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Abstract

The effect of L-methionine (L-Met) on the passivation and corrosion inhibition of
aluminum alloy was investigated in carbonate medium in presence of chloride ions.
This inhibitive action against the corrosion of aluminum in corrosive solution was
investigated at 298 K using potentiodynamic polarization curves (PDP), cyclic
voltammetry(CV) and electrochemical impedance spectroscopy(EIS).The results
obtained from the polarization curves reveal that the aluminum in alkaline medium
exhibits a phenomenon of passivation with breakdown of passivity. Temperature effect
on the corrosion behavior with the addition of (L-Met) studied in the range of
temperature from 298 to 328 K. The inhibition efficiency decreases slightly with the
increase inthe temperature. Results show that L-Met is a good inhibitor and inhibition
efficiency reach 87,23% at 10°M.The electrochemical results are confirmed by
scanning electron microscopy (SEM). The adsorption of this compound on aluminum
surfaceobeys Langmuir’s adsorption isotherm. The Kkinetic and thermodynamic
parameters were determined and discussed.
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1-Introduction

Aluminum and its alloys are widely used for different applications in the industries and marine environment because
of their excellent properties [1-3]. The behavior of aluminum and its alloys in aqueous environments depends on
several parameters such as the surface properties of the material, the nature, the temperature, pH and the composition
of the aggressive solution [4].The corrosion resistance of aluminum alloy is the results of their ability to form a natural
oxide film on thesurface in different media [5-7]. However this oxide film can easily undergo corrosion reactions in
chloridesolutions [8-9]. The corrosion inhibition of aluminum and its alloys is of tremendous technological
importance, due to the increased applications of these materials. Many investigators have studied ways to obtain
optimum corrosion protection for aluminum in various media, by either finding new inhibitors or improving the
inhibition efficiency[10-12].The inhibitor efficiency has been attributed to the adsorption of the inhibitor molecules on
the metal surface, forming a protective layer.The extent of adsorption of an inhibitordepends on manyfactors: the
nature of the metal, the mode of adsorption of the inhibitor and the surface condition [13-15].The inhibition effect
mainly depends on some physicochemical and electronic properties of the organic inhibitor which relate to its
functional groups, steric effects, electronic density of donor atoms, and orbital character of donating electrons [16-19].
Thus, the present work consists to study the inhibitive abilities of L-methionine, named 2-amino-4-(methylthio)
butanoic acid, shown in Fig. 1 on the passivation and corrosion of aluminum in Na,CO; 0.1 M+NaCl 1M solution
using potentiodynamic polarization curves, cyclic voltammetry(CV) and electrochemical impedance spectroscopy
(EIS) methods. The surface analysis was carried out using scanning electron microscopy (SEM).The adsorption

behavior of the inhibitor wasanalyzed against Langmuir adsorption isotherm theory.
@)

CH3=S—CHz—CHz-CH—C_
NH,  OH

Fig. 1: L-methionine (2-amino-4-(methylthio)butanoic acid)

2-Expérimental procedure

The chemical composition of aluminum alloy is given in Table 1. For potentiodynamic polarization curve, cyclic
voltammetry and electrochemical impedance spectroscopy (EIS) techniques, a cylindrical rod embedded in Araldite
with an exposed surface area of 0.16 cm®.

Table 1: Chemical composition of the aluminum alloy 3003 (AA) used.
Al % Mg% Si% Mn% Fe% Zn% Cu% Ti% Ni% Cr%

Balanced 0.53 0.44 0.04 019 <0.002 <0.03 <0.002 <0.003 <0.002

The aggressive solution of Na,CO5; 0,1M+NaCl 1Mwere prepared by dilution of Na,CO; and NaCl with bidistilled
water. The solution tests are freshly prepared before each experiment. The organic compound tested was the amino
acid L-methionine (L-Met). The concentration range of the study of this compound was 107 to 10° M.

Impedance measurements are performed at 298K after 1/2 hour of immersion in alkaline medium using VersaSTAT 3
potentiostat and piloted by VersaStudio software under static condition. Electrochemical measurements were
performed in a three electrode cylindrical glass cell. The platinum electrode and a saturated calomel electrode (SCE)
were used as auxiliary and reference electrodes, respectively. All potentials given in this study were referred to SCE
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reference electrode. The working electrode was immersed in test solution for 30 minutes to establish asteady state
open circuit potential (Eo). After measuring the E,, the electrochemical measurements were carried out. All
electrochemical tests have been performed in aerated solutions at pH=11. The EIS experiments were conducted in the
frequency range with high limit of 10 kHz and different low limit 0.1 Hz at open circuit potential, with 10 points per
decade, at the rest potential, after 30 min of alkaline immersion, by applying 10 mV ac voltage peak-to-peak. Nyquist
plots were made from these experiments and the impedance plots are given in the Nyquist representation. Experiments
are repeated three times to ensure the reproducibility. In this study the electrochemical behavior of aluminum alloy
electrode in inhibited and uninhibited solution was studied by check in anodic and cathodic potentiodynamic
polarization curves. Measurements were carried out in the Na,CO; 0,1M+NaCl 1Msolution containing different
concentrations of the studied inhibitor by changing the electrode potential from -1800 mV to 0 mV versus corrosion
potentialat a scan rate of 1 mV.s™. The linear Tafel segments of cathodic curves were extrapolated to corrosion
potential to obtain corrosion current densities (leor).The surface analysis was carried out using scanning electron
microscope (SEM). The adsorption behavior of the inhibitor was analyzed against Langmuir adsorption isotherm
theory.

3-Results and discussion:

3.1. OCP Measurement

Prior to each polarization or EIS experiment, the working electrodes were immersed in Na,CO; 0,1M+NaCl
1Msolution for 30min to access the free corrosion potential or the quasi-stationary E,, value.The plots of Ey,vs time
of AA3003 in the absence and presence of inhibitor for 30min are given in Figure 2. We note that the value of open

circuit potential moves towards cathodic values.
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Figure.2:OCP plots for aluminum alloy in Na,COs 0,1M+NaCl 1M containing different concentration of L-Met.

3.2 Potentiodynamic Polarization Curves

Figure 3 show the anodic and cathodic polarization curves for aluminum alloy in Na,CO; 0,1M+NaCl 1Mat different
concentrations of the L-Metinhibitor. In cathodic domain, Tafel behaviour characterised by linear regions in the
proximity of the potential of corrosion, indicates that the process of reduction of the water is an activation control [12-
13]:

2 Hzo + 2¢ 20H + H, M
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The anodic domain exhibits the permanent passive region and transpassive region. When the surface is covered with
passive layer, the anodic current density falls to the lowest value named passive current densitylysrepresenting a
permanent passivation. This current density remains almost constant. For more raised anodic potentials, the domain of
transpassivity is attained. When the I, rise suddenly the pitting potential E,; is outrun denoting layer breakdown and
we assistant at pitting corrosion phenomenon.
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Fig. 3: Polarization curves for aluminum in Na,CO;3; 0,1M+NaCl 1Msolution in the presence and absence L-Met at
298K.

It's clear from this figure that the addition of the inhibitor concentration causes a significant decrease in the corrosion
rate, a displacement of the anodic curves to more positive potentialsand the cathodic curves to more negative
potentials.This indicates that L-Met can be classified as mixed-type inhibitor and the molecules containing in tested
inhibitor are adsorbed on the cathodic and anodic sites on the electrode surface. The inhibition efficiency values E,
(%), were calculated using the following equation (2).

E, % = MxlOO (2)
|

Where | and T’ ,are uninhibited and inhibited corrosion current densities, respectively. Values of the corrosion
current densities (lcor), corrosion potential (Ecor), cathodic Tafel slope (B¢),passivation current I, and pitting potential

corr

Eit, were determined from Figure3 and are listed in Table2.

Table2: Polarization parameters of aluminumalloyin Na,CO3; 0,1M+NaCl 1Mat 298 K in the absence and presence of
L-Met.

Inhibitor Conc -Egoy I pass -Epit -Be leorr E,
(M) (MV/SCE) (nAcm®) (MV/SCE) (mVdec’) (A cm?®) (%)

Blank 0 1379 34 725 133 142 -
10° 1375 2 296 149 19 86.62

L-Met  10* 1387 4 320 165 28 80.28
10° 1382 13 314 159 32 77.46
10° 1395 17 615 167 47 66.90
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The results from Figure 3 and Table 2 indicate that the corrosion potential is more negative and thecorrosion current
density (lcor) decreases in the presence of the inhibitor compared to the blank solution andalso with increasing the
inhibitor concentration which suggest that the presence of this compound retardsthe dissolution of aluminum
electrodes in Na,CO; 0,1M+NaCl 1Msolution.This implies that L-Met affected both the anodic dissolution of
aluminum electrodes and it's cathodic reduction, indicating that the L-Met compound could be classified as a mixed-
type inhibitor. This can be due to the adsorption of the inhibitor over the corroding surface [20]. We remark also from
fig. 3 and table 2 a reduction in the pitting sensitivity that is characterized by the rise in the difference AE between the
pitting potential and the corrosion potential. The results obtained show that the addition of inhibitor have
aconsiderable effect on the passivation of studied aluminum alloy, in fact, the density of current of passivation
decrease with L-Met concentration, reaches a minimum value of 2uA cm™ at 10°Mand lead to excellent inhibitive
performance.

3.3cyclic voltammetrymeasurements
Cyclic voltammetry technic was performed inthe solution in the absence and presenceof theinhibitor, with the
potential (E) swept linearly from -1.8 V/SCE to +0 V/SCE at a sweep rate of 1mV.s™Fig.4illustrates the

cyclicvoltamogammscurves at various concentrations of inhibitor.
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Fig.4: Cyclic voltammetrycurves for aluminumelectrode inNa,CO; 0,1M+NaCl 1Msolution in the presence and
absence of L-Met at pH=11 and T=298K

The aluminum alloy presents a passivation phenomenon with a breakdown of passivity (Fig.4) in the absence and
presence of L-Met inhibitor.It is clear from Figs. 3 & 4 that the pitting potential E; is modified by addition of the
concentration of the inhibitor; in fact, this addition causes a displacement of Ejitowards the noblest values and the
passive current density l.ssdecreases with increasing inhibitor concentration.

3.4 Electrochemical Impedance Spectroscopy measurements

The impedance measurements were carried out at room temperature after 30 min of immersion inNa,CO; 0,1M+NaCl
1Msolution in the absence and presence of different concentration of the L-Met inhibitor. The Nyquist plots for
aluminum alloy obtained at the electrode/solution interface without and withL-Met inhibitor are given in Figure5. Fig
5 show the Nyquist plots present capacitive loops as a depressed semicircle, the diameter of the capacitive loop in
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the presence of inhibitor is larger than that in the absence of inhibitor and increases with the inhibitor concentration,
indicating that the corrosion is primarily a charge transfer process and the formed inhibitive layer increases by the
addition of the L-Metinhibitor [22]. The impedance dataare presented in Table 3.

180
E -3
1e0d] 1074 M
i 10° M
140 v 10°M
1 10°M
Ng 12091 = Biank
Q100
E 1 L e e e .
o} 80 .
3 1 . 4 .
N~ 60 - cAyvYY YL o .
' E o v v
40 - 2y ¥ Vv -
- P %, .
20 3 4 .
i £ o= 3 .
A4
ol & ¥ .
T T T T T T
o} 50 100 150 200 250 300
Z (Ohm.cm?)
r

Fig. 5: Nyquist plots for aluminum alloy in Na,CO3; 0,1M+NaCl 1M containing different concentration of L-Met.

The chargetransfer resistance (Ry) values are calculated from the difference in impedance at lower and higher
frequencies as suggested by Tsuru et al [21]. The double layer capacitance (Cq4) and the frequency at which the

imaginary component of the impedance is maximal (-Zy,x) are found as represented in equation 3:

Cal S S (3)
27’-fmax-Rct

With Cg: double layer capacitance (UF.cm™) and fr.: maximum frequency (Hz) The percent inhibition efficiency is
calculated by charge transfer resistance obtained from Nyquist plots as follow [23]:

(Ret —Ret)
Erg %0= CtR, ct 7 «100 (4)

ct

Where R, and R’ are the charge transfer resistance values without and with inhibitor, respectively. It is clear that, the
corrosion of aluminum alloy in Na,CO; 0,1M+NaCl 1M is clearly inhibited in the presence of the L-Met compound,
and the impedance response change with the increase in inhibitor concentration. The quantitative analysis of
electrochemical impedance (EIS) spectra was studied on the basis of a physical model characterizing the charge
transfer process at the electrode/solution interface. The equivalent circuit as depicted in Figure 6 describes the metal /
electrolyte interface of the present corroding system was used to simulate the impedance data (Figure 7).

cdl

AN
R, Vod

W r |-

Fig. 6: Equivalent electrical circuit corresponding to the corrosion process onaluminum alloy in Na,COs 0,21M+NaCl
M
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Fig. 7: :EIS Nyquist and Bode plots for AA inNa,CO; 0,1M+NaCl 1M of L-Met

Table 3. Electrochemical Impedance for corrosion ofaluminum alloy in Na,COs; 0,1M+NaCl 1M at various

concentration of L-Met.

10° 10° 10* 10°
Frequency (Hz)

Inhibitor C(mol.LY Rs(Q.cm?) Ra(Q.cm?) Ca(pFlcm?) Eret (%)
Blank 0 2,43 35 101
103 2,84 274 29.05 87.23
10* 4,15 180 35.38 80.56
L-Met 5
10 2,17 156 51.04 77.56
10°® 5,47 114 55.87 69.30

From the Table 3, the maximum percentage of inhibition efficiency (Er. %) was achieved at the concentration of 10°
*M (87.23%). In the presence of the L-Met the values of R has enhanced and the values of double layer capacitance
Cq are also brought down to the maximum extent with the increasing of the inhibitor concentration. The decrease in
Ca shows that the adsorption of the inhibitors takes place on the metal surface in Na,CO; 0,1M+NaCl 1M solution;
which can result from a decrease in local dielectric constant and/or an increase in the thickness of the electric double
layer [23].

Adsorption isotherm and thermodynamic parameters

It is well recognized that the first step in inhibition of metallic corrosion is the adsorption of organic inhibitor
molecules at the electrode/solution interface and that the adsorption depends on the molecules chemical composition,
the temperature and the electrochemical potential at the metal/solution interface. In fact, the solvent H,O molecules
could also adsorb at metal/solution interface. So the adsorption of organic inhibitor molecules from the aqueous
solution can be regarded as a quasi-substitution process between the organic compounds in the aqueous phase [Org
o] @and water molecules at the electrode surface [H,0 (5] [24]:
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0rg 5oy + NHO > NH 0 1) +0rg (4qs) )

Where (n) is the size ratio, that is, the number of water molecules replaced by one organic inhibitor. Basicinformation
on the interaction between they inhibitor and the steel surface can be provided by the adsorptionisotherm. In order to
obtain the isotherm, the linear relation between degree of surface coverage (0) values (6 = Er% / 100) and inhibitor
concentration (Cj,;) must be found. Attempts were made to fit the 0 values to various isotherms including Langmuir,
Temkin and Freundlich (Figures.8,9&10). By far the best fit is obtained with the Langmuir isotherm. This model has
also been used for other inhibitor systems [25,26].According to this isotherm, 6 is related to Ciy, by:

Cinn_ _1 +Cinn (6)

0 K ads

Where 0 is the surface coverage, Kuis the adsorption-desorption equilibrium constant, C;is the concentration of
inhibitor. Figure8 shows the plots of Ciy, /0 versus Cjnand the expected linear relationship is obtained for this
compound. Thestrong correlation (R* = 0.9999 for the compound L-Met) confirm the validity of this approach.The
thermodynamic parameters from the Langmuir adsorption isotherm are listed in Table4, together with the value of the
Gibbs free energy of adsorption AG e?ds calculated from the equation:

AG %5 =—RT In(55,5xK 54, ) )

Where 55.5 is the concentration of water, R (8.314J.K™ .mol™) is the universal gasconstant and T is the absolute
temperature(K), K,gs the adsorption—desorption equilibriumconstant[27].
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Fig. 8: Langmuir adsorption of inhibitor on the aluminum surface in 0.1 M Na,CO;+NaCl 1M solution at 298K.
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Table 4: Adsorption parameters of inhibitor for aluminum in 0.1 M Na,COs;+NaCl 1M solution at 298K.

Inhibitor Slope Kags (M™) R? AG . (kJ/mol)

L-Met 1.1444 424872.0073 0.9999 -42.04

In general, energy values of -20 kJ mol™ or less negative are associated with an electrostatic interaction between the
charged molecules and the charged metal surface, physisorption; Those of -40 kJ mol™ or more negative involve the
sharing or transfer of charge of the inhibitory molecules to the metal surface to form a coordinated covalent bond,

chemisorption [28, 29]. The standard adsorption free energy value shown in Table 4 suggests that adsorption is
chemisorption.

3.5. Effect of temperature

In order to study the effect of temperature on corrosion inhibition of aluminum and to determine the activation energy
of the corrosion process, the EIS measurements were obtained at different temperatures in the absence and presence of
L-Met in the range of temperature 298-328 K at optimal concentration are given in Figurell. These parameters are
useful in interpreting the type of adsorption by the inhibitor. EIS measurements parameters are listed in the Table 5.
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Fig. 11: Nyquist plots for corrosion aluminumin 0.1 M Na,CO5+NaCl 1Mat different temperature (a) and 10°M of L-
Met(b).

Table 5.Effect of temperature on the aluminumcorrosion in 0.1 M Na,COz;+NaCl 1Mand at 10 M of L-Met

Inhibitor Temp (K) R (Q.cm?) Cai (nF /cm?) Eret(%0)
298 35 101 -
308 28 56.86 -
Blank
318 22 48.25 -
328 14 37.91 -
298 274 29.06 87.23
308 195 32.67 85.64
L-Met
318 97 41.04 77.32
328 57 55.87 75.44

The various corrosion parameters obtained are listed in Table 5. The data obtained suggest that L-Met get adsorbed on
the aluminum alloysurface at all temperatures studied. Inspection of Table 5showed that, the temperature rise leads to
a decrease of R values.Also, the inhibition efficiency of L-Met decreases slightly with the increase in
temperature.Values of Ry were employed to calculate values of the corrosion current density (leor) at various
temperatures in absence and presence of L-Met using the following equation [30]:

Il =RT (2. FR,)" (8)

Where R is the universal gas constant (R = 8.31 J K™mol™), T is the absolute temperature, z is the valence of
Aluminum (z = 3), F is the Faraday constant (F = 96485 coulomb) and Ry, is the charge transfer resistance.

As the corrosion rate is inversely proportional to Rvalues of Ln (l,) and Ln (I /T) were plotted as a function of
temperature (Arrhenius plots) in Figures 12 and 13 for the corrosion of aluminum in 0.1 M Na,COs;+NaCl 1M
solutions. The values of E,, AH, and AS, were estimated from the slopes of the straight lines and given in Table 6.
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Fig 12: Arrhenius plots of aluminum Fig 13: Relation between Ln (Icorr/T) and

corrosion in 0.1 M Na,COs+NaCl IMwith and ~ 1000/T atdifferent temperatures (10 M).
without inhibitor(10™ M)

Inspection of Table 6 shows that the value of E, determined in solution containing (L-Met) is higher than that of in the
absence of inhibitor (blank). It revealed an increase of E, values in presence of inhibitor. For inhibitor, E,(inhibited

solution) > E, (uninhibited solution), which further confirmEg.(%) decreases with increase in temperature. A
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corresponding increase in the corrosion rate occurs because of the greater area of metal that is consequently exposed to
the alkaline environment [31]. On the other hand, the inspection of the same table revealed that the thermodynamic
parameters (AS, and AH,) for dissolution reaction of aluminumin 0.1 M Na,COs;+NaCl 1Min the presence of inhibitor
are lower than that obtained in theabsence of inhibitor. The positive sign of AH, reflects the endothermic nature of the
aluminum dissolution process suggesting that the dissolution of aluminumis slow [32]. In the presence of (L-Met), the
increase of ASreveals that an increase in disordering takes place on going from reactants to the activated complex
[33].

Table 6. The value of activation parameters E,, AH, and AS, for aluminum in 0.1 M Na,COs+NaCl 1Min the absence
and presence of L-Met at 10° M.

Inhibitor AH,(kJ/mol) AS, (J/mol) E, (kJ/mol) Ea-AH,
Blank 24.15 -229.93 26.75 2.60
L-Met 43.80 -181.38 46.40 2.60

The difference of the two values is almost constant with an average value of 2.60 kJ.mol™ which is very close to the
average value of the product(RT) in the investigated temperature range. Such behavior is characteristic of a
unimolecular gas-phase reaction obeying the following equation: [34]

E,—AH_=RT (9)

3.6. Scanning Electron Microscope (SEM).

The surface morphology of aluminum was achieved using Scanning Electron Microscopy (SEM)after 72 hours
immersion in 0.1 M Na,COz;+NaCl 1M before and after addition of the L-Met inhibitor. Fig. 14(a) give the
micrograph obtained of polished aluminum without being exposed to the corrosive solution. SEM image of aluminum
surface after immersion in 0.1 M Na,COz+NaCl 1M with 10° M of L-Met is shown in Fig. 14(c). an adsorbed layer on
the aluminum surface was created that was observed in Fig.14(b).

Fig. 14: SEM micrographs of AA surface (a) , AA in 0.1 M Na,COs+NaCl 1M solution in absence (b) and presence
(c) of 10°*M L-Metat 298 K.
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4- Conclusion
From the general experimental results the following conclusions can be deduced:

The L-methionine (L-Met) are found to be a good inhibitor for the corrosion of aluminum in 0.1 M
Na,COs;+NaCl 1Mand the inhibition efficiency increases with increasing of the L-Met concentration. The E
(%) determined by Tafel polarization and EIS methods are in good agreement.

The polarization curves study show that L-Met compound can be classified as mixed inhibitor. The calculated
electrochemical parameters show that the addition of inhibitor L-Met reduces the capacitance Cgy values and
increase the R It is suggested to attribute this to the increase of the thickness of the adsorption film at steel
surface.

The inhibition is accomplished by adsorption of L-Met molecules on the aluminum surface, and the adsorption
of L-Met on the aluminum surface obeyed the Langmuir isotherm. The thermodynamic parameters (Kags,
AG®,4s) of adsorption for the studied inhibitor were calculated from their adsorption isotherm. The negative
values of free energy of adsorption indicated that the adsorption of the inhibitor molecule is a spontaneous
process.

Surface morphological studied with Scanning Electron Microscopy (SEM)images showed that aninhibitor
layer is formed on the electrode surface.
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