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Abstract 

Grape anthocyanin efficiency as a corrosion inhibitor for 2024-T3 aluminum alloy was 

evaluated by electrochemical techniques such as, electrochemical impedance spectroscopy 

and cathodic and anodic potentiodynamic polarization. The inhibitor behavior for 2024-T3 

aluminum alloy was investigated in 800, 1000, 2000, 3000, 5000 and 7200 ppm of the 

grape anthocyanin solution in the presence of 0.025 mol·L
–1

 NaCl. According to 

electrochemical impedance spectroscopy results, the measured point dispersion in the low 

frequencies region decreased when the 2024-T3 aluminum alloy immersion time in the 

grape anthocyanin solution increased from 1 h to 3 days. It was also observed for samples 

after 3 days immersion that there was a reduction in the inductive behavior in the same 

region, and a considerable increase in the polarization resistance and inhibition efficiency 

for the 1000 ppm grape anthocyanin sample. Under anodic and cathodic polarization a 

generally better performance was also observed in the anticorrosive properties as potential 

and current corrosion and anti-corrosion protection efficiency for the above mentioned 

concentration sample. The grape anthocyanin adsorption characteristics, on the AA2024-

T3 indicated similar behavior to Langmuir isotherm.  
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1. Introduction 

The known hazardous effects of most synthetic organic inhibitors and restrictive 

environmental regulations have prompted researchers to focus on the need to develop 

cheap, non-toxic and environmentally benign natural products as corrosion inhibitors. In 

that sense, natural products such as compounds extracted from leaves, barks, fruits or seeds 

have been widely reported by several authors as aluminum and aluminum alloy corrosion 

inhibitors [1–7]. The efficiency of natural compounds as corrosion inhibitors depends on 

the chemical composition which can be tannins, alkaloids, carbohydrates, phenolic 

compounds and protein [8]. Generally, those compounds contain at least one polar group 

with an atom of nitrogen or sulfur and moieties consisting of triple or conjugated double 
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bonds or aromatic rings. Therefore, its molecular and electronic structures are similar to 

those of conventional organic inhibitor molecules [9].  

Among the various compounds that are extracted from plants and fruits are the 

anthocyanins (derived from Greek anthos = flower and kianos = blue) [10]. The 

anthocyanin skeletal structure contains 15 carbon atoms [11] and absorb strongly in the 

visible region of the spectrum, giving us an infinity of colors that depend on the 

environment [12]. Fruits anthocyanins are derived mainly from six anthocyanidins: 

pelargonidin, cyanidin, delphinidin, peonidin, petunidine and malvidin. There is a huge 

variety of anthocyanins in nature, so it is possible to mention some differences in the 

number of hydroxyl groups, the methylation degree of those groups, the nature and number 

of sugar bound to the molecule and the position of those bonds, as well as the nature and 

number of aliphatics and/or aromatics bound to the sugar(s) in the anthocyanin molecule 

[10–12].  

Furthermore, to our knowledge there are no reports about the corrosion inhibition 

effects of anthocyanin on metals. Thus, the aim of the present study is to evaluate the 

inhibitory action of grape anthocyanin in 0.025 mol·L
–1

 NaCl on corrosion behavior of 

aluminum alloy 2024-T3. The anthocyanin corrosive inhibition was examined by 

polarization and electrochemical impedance spectroscopy (EIS) techniques and the 

influence of anthocyanin on AA2024 surface morphology and topology was investigated 

by scanning electron microscopy (SEM), Energy Dispersion Spectroscopy (EDS) and 

atomic force microscopy (AFM) analysis. 

2. Experimental Procedure 

This study was performed with grape anthocyanin from Chr. Hansen Ind. & Com. Ltda. 

and with 2024-T3 aluminum alloy from Aeromot whose composition is presented in 

Table 1.  

Table 1. Composition of the 2024-T3 aluminum alloy. 

Chemical 

composition 
Cu Mg Si Fe Mn Cr Zn Ti Others Al 

% (weight) 3.8–4.9 1.2–1.8 0.5 0.5 0.3–0.9 0.1 0.15 0.15 0.15 rem. 

Sodium chloride (Merck) was used to prepare the electrolyte solutions at the 

concentration of 0.025 mol L
–1

. Grape anthocyanin (Hansen) was evaluated as an inhibitor 

at concentrations of 800, 1000, 2000, 3000, 5000 and 7200 ppm. 

2.1 Preparation of working electrodes 

The surface of the planar specimens of size 2 cm × 3 cm and thickness of 1 mm was 

prepared by grinding it with silicon carbide paper up to grade number 1200 followed by 

washing it with distilled water commercial alcohol from Zeppelin, and drying it under a 
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hot air stream. After that an area with 1 cm² was exposed using neutral Brascoved silicone 

from Brascola to delimit the area. 

Measurements were made after the immersion of electrodes for different lengths of 

time times –  from 1 h to 3 days –  in the chloride solutions containing or not anthocyanin. 

2.2 Electrochemical measurements 

A three-electrode system was used: a working electrode with 1 cm² of exposed area (2024-

T3 aluminum alloy); a reference electrode (Saturated Calomel Electrode –  SCE) and, a 

platinum counter electrode. The electrochemical measurements were performed using a 

potentiostat (µAutolab III, Echo Chemie, The Netherlands) coupled to a frequency 

response analyzer (FRA 2), from Metrohm. The Electrochemical Impedance Spectroscopy 

(EIS) measurements were performed in potentiostatic mode at the open circuit potential, 

OCP. The amplitude of the EIS perturbation signal was 10 mV, and the frequency range 

studied was from 100 kHz to 10 mHz. The anodic and cathodic polarization curves were 

recorded at a scan rate of 2 mV s
–1

. The cathodic curves were measured from the open 

circuit potential to –0.8 V potential while the anodic curves were measured from open 

circuit potential to +0.5 V. 

2.3 Scanning Electronic Microscopy and Energy Dispersion Spectroscopy 

Scanning Electron Microscopy (SEM) and Energy Dispersion Spectroscopy (EDS) were 

performed using a Zeiss, EVOSO apparatus. The sample was prepared following 3 steps:  

(i)  3 days of immersion in 0.025 mol·L
–1

 NaCl in presence and absence of the 1000 ppm 

grape anthocyanin; 

(ii)  Drying under a hot air stream; 

(iii)  Metallizing with gold. 

2.4 Atomic Force Microscopy 

The atomic force microscopy (AFM) measures were performed in an Agilent 5500 

apparatus in intermittent contact mode at a scanning speed of 10 μm·s
–1

. The samples were 

prepared according to previously mentioned SEM/EDS analysis, but the samples were used 

without metallization. 

2.5 UV-VIS Absorption Spectroscopy  

The anthocyanin solution absorbances were measured in a quartz cuvette in a Pro-Analise 

V-1100 spectrophtometer at 550 nm. The following procedures were performed: 

(i) The absorbance of 0.025 mol L
–1

 NaCl solutions containing 100, 500, 800, 1000, 

2000, 3000, 5000 and 7200 ppm grape anthocyanin was measured after 1 h of 

preparation; 

(ii) After that, specimens of AA2024-T3 aluminum alloy were prepared according to item 

2.1 (however this preparation was done without delimiting the area) and previously 
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weighed, and after which they were immerged for 3 days in the solutions mentioned in 

item(i); 

(iii) After that immersion time, the solution absorbance was determined for the samples 

cited in (i). 

According to Lambert–Beer Law the anthocyanin sample absorbance is proportional 

to the concentration [13]. Thus the decreasing absorbance of the aluminum alloy after 

3 days was related to the adsorption of the anthocyanin on the AA2024-T3 aluminum alloy 

surface. Hence, the concentration of the anthocyanin adsorbed on AA2024-T3 aluminum 

alloy surface was calculated, in mg·L
–1

, by diminishing the initial anthocyanin 

concentration from that which remained after 3 days of immersion as presented in equation 

(1): 

 Cadsorbed = Cinitial – Cremaining (1)  

Considering the anthocyanin adsorbed concentration on the 2024-T3 aluminum alloy 

surface calculated above (1), it was possible to determine the amount of inhibitor adsorbed 

in the equilibrium state (Qe), according to equation (2): 

 adsorbed (adso n )
e

rbe t

specimen weight (adsorbate)

 C
Q   (2) 

3. Results and Discussion 

3.1 Electrochemical impedance measurements 

After 1 h of immersion in chloride solutions containing different concentrations of 

anthocyanins EIS measurements are performed (Figure 1).  

 

Figure 1. 2024-T3 aluminum alloy Bode diagrams for 1 h of immersion in 0.025 mol·L
–1

 

NaCl with diferent anthocyanin concentrations. 
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The Bode spectrum at 1 h of immersion of aluminum alloy in chloride solution shows 

one time constant at medium frequency (10
–1

 Hz) and high dispersion of points in the 

region of the medium to low frequencies, characterizing an inductive process. On the other 

hand, the samples immersed in anthocyanin solutions present a broader relaxation process 

ca. (10
–1.5 

Hz), which may be related to the dynamics of the process of anthocyanin 

adsorption on the alloy surface, followed by the inductive point at low frequency. It is also 

observed that the onset of inductive behavior shows a delay in the presence of 1000 ppm of 

anthocyanin (0 ppm – 0.251 Hz, 1000 ppm – 0.051 Hz), plausibly due to adsorption of 

anthocyanin on the metal surface, i.e., it acts as a protective species. 

There is no consensus in the literature concerning the appearance of inductive points 

on EIS spectra. According to Tribollet and Orazen the inductive process is related to 

specific adsorption on a metallic surface, such as electrolyte species [14]. For aluminum 

and aluminum alloys exposed to chloride solution some research results have been 

attributed to surface or bulk relaxation of species in the oxide layer related to active 

dissolution sites taking into account the damaged areas of the film [15, 16]. Chloride ions 

are chemisorbed onto the oxide surface and act in aluminum dissolution via the formation 

of oxychloride complexes [17].  

In the present study, it is plausible to assume that a competition occurs between 

chloride ions and anthocyanin for the aluminum surface sites. Since the aluminum alloy 

samples immersed in solution containing anthocyanins present higher impedance modulus 

values than panels in chloride solution, the anthocyanins were probably adsorbed on 

AA2024 surface, the chloride adsorption was reduced, and the aluminum alloy corrosion 

was reduced. 

On the other hand, the similar nature of impedance diagrams obtained in the absence 

and presence of corrosion inhibitors after 1 h immersion time reveal that the addition of 

inhibitors does not change the mechanism for the dissolution of AA2024-T3 aluminum 

alloy in NaCl [18–20], i.e., it is not directly involved in the electron transfer process. 

Nevertheless, this adsorption process can modify the product on the surface alloy and the 

structure of corrosion products, slowing down the electron transfer reactions. 

It is essential to monitor the inhibitor action over time in order to evaluate its 

efficiency. Thus, chloride solutions containing 0, 800, 1000 and 2000 ppm of anthocyanin 

were examined by electrochemical impedance spectroscopy after 3 days of immersion 

(Figure 2). These anthocyanin concentrations were chosen due to better performance at 1 h 

of immersion associated with the fact of lower inhibitor consumption.  

The impedance diagram at 3 days for AA2024 samples in chloride solution displays a 

single capacitive loop represented by a slightly depressed semi-circle follow by a tail at 

low frequency. This time constant at high frequency is related to the properties of the oxide 

aluminum barrier layer and the process at low frequency suggests a controlled mass 

transfer process transport through the pores of pits and/or of corrosion products [21].  

Different Nyquist plots are obtained for the samples in anthocyanin solution, i.e., the 

relaxation process at low frequency is not detected. Furthermore, for aluminum alloy in 
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chloride solution with 1000 ppm of anthocyanin two capacitive arcs can be noted. The 

diameter of the capacitive loop increases considerable at 1000 ppm of anthocyanin. This 

increase indicates adsorption of inhibitor molecules on the metal surface and the ability of 

the anthocyanin to hinder the corrosion process [6]. In this sense, it is plausible to assume 

that the adsorption of protective molecules occurred efficiently at 1000 ppm of 

anthocyanin. 

 

Figure 2. 2024-T3 aluminum alloy Nyquist diagrams after 3 days of immersion in 

0.025 mol·L
–1

 NaCl with differents anthocyanin concentrations (A) 0, (B) 800, (C) 1000 

and (D) 2000 ppm. 

Table 2 shows the EIS spectra with 3 days of immersion time in 0.025 mol·L
−1

 NaCl 

solution containing 1000 ppm of antocyanins of AA2024-T3 analyzed by equivalent 

circuits (EC). The equivalent circuit with two time constants that was tried to reproduce the 

results was Rs(QHF[RHF(QLFRLF])]) (see fitted parameters in Table 2). In this EC Rs 

corresponds to solution resistance, QHF and QLF are attributed to the oxide layer 

capacitance and oxide layer with adsorbed anthocyanin capacitance, respectively. RHF and 

RLF are associated with oxide layer resistance and oxide layer with adsorbed anthocyanin 

resistance. The constant phase element (CPE or Q), which substitutes the capacitance, was 
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included in order to take into account phenomena related to the surface roughness and to 

diffusion processes, the capacitance was replaced by CPE impedance which is given by 

ZCPE = [Q(j)
n
]

–1
. 

Table 2. Fitted parameters of equivalent circuits of EIS measurements of AA2024-T3 immersed by 3 days 

in solution containing 1000 ppm of grape antocyanins and 0.025 mol·L
−1

 NaCl. 

 

Concentration 

of grape 

antocyanins 

Rs 

(Ohm·cm
2
) 

RHF 

(kOhm·cm
2
) 

QHF 

(μF·cm
–2

) 
n 

QLF 

(μF·cm
–2

) 

RLF 

(kOhm·cm
2)

 
n 

1000 ppm 330.50 91.10 0.67 0.8 7.30 74.30 0.8 

For the AA2024-T3 immersed in the solution containing 0.025 mol·L
−1

 NaCl in the 

absence of antocyanins (0 ppm of antocyanins) only one capacitive loop is clearly visible 

in the Nyquist diagram; associated with the oxide layer (R2 = 39.3 kΩ·cm
2
, Q1 = 16.1 

μF·cm
−2

), and with the diffusion process in the oxide layer (Zw= 2.5 kOhm·cm
2
·s

1/2
) (see 

fitted parameters in Table 3). 

The potential change of –510 mV to –581 mV and the values of polarization 

resistance at 10 mHz increases from 31.31 kOhm·cm
2
 to 144.42 kOhm·cm

2
, probably due 

to the adsorption process of anthocyanin on surface alloy (compare Table 2 and 3). The 

displacement in the corrosion potential suggests that the adsorption is not only a geometric 

blocking effect, which decreases the available reaction area for adsorption on the metal 

surface. The observed results indicate that anthocyanins modify the activation energy of 

the corrosion reactions [22].  
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Table 3. Fitted parameters of equivalent circuits of EIS measurements of AA2024-T3 immersed by 3 days 

in solution containing 0.025 mol·L
−1

 NaCl. 

 

Concentration of 

grape antocyanins 

(ppm) 

Rs 

(Ohm·cm
2
) 

R2 

(kOhm·cm
2)

 

Q1 

(μF·cm
–2

) 

n Zw 

( kOhm·cm
2
·s

1/2
) 

0 169.9 39.3 16.1 0.8 2.5 

 

Table 4 shows the EIS spectra of AA2024-T3 with 3 days of immersion time in 

0.025 mol·L
−1

 NaCl solution containing 800 and 2000 ppm of antocyanins analyzed by 

equivalent circuits (EC). The EC with one time constants tried to reproduce the results was 

Rs(Q1R2) (see fitted parameters in Table 4). The EC with a one time constant tried to 

reproduce the results was Rs corresponds to solution resistance, Q1 is attributed to the oxide 

layer capacitance and R2 is attributed to oxide layer resistance.  

The potentiodynamic polarization curves for aluminum alloy in 0.025 mol·L
−1

 NaCl 

solution in the absence and presence of 1000 ppm of anthocyanin are shown in Figure 3. 

The results mean that both anodic and cathodic reactions are suppressed in the presence of 

anthocyanin, i.e., there is a decrement of anodic dissolution and hydrogen production in 

cathodic zones. The Ecorr values for uninhibited and inhibited samples are –620 mV and  

–510 mV, respectively, suggesting that it is a mixed type inhibitor with a predominantly 

anodic action [23]. 
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Table 4. Fitted parameters of equivalent circuits of EIS measurements of AA2024-T3 immersed by 3 days 

in solution containing 0.025 mol L
−1

 NaCl and different concentrations of grape antocyanins 800 and 

2000 ppm. 

 

Concentration of 

grape antocyanins 

(ppm) 

Rs 

(Ohm·cm
2
) 

R2 

(kOhm·cm
2
) 

Q1 

(μF·cm
–2

) 
n  

800 141.5 39.0 22.7 0.85 

 

2000 141.3 55.9 10.4 0.89 
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Figure 3. Anodic and cathodic polarization of 2024-T3 aluminum alloy after 3 days of 

immersion in 0.025 mol·L
–1

 NaCl with differents anthocyanin concentrations (a) 0 and (b) 

1000 ppm. 

3.2 Adsorption isotherm 

The anthocyanin adsorption phenomenon on aluminum alloy surface can be quantitatively 

assessed by an adsorption isotherm, which models the adsorption amount on the metal 

surface and solution interface with the inhibitor concentrations in solution phase when the 

adsorption equilibrium has been achieved on the metal surfaces. The adsorbed anthocyanin 

amount (Qe) for different concentrations of anthocyanin was calculated from UV-vis 

absorbance measurements. The observed changes in Qe are shown in Table 5 as a function 

of anthocyanin concentration (Ce). The plot 1/Qe versus 1/Ce (Figure 4a) was analyzed in 

order to evaluate the adsorption process according to the Langmuir isotherms – equation 

(4): 

 
e max max eL

1 1 1 1

Q Q Q k C
  


 (4) 

where Qe is the amount of anthocyanins adsorbed by adsorbate weight (Qe) in equilibrium; 

Ce is the anthocyanin solution concentration in equilibrium; kL is the adsorption 

equilibrium constant and Qmax is the maximum quantity of anthocyanin adsorbed by the 

solid adsorbate weight (aluminum alloy panels).  
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Table 5. Qe, 1/Qe, 1/Ce, Ln Qe and Ln Ce data used for adsorption characteristics study of grape 

anthocyanins on AA2024-T3. 

Qe 

(ppm/g) 

1/Qe 

(g/ppm × 10
–3

) 

1/Ce 

(ppm
–1

 × 10
–3

) 
Ln Qe Ln Ce 

0     

6.04 165.60 10.00 1.80 4.60 

20.93 47.7 2.82 3.04 5.87 

46.57 21.50 1.30 3.84 6.68 

84.86 11.80 1.00 4.44 6.91 

316.43 3.20 0.50 5.76 7.60 

645.81 1.50 0.30 6.47 8.01 

659.87 1.50 0.20 6.49 8.52 

443.04 2.30 0.14 6.09 8.89 

 

Figure 4. 1/Qe versus 1/Ce (A) and Ln Qe versus Ln Ce (B) graphics. 

The Ln Qe versus Ln Ce graphic (Figure 4b) was also analyzed in order to evaluate the 

adsorption process according to Freundlich isotherm by equation (5):  

 Ln Qe = Ln kF + n·ln Ce  (5) 

where Qe is the amount of anthocyanin adsorbed by adsorbate weight (Qe) in the 

equilibrium; kF is the adsorption constant; n is the empiric parameter that is positive and 

lower than 1; Ce is the anthocyanin solution concentration in equilibrium. 

The linear plots obtained in Figure 4a suggest that the adsorption characteristics of the 

inhibitor were approximated by Langmuir isotherm (R
2
= 0.997). 
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Considering that ∆G = –RT Ln Kd, where Kd is the equilibrium constant for adsorption 

[24] which is evaluated from plots Qe/Ce versus Qe extrapolating Qe to zero (data not 

shown), the Kd is equal to 0.0003 ppm·g
–1

 and ∆G is equal to –20.1 kJ·mol
–1

. These values 

indicate that the antocyanins adsorption on AA2024-T3 is a spontaneous and favorable 

process. 

The effectiveness of the adsorption anthocyanin on aluminum alloy surface in 

chloride solution can be attributed to the presence of the aromatic group and O-atom in the 

molecules. Moreover, at solution pH 6 the anthocyanin is charged negatively as a quinodal 

base [25]. On the other hand, the aluminum surface is lower than the isoelectric point when 

there is a positive charge present. In this way, the anthocyanin could interact with the metal 

via electrostatic coulomb attractive forces. Another possibility is the adsorption of 

anthocyanin molecules on the aluminum alloy surface as aggregates. The last model was 

proposed by Mobin et al. to explain the corrosion inhibition effect observed for amino acid 

L-methionine and sodium dodecyl sulfate on mild steel [26]. Nevertheless, the good fit to 

the Langmuir isotherm indicates that no interactions occur between adsorbed anthocyanin 

molecules)  

3.3 Surface Analysis 

The AA2024-T3 alloy surface after 3 days of immersion into 0.025 mol·L
–1

 NaCl solution 

in the absence (Figure 5) and presence of 1000 ppm anthocyanins (Figure 6) were observed 

by Scanning electron microscopy images with EDS analysis (inserted into Figures 5 and 6, 

respectively). It can be noted that the morphology of surficial deposits is different in both 

images. Besides, the Al/Cl ratio of the sample in chloride solution and in anthocyanin- 

containing solution is 31 and 2.3, respectively. These features indicate that for uninhibited 

panels the corrosion products are deposited in specific regions on the alloy surface and 

corresponding to oxychlorides. Concerning the SEM/EDS inhibited panels results it could 

be mentioned that the thick springy layer is probably a mixture between adsorbed 

anthocyanin film on the alloy surface and corrosion products. A plausible explanation for 

these corrosion products is that they are formed by oxychlorides and metal-complexes, due 

to the anthocyanin capacity of metal chelating as verified by Wang et al. [27]. 

The AFM technique is a powerful tool to check the corrosion process at the 

metal/solution interface [28]. The three-dimensional AFM images of aluminum alloy 

specimens after immersion for 3 days in 0.025 mol·L
–1

 NaCl solution containing or not 

1000 ppm anthocyanin are depicted in Figures 7 and 8, respectively. It is clearly perceived 

that the rough structure of alloy surface exposed to chloride solution (Figure 8-a), presents 

topographic variations between peaks and valleys of about 460 nm. With the addition of 

1000 ppm anthocyanin the surface becomes rougher (Figure 8) with height fluctuation 

within 670 nm. The average roughness (Ra) of the unprotected and protected aluminum 

alloy surface is 81 nm and 169 nm, respectively. These superficial observations combined 

with the electrochemical analysis suggest that anthocyanin could act as an effective 

corrosion adsorption inhibitor for 2024-T3 aluminum alloy. 
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Figure 5. Scanning electron microscopy images with EDS analysis of the AA2024-T3 alloy 

surface after 3 days of immersion into 0.025 mol·L
–1

 NaCl solution. 

 

Figure 6. Scanning electron microscopy images with EDS analysis of the AA2024-T3 alloy 

surface after 3 days of immersion into 0.025 mol·L
–1

 NaCl solution containing 1000 ppm of 

anthocyanin. 
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Figure 7. AFM images of AA2024-T3 aluminum alloy after immersion for 3 days in 

0.025 mol·L
–1

 NaCl solution containing 1000 ppm anthocyanin. 

 

Figure 8. AFM images of AA2024-T3 aluminum alloy after immersion for 3 days in 

0.025 mol·L
–1

 NaCl solution. 
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4. Conclusions 

Grape anthocyanins meet the requirement for an environmentally friendly corrosion 

inhibitor because of their low toxicity, biodegradability and availability. Furthermore, they 

present good efficiency for protection against corrosion of aluminum alloy 2024-T3. The 

adsorption characteristics of the antocyanins were approached by Langmuir isotherm and 

the good anticorrosive properties are attributed to their good adsorption capacity. 
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