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Abstract- The corrosion of aluminum beverage cans poses a significant industrial challenge 

that causes economic and health problems. However, there exists a requirement to gather 

scientific data that can offer knowledge to the food and packaging sectors, aiding in enhancing 

materials and reducing losses linked to this issue. This research examined how aluminum cans 

interacted with beverages using model solutions containing copper and chloride concentrations 

close to those typically found in beverages. This research highlights the influence of the 

temperature (20-50°C), chloride concentration (25-1000 mg/L), and copper concentration (25-

1000 µg/L) as independent variables on the corrosion of Al can in citric acid solution using 

Response surface methodology (RSM) with the Box–Behnken design (BBD). The input 

corrosion current density was assessed through potentiodynamic polarization tests conducted 

under variable conditions outlined in the design matrix. With p-values under 0.05 and good 

regression coefficients (R2), the (ANOVA) approach confirmed that the quadratic model 

developed was significant.  The RSM demonstrated a strong alignment between the predicted 

outcomes and the observed responses. The [Cl-] exhibited the most prominent and adverse 

impact on the dissolution of aluminum. The EIS graphs indicated that the corrosion reaction is 

primarily governed by the diffusion process. 

Keywords- Aluminum; Corrosion; Box Behnken design; Electrochemical tests; Response 

surface methodology (RSM) 
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1. INTRODUCTION  

Aluminum is frequently used as metal packaging in various industries particularly in the 

food and beverage sector due to its exceptional properties and versatility such as the 

combination of strength, lightness, recyclability and formability [1,2]. Aluminum packaging 

provides effective protection for products, safeguarding them from external elements like 

moisture and light. This preservation ensures items quality and extends their shelf life [3,4].  

Based on the available literature, aluminum beverage packaging is commonly found in the 

form of cans and bottles, both crafted from two different aluminum alloys. The body of the can 

(bottom and wall) is typically constructed using the 3104 alloy, this specific choice is attributed 

to the alloy's ductility, enabling the walls to be efficiently stretched and ironed during the can-

forming process [1,5]. The 5182 alloy is employed for the can's top (closure) due to its 

commendable corrosion resistance, however, unlike the 3104 alloy, it lacks ductility, mainly 

due to its higher magnesium content in the composition [1,6]. 

Aluminum is acknowledged for its innate corrosion protection, which arises from the 

development of a thin oxide layer on its surface [7]. Nevertheless, various factors can 

contribute to corrosion in beverage packaging, including the acidity of certain beverages, 

notably fruit juices and soft drinks with low pH values (often pH < 4.5), the presence of oxygen 

as well as the dissolved ions, temperature fluctuation and mechanical damage [8,9]. In a 

previous investigation conducted by Danillo S. Soares et al in 2017, the influence of catalytic 

ions, such as iron and chloride in an acidic medium, on the corrosion of aluminum packaging 

(specifically AA3104-H19 alloy) was studied using polarization curves [1]. Additionally, in 

another study, the authors demonstrated that the corrosion process can be sped up when copper 

and chloride ions are present in the beverage or come into contact with the Al surface [10]. The 

issue of internal corrosion leads to a degradation in product quality and purity, as well as the 

transfer of aluminum into beverages, leading to health issues and financial consequences for 

the food industry [11]. The migration of metals from the package to the food can render it unfit 

for consumption if the concentration of metal is higher than the tolerated limits [8]. High levels 

of aluminum in food may lead to the neurological disorders such as Alzheimer's disease and 

Parkinson's disease [12,13]. However, various regulatory authorities and organizations have 

established guidelines and limits for acceptable levels of aluminum in these products to ensure 

consumer safety. The European Food Safety Authority (EFSA) has established a tolerable 

weekly intake (TWI) of 1 milligram of aluminum per kilogram of body weight per week [14].  

Despite the risk associated with this problem, there is a lack of information on corrosion of 

aluminum food packaging in the literature, particularly concerning corrosion catalysts present 

in food and drinks. Hence, it holds great importance to investigate the interaction of this 

packaging with beverages to gain a deeper understanding of the underlying processes involved. 

For this reason, the main aim of this research is to explore the impact of three independent 

variables, namely chloride ions, copper ions, and temperature, on the corrosion of aluminum 
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used in drinks cans within an acidic solution (citric acid). In this investigation a mathematical 

and statistical methods, specifically response surface methodology (RSM) and Box-Behnken 

design (BBD), were employed to analyse and quantify the relationships between these variables 

and the corrosion process. 

A traditional experimental investigation cannot adequately characterize the behavior of the 

metal/solution interface since the corrosion mechanism depends on different factors. To 

overcome this limitation, our study integrates experimental and statistical method in an effort 

to improve our comprehension of corrosion attenuation. To build a statistical model that could 

describe aluminum corrosion under various circumstances and optimize the influence of 

selected independent variables, we used the design of experiment (DoE) technique. Our 

findings were verified by the analysis of variance (ANOVA). A variety of electrochemical 

techniques were employed to examine the corrosion of this particular type of aluminum, 

including Potentiodynamic Polarization (PDP) and Electrochemical Impedance Spectroscopy 

(EIS). Scanning Electron Microscopy (SEM) was used to evaluate the surface characteristics 

to validate the effect of the independent factors considered. 

 

2. MATERIALS AND METHODS 

2.1. Preparation of metal specimens 

In this investigation, a sheet of aluminum cans, obtained from a standard batch 

commercialised in the Moroccan market, was used. Consequently, the analysis was conducted 

with a real and representative sample. The body wall of the aluminum can was employed for 

all of the specimens used in the current investigation. The top and bottom pieces of the can 

were taken out, and the wall was unravelled to eliminate any potential effects from the ironing 

procedure, which is involved in the can's construction. All used packages were collected from 

new packages and did not contain any physical damage. Before each electrochemical 

experiment, all samples were prepared by removing the varnish and the inner coating with a 

solvent, followed by polishing them with emery paper (from 600 to 1200) and rinsing them 

with distilled water, degreased with acetone, and dried with warm air. It should be mentioned 

that the working electrode's exposed area is 0.6 cm2.  

 

2.2. Model solutions  

We used the model solutions in the execution of this study to gain a better and deeper 

understanding of the corrosion problems of Al beverage cans.  By employing this approach, it 

is possible to regulate the ingredients and qualities of the products. Additionally, this strategy 

enables the repetition of trials with reliable outcomes. The preparation of solutions was guided 

by earlier research involving multiple beverages, which aimed to simulate the real products 

using simplified formulation. To produce a solution with a pH level of 3, similar to some 
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beverages packed in aluminum cans [10], each model solution was created by mixing distilled 

water with citric acid monohydrate C6H8O7.H2O (Merck). Different concentrations of the 

copper ions from CuSO4.5H2O (Merck) and chloride ions derived from NaCl (Merck) were 

incorporated to obtain the required solutions for this investigation.  

 

2.3. Design of Experiment (DoE) and Response Surface Methodology (RSM)  

The conventional methods examine just one variable over time while maintaining the other 

variables constant, making it impossible to analyse the interaction between two or more 

variables; One Factor at a Time (OFAT) [15,16]. Nevertheless, these classical approaches are 

expensive [17], requiring a lot of testing, as well as time and work. Design of experimental 

(DoE) is an excellent method for demonstrating the impact of numerous independent variables, 

especially when complex relationships are present [18]. 

A statistical Design of Experiment (DoE) is a method for collecting data, creating an 

empirical model to reduce the number of tests, and determining significant variables and 

interactions that impact the process response [19]. Usually, it is carried out using techniques 

like full factorial design, fractional factorial design and Response surface design (RSM) [20]. 

The most informative method is (RSM), it encompasses a set of statistical techniques (DOE) 

that uses mathematical and statistical methods for modelling, evaluating, and optimizing 

complicated situations [21,22]. In addition, Response surface methodology offers graphical 

representations to demonstrate the link between various experimental factors and the measured 

value (response) [23]. 

As we already mentioned, RSM uses a particular mathematical model to suit the data 

collected by the DoE. This mathematical model encapsulates the relationship between variables 

or parameters as inputs and responses as outputs [22]. It is better to use a second-

order polynomial regression model, as shown in Equation (1), to properly illustrate linear 

interactions and quadratic impact [24,25]: 

Y = a0 + ∑ aiXi

n

i=1

+  ∑ aii𝑋𝑖
2

n

i=1

+  ∑ ∑ 𝑎𝑖𝑗𝑋𝑖𝑋𝑗

𝑛

𝑗=𝑖+1

𝑛=1

𝑖=1

+ 𝜀 (1) 

where Y: the Response or the dependent parameter; a0 symbolizes the constant term of the 

model; ai, aii, and aij denote the regression coefficients of linear, square, and interaction terms 

of the mode, respectively; Xi and Xj are the independent variables.; while 𝜀 stands for the 

stochastic or random error.  

Many designs may be utilized in response surface methodology, the diversity between these 

designs is based on the number of factors and levels considered, as well as the selection of 

experimental points. For fitting a second-order model in RSM, Central Composite Design 

(CCD) and Box-Behnken Design (BBD) are two very useful and popular methods [19].  
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2.4. box Behnken design (BBD) and Design Matrix 

The Box-Behnken design (BBD) at three levels was chosen for this study with the intention 

of revealing the relationship between response functions and factors. Compared to CCD and 

other options, the BBD, created by Box and Behnken in 1960, is a significantly more efficient 

design [26-28]. The benefit of BBD is that it eliminates trials conducted in extreme 

circumstances since it has no axial points, ensuring that all points lie within the safe operating 

zone, also it only requires a relatively small group of factors to determine the complicated 

response function [22]. 

The levels of the factors in the Box-Behnken design are positioned in the center of the 

cubical design space as well as at the midpoints of its edges (Figure 1). A three-factor design 

is demonstrated in the following figure [29]:  

 

 

Figure 1. BBD Cube plot 

 

In this investigation, three parameters (temperature, copper concentration and chloride 

concentration) were employed, and the examined interval of these independent factors was 

determined in accordance with the literature [22]. Each factor has levels (minimum, medium, 

maximum) which are coded as (−1, 0, and +1). Table 1 includes real and coded values for the 

chosen range of variables that affect corrosion of aluminum beverage cans. The response (Icorr) 

was related to the selected variables by the second-order polynomial regression model given in 

Equation (1). 

 

Table 1. Parameters with their associated uncoded values and their corresponding coded levels 

 

Variable Code value 

 −1 (Minimum) 0 (Medium) 1 (Maximum) 

X1, Temperature T (°C) 20 35 50 

X2, Copper concentration [Cu2+] (µg/L) 25 512.5 1000 

X3, Chloride concentration [Cl-] (mg/L) 25 512.5 1000 
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Using the Design Expert software, the design of experiment was executed according to the 

testing range. An experiment number of N = 2k(k-1) + cp, where k is the number of variables 

and cp is the number of trials at the center point, was necessary for the RSM utilizing the Box-

Behnken design [30]. Utilizing duplicates and adding a small number of center points are two 

strategies to get sufficient data. Since repetition could take time, this design incorporates three 

experiments conducted precisely at the central point [19]. Since there are three center points 

(cp) and three components (k) in this inquiry, there were a total of 15 trials, as shown in the 

Table 2 below. 

 

Table 2. The experimental design for the test elements using Box Behnken design matrix 

 

 Real variable Coded variable 

Std 

Order 

Run 

Order 
T (°C) 

[Cu2+] 

(µg/L) 

[Cl-]  

(mg/L) 
X1 X2 X3 

4 1 50 1000.0 512.5 1 1 0 

9 2 35 25.0 25.0 0 -1 -1 

2 3 50 25.0 512.5 1 -1 0 

13 4 35 512.5 512.5 0 0 0 

11 5 35 25.0 1000.0 0 -1 1 

12 6 35 1000.0 1000.0 0 1 1 

6 7 50 512.5 25.0 1 0 -1 

14 8 35 512.5 512.5 0 0 0 

10 9 35 1000.0 25.0 0 1 -1 

3 10 20 1000.0 512.5 -1 1 0 

7 11 20 512.5 1000.0 -1 0 1 

15 12 35 512.5 512.5 0 0 0 

5 13 20 512.5 25.0 -1 0 -1 

8 14 50 512.5 1000.0 1 0 1 

1 15 20 25.0 512.5 -1 -1 0 

 

2.5. Performing Electrochemical Experiments 

Every electrochemical test was carried out using a potentiostat OrigaStat 100 controlled via 

the Origamaster5 program. The usual three-compartment electrochemical cell was employed, 

with a platinum as the auxiliary electrode, a saturated calomel electrode (SCE) as the reference 

electrode, and aluminum as the working electrode. Before measurements, the aluminum 

electrode was submerged for an hour in the corrosive solutions to have a stable state of open 

circuit potential (Eocp). Potentiodynamic polarization curves were obtained in the potential 

range of -1100 to 400 mV compared to the (SCE) reference electrode, from cathodic to anodic 

orientation, at a scan rate of 1 mV.s-1. Electrochemical impedance was measured at open circuit 
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potential (Eocp) at frequencies between 100 mHz and 1 kHz. Signals with sine wave voltages 

of 0.01 V peak to peak were applied. The EC-Lab program was used to fit the results. 

 

2.6. Scanning electron microscopy analysis 

Scanning electron microscopy (SEM) was employed as a potent analytical method to 

comprehend the surface morphology of the investigated aluminum can sample. We performed 

this analysis before and after immersion of the aluminum in a simulated solution of real soft 

drinks for durations of 6 and 24 hours. The type of (SEM) instrument is JSM-IT10. 

 

3. RESULTS AND DISCUSSION 

3.1. PDP results according the box Behnken design matrix 

To examine the influence of the three chosen factors on the corrosion behavior of aluminum 

cans, polarization measurements were performed in accordance with the abovementioned BBD 

matrix. Following the OCP measurements, the PDP of working electrode was measured from 

the hydrogen evolution area (-1.4 V) to the anodic potential zone (0.4 V). The corrosion current 

density (Icorr) for the RSM with BBD was calculated using the PDP curves. Figure 2 displays 

the PDP curves for aluminum after 1 hour of immersion in a citric acid solution (pH 3) 

containing varied concentrations of copper and chloride ions at various temperatures.  

 

                          

Figure 2. PDP curves of Al electrode according the experimental design of RSM with Box 

Behnken Design 

 

According to the entirety electrochemical process (Equation 2), the consequences were 

caused by the aluminum's fast dissolution and the creation of aluminum hydroxide [31].  
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The gained plots demonstrate that the three parameters (T, [Cu2+] and [Cl-]) under 

consideration exert an influence on the form of the polarization curves within the citric acid 

environment. The profile of the curves substantiates the impact of various tested variables on 

the performance of working electrode, suggesting that they contribute to the degradation of the 

oxide film formed on aluminum during anodic polarization in citric acid.   

The current density (Icorr) rises with temperature and increases with chloride and copper ion 

concentrations, according to analysis of the polarization curves. It is observed that the three 

factors have an impact on both the cathodic and anodic Tafel lines. As depicted in the figure 2, 

when the concentrations of ions (copper and chloride) and temperature decrease, the values of 

Ecorr are slightly shifted towards the positive direction. 

In this study, it was found that no additional passive film developed during the anodic 

polarization of aluminum when it was operated in a citric acid environment with a pH of 3 with 

the presence of copper and chloride ions. A comparable pattern was noted in acetic acid with a 

pH of 2 [32]. This behavior was elucidated by SERUGA et al, suggesting that the potent 

dissolution of the initial oxide layer, and the film-degrading impact likely caused by the 

elevated concentration of H+ ions, prevents the formation of a protective passive film during 

anodization. This breakdown of passivity can potentially result in significant metal dissolution 

or corrosion localized to specific areas [32]. 

As documented in the literature, aluminum may corrode in solutions containing halogen 

ions. At any pH, halogen ions increased the corrosion of Al [30]. This happened more quickly 

in an acidic environment. Chloride ions (Cl−) have been singled out as the predominant 

instigators of aluminum corrosion. Due to its small radius, diffusion of Chloride ion proved 

difficult to obstruct. After the attachment of chloride ion to the aluminum surface, because to 

its high activity, it interacted with the passivation layer or metal of Al and slowly broke the 

film to produce small pits [31]. 

It is well known that the Al surface corrodes when copper ions are present. Copper ions 

create a galvanic cell that pits aluminum. Bakos et al. substantiated this by revealing that an 

Al-Cu bimetallic system is produced when aluminum is submerged in a solution containing 

copper ions due to the deposition of copper ions on the surface of aluminum. Consequently, it 

can be deduced that the aluminum-copper (Al-Cu) couple becomes galvanically interconnected 

[33].   

 

3.2. The statistical second-order model 

The response of the model (corrosion current density) was calculated using the Tafel 

extrapolation method The result of these 15 experimental runs is given in Table 3.   

 

 (2) 
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Table 3. Experimental and predicted data for response (Icorr) 

 

Run Order 

Parameters Icorr (µA/cm2) 

T (°C) 
[Cu2+]  

(µg/L) 

[Cl-]  

(mg/L) 
Experiment Prediction 

1 50 1000.0 512.5 160.30 159.34 

2 35 25.0 25.0 30.30 29.71 

3 50 25.0 512.5 98.25 95.63 

4 35 512.5 512.5 47.55 47.10 

5 35 25.0 1000.0 57.45 59.691 

6 35 1000.0 1000.0 150.40 150.94 

7 50 512.5 25.0 54.90 58.10 

8 35 512.5 512.5 45.20 47.10 

9 35 1000.0 25.0 39.20 36.96 

10 20 1000.0 512.5 74.50 77.12 

11 20 512.5 1000.0 65.52 62.32 

12 35 512.5 512.5 47.5 47.10 

13 20 512.5 25.0 35.25 34.85 

14 50 512.5 1000.0 174.23 174.60 

15 20 25.0 512.5 41.36 42.32 

 

Upon examining Table 3 and comparing runs 7 and 14, a substantial rise in (Icorr) for the 

procedure following the change in chloride concentration from 25 mg/L to 1000 mg/L under 

the conditions of an isothermal experimental setup. Nevertheless, in the case of experiments 2 

and 9, no notable increase in corrosion current density when copper concentration increased 

from 25 to 1000 g/L, despite the tests were carried out under constant conditions. On the other 

hand, the results of tests 7 and 13 demonstrate that increasing temperatures notably accelerates 

the dissolution of aluminum cans. Referring to the information provided in Table 3, experiment 

number 2 showed the lowest corrosion current density (30.3 µA/cm2). This outcome was 

achieved through the utilization of a moderate temperature (35°C), with the lowest 

concentrations of chloride (25 mg/L) and copper (25 µg/L). Conversely, experiment number 3 

yielded the highest corrosion rate, which was attributed to the combination of elevated chloride 

concentration (1000 mg/L), higher temperature (50°C), alongside a moderate concentration of 

copper (512.5 µg/L). The results show that each of the elements under investigation seems to 

have a negative impact on the response. This implies that increasing these components causes 
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the increase of corrosion current density. Therefore, accelerating the degradation of aluminum 

beverage cans. 

In order to create mathematical model to represent experimental data, the output variable 

(response) was linked to the independent variables based on the regression analysis. In this 

study the corrosion current density was subsequently evaluated by RSM with BBD using 

Design Expert software with the intent to develop a regression equation of the relationship 

between the parameters. The model (second-order polynomial) is presented in the equation (3) 

below in terms of uncoded variables. 

Icorr = 186.8 – 9.086 T - 0.1013 [Cu2+] – 0.1019 [Cl-]+ 0.13254 T2 + 0.000070 

[Cu2+]2 + 0.000023 [Cl-]2 +0.000988 T*[Cu2+] + 0.003044 T* 

[Cl]+ 0.000088 [Cu2+] * [Cl-] 

(3) 

The predicted results shown in Table 3 were produced by using the second order model 

(Equation 3). This model shed light on the quadratic and interaction effects of the factors on 

the corrosion current density of aluminum in a simulation of beverages. The techniques used 

to verify the equation's accuracy will be explained in subsequent parts. 

 

3.3. Analysis of Variance (ANOVA) Test and Fit Statistics 

One of the most essential methods in statistical analysis is the analysis of variance 

(ANOVA) test [34]. It is a helpful tool that assesses the significance of models, individual 

experimental parameters, and their interactions using P-values and F-values [35]. When a 

regression model's P-value is less than 0.050 (the significance threshold) and it displays a high 

F-value, it is deemed to be the best appropriate statistical model for the observed data points. 

the ANOVA test results and the fit statistics for the corrosion current density mode are 

illustrated in Tables 4 and 5. 

A p-value in statistical analysis indicates the potential of the regression model [11]. The 

alpha value for this inquiry was 5% since the confidence interval (%CI) was set at 95%.  This 

model's p value is less than 0.05, which demonstrates model validity according to the table 

ANOVA. There was a considerable difference between the variables as a result. The totality 

terms' p-values for (Icorr) equation regression were below 0.05, which indicated that their 

addition to the model would likely result in a meaningful impact. Another significant statistical 

factor that is closely related to the p-value is the F-value. To determine the significance of the 

mean differences between operating conditions, a F test is performed. Since the F-value for 

this model is 340.2, which is much higher than the Fcritical value of 4.7725, it may be used to 

reject the null hypothesis that all of the coefficients are zero [36]. 

The lack-of-fit test is a statistical concept that is crucial in ANOVA. The chosen model 

needs to have an important value of lack of fit [34]. When the p-value is larger than 0.10, the 
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requirement is satisfied. The identified model's lack-of-fit value was 0.10, indicating good fit 

for the suggested regression model. 

 

Table 4. Variance analysis result for the quadratic regression equation 

 

Source DF 
Sum of 

Squares 

Mean 

Square 
F-Value P-Value 

Model 9 32425.4 3602.8 340.02 < 0.0001 

Linear 3 24399.0 8133.0 767.56 < 0.0001 

T 1 9184.9 9184.9 866.83 < 0.0001 

[Cu2+] 1 4851.1 4851.1 457.83 0.0003 

[Cl-] 1 10363.0 10363.0 978.01 0.0003 

Square 3 4071.1 1357.0 128.07 < 0.0001 

T2 1 3283.9 3283.9 309.92 < 0.0001 

[Cu2+]2 1 1027.3 1027.3 96.95 < 0.0001 

[Cl-]2 1 113.6 113.6 10.72 0.0022 

2-Way Interaction 3 3955.4 1318.5 124.43 0.0001 

T*[Cu2+] 1 208.9 208.9 19.72 0.0068 

T* [Cl-] 1 1982.0 1982.0 187.06 < 0.0001 

[Cu2+] * [Cl-] 1 1764.4 1764.4 166.52 < 0.0001 

Error 5 53.0 10.6   

Lack-of-Fit 3 47.1 15.7 5.30 0.1627 

Pure Error 2 5.9 3.0   

Total 14 32478.4    

 

Table 5. Fit statistics of the generated model for corrosion current density (Icorr) 

 

 

 

 

 

 

 

 

 

 

Statistical Parameter The model for (Icorr) 

Standard deviation 3.26 

Coefficient of variation (%) 4.35 

R-Squared 0.9984 

Adjusted R2 0.9954 

Predicted R2 0.9764 

Adequate precision 54.515 
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Important statistical variables like the coefficient of determination (R2) are listed in Table 

5. The agreement of the recommended regression model with the test data points is measured 

using the R2 statistic [34,35]. The range of the coefficient of determination is 0 to 1. It is advised 

to aim for a value close to 1, which represents the best fit of the regression model [34]. The 

regression equation that was generated has a remarkable high adjusted R2 value for Icorr of 

0.9954, demonstrating its robustness. 

Another essential fitting statistic is the predicted R2, which shows the expected coefficient 

of determination for the suggested regression model. The corrosion current density's predicted 

R2 value stood at 0.9764, whereas the adjusted R2 value was notably higher at 0.9954, the 

discrepancy between the predicted R2 and adjusted R2 amounted to 0.019. There was an 

acceptable level of concordance because the variance was in the range of 0.2. 

The statistical concept known as "adequate precision" assesses the boundaries of the 

anticipated error in relation to the estimated output, essentially measuring the signal-to-noise 

ratio [34]. The examination's current density model has an adequate precision of 37.279. This 

number is more than 4.0, indicating that the discrimination provided by the model was 

adequate. Because the outputs of the predicted response are less affected by error, the chosen 

model expression may be utilized to explore the design regions of the responses. 

 

3.4. Validation of the developed model employing diagnostic plots 

Diagnostic tests are necessary in statistics to verify that the conditions for the ANOVA test 

have been fulfilled and to evaluate the suitability of a built model [36]. One of the helpful 

graphs for model validation is the predicted versus actual plot (Figure 3).  

 

 

Figure 3. The predicted versus the actual data for Icorr model 

 
Figure 3 shows the actual data from the experiment with the projected data provided by the 

model. When the points on the predicted and real graphs are near to one another and exhibit an 
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irregular distribution around a diagonal line, a model may be able to accurately predict 

experimental outcomes [37]. The points are distributed at random as seen in the plot 3, and 

there is good agreement between the values estimated by the model and the associated real 

values.  

 

 

Figure 4. Normal probability versus studentized residuals for Icorr model 

 

The normal plot of residuals for corrosion current density is shown in Figure 4. The graph 

is used to see if the discrepancy between the actual and projected outcomes follows a normal 

distribution [38]. The model has been shown to display a normal distribution as seen in Figure 

4 because the points largely followed a diagonal straight line, demonstrating that the models 

fit the data correctly. 

 

 

Figure 5. The externally studentized residuals versus the run order for Icorr model 
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Figure 5 shows the residuals for Icorr displayed against the sequence of the tests performed.   

This examination is done to see whether there are any hidden factors that might have affected 

the experiment's response. The residual points for the corrosion current density model have 

been spread at random across the confidence range, as shown in Figure 5.  There are no data 

points that have surpassed the limit range, providing evidence of the absence of outliers in the 

residuals of model. The findings from diagnostics plots (Figures 3, 4, and 5) support the validity 

and suitability of the developed response models for anticipating corrosion current density. 

 

3.5. Influence of parameters on the response (Icorr) 

The Pareto chart (Figure 6) illustrates the standardized impacts of temperature, chloride 

concentration, and copper concentration on the evaluation of corrosion current density in order 

to ascertain each factor's precise impact on (Icorr). The significance and size of the impacts 

were assessed using the Pareto chart. Each bar represents the T-value for a particular type of 

factor, and the bars that traverse the reference line are those that are statistically important. 

Thus, chloride content has the highest impact on the corrosion current density of aluminum 

cans. In Figure 6, all of the bars representing the factors cross the reference line at 2.57. The 

present model shows that these variables are statistically significant at the 0.05 level. 

 

 

Figure 6. Pareto chart for the standardized effects of the three factors on Icorr 

 

According coefficients table (Table 6), we make the conclusion that all of the study's factors 

have a significant influence on the corrosion current density since their p-values are less than 

0.05. It has been established that all parameters under inquiry are positive, boosting the 

corrosion current study, consequently, the dissolution of aluminum cans. The order of the three 

factors' varying degrees of effect on the response value was found to be: chloride concentration 

> temperature > copper concentration.  
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Table 6. Calculated coded coefficients for corrosion current density (Icorr) 

 

 Coefficient 
SE 

Coefficient 
T-Value P-Value 

Constant 47.10 1.88 25.06 0.0001 

T 33.88 1.15 29.44 0.0001 

[Cu2+] 24.63 1.15 21.40 0.0003 

[Cl-] 35.99 1.15 31.27 0.0003 

T2 29.82 1.69 17.60 0.0001 

[Cu2+]2 16.68 1.69 9.85 0.0002 

[Cl-]2 5.55 1.69 3.27 0.0221 

T*[Cu2+] 7.23 1.63 4.44 0.0068 

T* [Cl-] 22.26 1.63 13.68 0.0001 

[Cu2+] * [Cl-] 21.00 1.63 12.90 0.0001 

 

3.6. Representation of Model: Surface and Contour Plots 

Utilizing response surface plots like 2-dimensional contour plots and 3-dimensional surface 

plots proves effective for establishing optimal response values and operating circumstances. A 

surface plot often presents a 3D image that helps to provide a better understanding of the 

response. on a contour plot, the response surface is viewed on a 2D plane where all points that 

have an equivalent response are linked to create contour lines of stable responses [55]. 

The 3D and contour graphs in Figure 7A show how temperature and chloride concentration 

affect the behavior of corrosion current density under specific circumstances. The study of this 

figure demonstrates that when the two parameters were increased, the corrosion current density 

grew from lower values (20 A/cm2), to higher values more than (150 A/cm2), which indicates 

the strength of this interaction and that both components had an equal impact on reaction. 

The surface response plot (Figure 7B) revealed remarkable behavior with respect to chloride 

and copper concentrations. Particularly, compared to [Cl-], the impact of [Cu2+] seemed to be 

steadier and more regulated. Across all levels, the effect of copper on Icorr remained constant. 

Furthermore, it became clear that the interaction of these ions had a minor impact on aluminum 

can corrosion. 

For the combination of temperature and copper concentration, the corrosion current density 

seems to remain stable when [Cu2+] increases, we observed despite the increase in temperature 
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a slight increase in the corrosion rate, which implies that this interaction is the weakest 

compared to the others. 

 

 

 

 

Figure 7. The influence of parameter interactions on corrosion current density 
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3.7. Confirmation of the developed model  

The purpose of this part is to evaluate the reliability and applicability of the developed 

model in the food field and precisely in the beverage industry. Consequently, we assessed our 

model by adopting the findings of Soreas et al. as a framework. These researchers suggested a 

general simulation of real soft drinks using a formulation comprising citric acid pH 3.0, a 

chloride concentration of 250 mg/kg and a copper content of 250 g/kg [8]. Table 7 lists the 

factors and objectives of the prediction procedure. To achieve this goal, we executed the 

process utilizing the Design-Expert Software, relying on the established model for corrosion 

current density (Icorr). 

 

Table 7.  The goals of the prediction of the corrosion current density (Icorr) 

 
Name Goal Lower limit Upper limit 

Temperature (°C) In range 20 50 

[Cu2+] (µg/L) 250 // // 

[Cl-] (mg/L) 250 // // 

Icorr (µA/cm2) In range 30.3 174.2 

 

Several solutions have been identified by using numerical optimization to discover the 

responses. It should be highlighted that the solutions were selected based on Desirability. This 

notion of Desirability represents a numerical value that varies from zero to one which 

signifying the most desirable outcome [35]. Based on the findings, a 100% Desirability was 

consistently observed across the entire solutions, indicating the feasibility of achieving 

desirable corrosion current density results under the specified conditions. The performance of 

our second-order model is assessed by comparing the predicted and experimental values, as 

shown in Table 8. 

Table 8. Confirmation trials 

 

Experience 

Factors 

Desirability 

Response 

Temperature 

(°C) 

[Cu2+] 

(µg/L) 

[Cl-] 

(mg/L) 
Experiment Prediction 

1 20 250 250 1 41.28 38.695 

3 42.94 250 250 1 46.7 44.929 

2 50 250 250 1 76.9 74.689 

 

The cathodic and anodic polarization curves for aluminum specimens under the various 

circumstances already proven are shown in Figure 8. The Tafel extrapolation method was used 

to acquire the values of the corrosion current density (Icorr), corrosion potential (Ecorr), cathodic 

Tafel slope (bc), and anodic Tafel slope (ba). The outcomes are listed in Table 9.       
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Figure 8. Potentiodynamic polarization curves recorded for aluminum under the conditions 

shown in Table 8 

 

Table 9. Potentiodynamic polarization parameters for aluminum under the conditions shown 

in Table 8 

 

It was found that the Icorr response is adequately connected to parameters under 

investigation, and that temperature is one of the factors which affects the dissolution of 

aluminum and therefore accelerates its corrosion. The correlation between the experimental 

data and the regression results showed that the proposed predictive model was highly 

confirmed and well accepted. 

For an in-depth analysis of aluminum corrosion, we used electrochemical impedance 

spectroscopy, an alternative electrochemical technique that helps identify the elementary steps 

involved in overall corrosion processes. The appropriate Nyquist diagram, equivalent circuit, 

and fitting data for aluminum in citric acid with 250 mg/L of chloride and 250 g/L of copper at 

various temperatures are provided in Figure 9 and Table 10. 

According to the findings, all Nyquist curves exhibit a single capacitive semicircle in the 

high-frequency (HF) area and a straight line in the low-frequency (LF) region [39]. In general, 

the existence of a semicircular pattern is typically linked to the charge-transfer process during 

the corrosion of aluminum. Contrarily, the straight line in the low-frequency area can be 

Experiment Icorr Ecorr ba -bc 

1 76.9 -563.5 42.3 1156.7 

2 46.7 -551.5 36.1 1340.5 

3 37.2 -548.0 39 1353.1 
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attributed to Warburg impedance, which comes from either the diffusion of ions from the 

solution to the aluminum surface or the transportation of corrosive particles [40]. 

                                   

 

Figure 9. Nyquist plot for the aluminium electrode under the conditions mentioned in Table 8. 
 

It is noted that when the temperature rises, the diameter of the capacitive loop decreases, 

suggesting the influence of this parameter on the dissolution of aluminum. The impedance 

outcomes in the current investigation were fitted using the equivalent circuit depicted in Figure 

9. Constant phase angle elements (CPEf and CPEdl) are connected to film capacitance (Cf) and 

double layer capacitance (Cdl), respectively. In order to account for the heterogeneous nature 

of the electrode surface, a Constant Phase Element (CPE) is used in place of a typical capacitor 

[40]. The impedance parameters including solution resistance (Rs), film resistance (Rf), charge 

transfer resistance (Rct), and Warburg impedance (W) are collected in Table 10. 

 
Table 10.  Impedance parameters for Aluminium can under the conditions listed in Table 8 

 

Experience 

Rs 

(Ω cm2) 

 

Rf 

(Ω cm2) 

 

Cf 

(μF cm−2) 

 

Rct 

(μF cm−2) 

 

Cdl  

(μF cm−2) 

W 

(× 10−2 Ω 

cm2 s1/2) 

1 177.5 562.6 5.89 4520 4.229 0.015 

2 142.2 330 6.733 3800 1.474 0.011 

3 154.9 367.2 7.511 2317 9.94 0.049 

 

3.8. Surface observation  

The surface morphology of the aluminum was examined before and after 6 and 24 hours of 

soaking in citric acid (pH 3) with 250 mg/L of chloride and 250 g/L in order to learn more 
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about how the aluminum can behaves in soft drinks and to support the electrochemical findings. 

Figure 10a depicts the sample before has been submerged in a mimetic solution where the 

surface is smooth with some scratches due to mechanical polishing. Figure 10c illustrates the 

sample after 24 hours of immersion in the acidic solution (citric acid) at 20°C, showing the 

existence of some pitting and spots on the aluminum surface caused by oxidation of the metal 

can surface. However, the surface experienced less damage and there was no evidence of 

corrosion products in the sample that had been submerged in the citric acid solution for six 

hours (Figure 10b). The outcomes supported earlier electrochemical technique findings 

indicating the investigated factors had an impact on the behavior of the aluminum can surface. 

We can also conclude that the immersion time will be a powerful and significant parameter in 

the corrosion of the aluminum. 

 

 

Figure 10. SEM analysis of the aluminium can under different conditions a) freshly polished 

b) sample immersed in the tested solution for 6h c) sample immersed in the tested solution for 

24h 

 

4. CONCLUSION 

Using the statistical method Response surface methodology (RSM) with the Box-Behnken 

design (BBD), this study investigated the effects of temperature and the different 

concentrations of copper and chloride present in an aqueous solution of citric acid (pH 3), on 

the corrosion of aluminum cans. The potentiodynamic polarization curve was used to determine 

the response corrosion current density (Icorr). According to research findings, all of the 

examined independent variables had a significant and negative impact on the response, 

significantly enhancing the dissolution of aluminum packaging. The developed statistical 

model for (Icorr) had the greatest p-value, predicted R2 value, and Adjusted R2 value, indicating 
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that it is the best fit-model. It was shown that this equation could adequately explain the 

experimental data with a 95% level of confidence. Based on the electrochemical impedance 

spectroscopy data, the decline in both solution resistance and charge transfer resistance with 

increasing temperature implies an acceleration in the corrosion process. The results obtained 

demonstrate a notable consistency between the measurements obtained from Potentiodynamic 

polarization and Impedance electrochemical assessments. 
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