1.0 mol dm™ aqueous tartaric acid solution containing different concentrations of
glycine at 25° C.

[GlyCine] Ba Bc Ecorr Icorr 9
(1x10'33mol (mV/decade) (mV/decade) (mV) (LA cm™)
dm™)
58.3 -550 -497.1 64.50 -
0
1 65.8 -547 -499.9 52.25 19.0%
10 56.2 -425 -500.6 30.45 52.8%
20 55.2 -274 -513.8 19.60 69.6%
50 50.0 447 -512.0 24.60 61.8%
100 57.0 -293 -532.0 21.50 66.6%

Table 3. Tafel slopes, Ecor, icor and the corrosion inhibition efficiency, o, for Sn electrode after 2 h
immersion in 1.0 mol dm  aqueous tartaric acid solution containing 0.02 mol dm ~ of the
different amino acids at 25°C.

[Amino Acid] Ba Be Ecorr Icorr Y
(mV/decade) (mV/decade) (mV) (LA cm?)

0.0 58.3 -550 -497.1 64.50 -
Glycine 55.2 -274 -513.8 19.60 69.6%
Alanine 59.3 -531 -511.8 40.00 37.9%
Histidine 68.4 -401 -514.0 41.90 35.0%

Glutamic acid 60.1 -366 -504.0 39.35 38.9%

A small molecule like glycine [CH2(NH2)COOH] gives the highest corrosion inhibition
efficiency. The inhibition efficiency, o, is calculated using the following equation:

o = [(i-im/i]x 100 (8)

where, i and ij,, are the corrosion current densities before and after the corrosion inhibition
process, respectively.

The inhibition effect of amino acid is due to the adsorption of its molecules on the metal
surface [30]. In general, the amino acid molecule occurs in its protonated form in acidic solution
according to:
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Figure 5. Potentiodynamic polarization curves of Sn electrode after 2 h immersion in amino acid free
and 0.02 mol dm™ amino acid containing tartaric acid (1.0 mol dm™) solutions at 25°C.

It could be electrostatically attracted to the cathodic sites on the metal surface [30]. The
effectiveness of the different amino acids as corrosion inhibitors is related to the extent of the
adsorption of their molecules and how these molecules can cover the metal surface and protect it from
continuous corrosion. The adsorption process depends on the structure of the inhibitor molecules, the
surface charge of the metal, and the constituents of the electrolyte [31]. The relatively high inhibition
efficiency of glycine compared to the other amino acids can be attributed to the higher tendency of
glycine to be adsorbed on the active sites of tin inhibiting the adsorption of tartaric acid and the
dissolution of the tin-tartarate complex according to equations 2 and 3. The effect of different amino
acids was also investigated by EIS. Fig. 6 presents the Bode plots after 2 h of electrode immersion in
aqueous solutions of 1.0 mol dm™ tartaric acid containing 0.02 mol dm™ of the amino acid. The
impedance data were fitted to theoretical data according to the model of Fig. 4 and the equivalent
circuit parameters were calculated and presented in Table 4. It is clear that the value of R in the
presence of glycine is more than triple its value in the case of the other amino acids (cf. Table 4). Also,
the value of a becomes nearer to 1, which means that the electrode/electrolyte interface approaches the
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RC behavior. Since the corrosion inhibition process is based on the adsorption of the amino acid

molecules on the metal surface, it was important to study the adsorption phenomenon.
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Figure 6. Bode plots for Sn electrode after 2 h immersion in amino acid free and 0.02 mol dm™ amino
acid containing tartaric acid (1.0 mol dm™) solutions at 25°C.

Table 4. Equivalent circuit parameters for Sn electrode after 2 h immersion in 1.0 mol dmaquous

tartaric acid solution containing 0.02 mol dm of the different amino acids at 25°C.

[Amino R Ret Cal o
Acid] Q) (kQ cm?) (LF cm™)

- 76.55 0.56 10.45 0.80
Glycine 81.03 1.671 14.50 0.84
Alanine 118.8 0.58 18.29 0.80
Histidine | 136.0 0.59 16.89 0.83
Glutamic | 104.9 0.57 18.30 0.79

Acid

3.3. Adsorption isotherm

It is essential to know the mode of adsorption and the adsorption isotherm that fits the
experimental results. Many attempts have been made to fit the surface coverage data to different
adsorption isotherms. The adsorption isotherm for glycine, as a representative example of the
investigated amino acids was investigated. The corrosion inhibition efficiency of glycine reached about



Int. J. Electrochem. Sci., Vol. 6, 2011 6479

70 % at a concentration of 0.02 mol dm™ and its adsorption on the metal surface was found to obey the
Freundlich isotherm, according to:

0= KC" (9)
where C is the equilibrium concentration of the amino acid, n is a constant depending on the
characteristics of the adsorbed molecule, where 0< n<1, K is the equilibrium constant for

adsorption/desorption process and 0 is the fraction of the surface coverage [32]. The value of © was
calculated from the corrosion inhibition efficiency, o, as being equal to:

0 = ¢x107 (10)
K is related to the free energy of adsorption, AG, according to:

where, Csowent is the molar concentration of the solvent, which is 55.5 mol dm™ for aqueous
solutions. The logarithmic form of this isotherm is given by:

log & =logK +nlogC (12)

This linear relation can be used for the calculation of the values of both K and n for the
inhibitor used.
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Figure 7. Adsorption isotherm for Sn in naturally aerated aqueous 1.0 mol dm™ tartaric acid solutions
containing different concentrations of glycine at 25°C.
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The adsorption isotherm for the adsorption of glycine on tin in tartaric acid solution is
presented in Fig. 7. The free energy of adsorption, AG, was calculated and has a value of —10.2 kJ mol’

! which reveals a physisorption controlled mechanism for the adsorption of glycine on the metal
surface.

3.4 SEM measurements

Fig. 8 shows the surface morphology of tin surface before and after immersion in the different
solutions.

Figure 8. SEM images of: 1- Mechanically polished tin surface. 2- The metal surface after 2 h
immersion in amino acid free naturally aerated 1.0 mol dm™ aqueous tartaric acid solution at
25°C. 3- The metal surface after 2 h immersion in naturally aerated 1.0 mol dm™ aqueous
tartaric acid solution containing 0.02 mol dm™ glycine at 25°C.
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Fig. 8-1 shows the polished tin surface and Fig. 8-2 shows the same surface after 2 h immersion
in an amino acid free aqueous tartaric acid solution. It is clear from the dark spots that the surface is
subjected to corrosion. After tin immersion in the same solution to which 0.02 mol dm™ glycine (Fig.
8-3) for the same time, the metal surface became smoother and the flawed regions were repaired.

4. CONCLUSIONS

Tin metal exhibits an active/passive transition, where the Sn(ll) species undergo subsequent
oxidation to the Sn(lIV). The passivation of the tin surface is due to precipitation of a thin film of
Sn(OH), which transforms to an adherent stable film of SnO,.H-0.

- The presence of tartarate ions in the aqueous solution enhances the corrosion of tin, due to the
adsorption of tartarate ion, which accelerates active dissolution.

- The addition of small amount of naturally occurring amino acids, e.g. 0.02 mol dm™ glycine
to the tartaric acid solution decreases the corrosion rate of tin up to 30% of its initial value. The
mechanism of the corrosion inhibition process is based on the adsorption of the amino acid on the
active corrosion sites of the metal surface.

- The adsorption of glycine follows the Freundlich adsorption isotherm and the free energy of
adsorption was calculated to be — 10.2 kJ/mol which reveals physical adsorption.
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