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Abstract 
Aluminium inhibition was investigated in 1M HCl medium by three organic molecules : benzoïc acid (BA), acid 

3-chlorobenzoïc (A3CB) and acid 3-phenylthiobenzoïc (A3PTB). It has been observed that the corrosion 

inhibition efficiency IE (%) increases with  increasing concentration of each of these molecules but decreases 

with increasing temperature. The experimental results were fitted to adsorption models as Langmuir, El-Awady, 

Flory Huggins… Tough, the Langmuir adsorption is the best, it can’t be applied rigorously. The Villamil 

isotherm was therefore used. The Adejo-Ekwenchi isotherm was used to assess to the adsorption type. 

Thermodynamic adsorption and activation functions have been determined and examined. We also studied the 

influence of the solvent on the corrosion inhibition.  We used Molinspiration software and DFT to determine 

molecular descriptors and finally PAC and QSPR method to establish a mathematical relationship between 

inhibition efficiency and parameters as energy gap (∆𝐸), molecular hydrophobicity (LogP) and EHOMO (highest 

occupied molecular orbital). 

Key-words : Aluminium, corrosion inhibition, adsorption isotherms, thermodynamic functions, Molinspiration, 
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I. Introduction 
Aluminium [1] is the most abundant metal in the earth's crust. It is solid at room temperature and has 

silver-colored in appearance and it is relatively lightweight compared to many other metals such as steel. 

Aluminium is commonly alloyed with other elements to increase its mechanical properties. It is preferred over 

steel in some applications due to its lower density, better machinability and superior corrosion resistance due to 

its protective oxide layer. The good performance [2] of aluminium in corrosive environment is due to 

the passivity produced by this protective oxide film.  

Aluminum is also an excellent conductor of electricity. It is an amphoteric metal and can react with 

both chemically acidic and basic substances. Oxygen influences the corrosion of aluminium and accelerates the 

corrosion process. The attack increases in high concentrations of dissolved oxygen, especially  [3-5] in acidic 

solutions.  

There are many strategies to combat metal corrosion : chemical passivation (nitrites, chromates, zinc, 

molybdate…), precipitation inhibitors (sodium silicate), adsorption inhibitors (organic molecules containing 

heteroatoms).  

Nowadays [6,7], the use of adsorption inhibitors is encouraged because of the non-toxicity of organic 

molecules for human beings and animal and for our environment. It is with this mind that we studied the 

behaviour of the three molecules : benzoïc acid and two of its derivatives (acid 3-chlorobenzoïc and acid 3- 

phenylthiobenzoïc). 

The purpose of this work is to get information on  the adsorption of the molecules onto the metal and to 

obtain the molecular descriptors values in order to better understand the inhibition mechanism. Therefore, the 

work uses the gravimetric (weight loss) method and Density Functional Theory (DFT) to access to corrosion 

inhibition efficiencies and molecular descriptors (EHOMO, ELUMO, ΔE, μ…). PCA (Principal Component 

Analysis) and Quantitative Structure Property Relationship (QSPR) methods were then used to get other 

informations on the behaviour of the studied molecules against the metal corrosion.     

 

https://www.corrosionpedia.com/definition/862/passivity
https://www.corrosionpedia.com/definition/1650/oxide-film
https://www.corrosionpedia.com/definition/85/amphoteric
https://www.corrosionpedia.com/definition/76/aluminum-corrosion
https://www.corrosionpedia.com/definition/846/dissolved-oxygen-do-corrosion
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II. Experimental Method 
Molecules 

      
                          BA                                                      A3CB                                                  A3PTB 

Figure 1 : Name (abbreviation) and representation of the investigated molecules 

 

Weight loss measurement  

The mass loss method [8-10] is probably the most widely used method of inhibition assessment. The 

aluminium samples were weighed accurately, triplicately with a balance with a sensitivity of ± 0.1mg. They 

were then immersed in the corrosive medium (50 mL, 1M HCl, blank) and in the blank, at different 

concentrations (10-5 to 5.10-4M) of the molecules kept at 298 to 323K in a thermostat bath for one hour. 

Afterwards, the samples were removed from the agressive solution, throughly washed with distilled water, dried 

and reweighed. Each test was carried three times and the mean value of the weight loss measurement was taken 

into account. The corrosion rate (W) and the inhibition efficiency IE (%) were given by the equations below : 

                                                                𝑊 =  
𝑚1−𝑚2

𝑆𝑡
                                                              (1) 

                                                             𝐼𝐸(%) =
𝑊0−𝑊

𝑊0
× 100                                                 (2) 

Where 𝑚1 and 𝑚2 are respectively the mass before and after immersion in the test solution. The 

immersion time is t(h), while 𝑊0 and 𝑊 are respectively the corrosion rate in the absence and  presence of the 

studied molecules. S is the surface area of the samples in cm2. 

 

Quantum Chemical calculations 

In order to determine a relationship between the inhibition efficiency and the molecular structure of the 

studied molecules, quantum chemical calculations based on DFT [11] have been performed using Gaussian 16 

[12]. The hybrid density functional B3LYP exchange correlation functional, a combination of Becke three 

parameters [13] with the 6-311G (d, p) basis set [14] were used for the calculations of the following molecular 

parameters: the energy of the highest occupy molecular orbital (EHOMO), the energy of the lowest inoccupied 

molecular orbital (ELUMO), the energy gap (ΔE) and the dipole moment μ.  

 

Global reactivity parameters 

According to Parr et al. [15], the chemical potential 𝜇𝑃 is linked to the electronegativity 𝜒 by the equation 

below : 

                                                                  𝜇𝑃 = (
𝜕𝐸

𝜕𝑁
)

𝑣(𝑟)
= −𝜒                                              (3) 

Where 𝜇𝑃 is the electronic chemical potential, 𝐸 is the total energy, 𝑁 is the number of electrons and v(r), the 

external potential of the system. 

The ionization potential (𝐼) and the electron affinity (𝐴) of the molecules are given according to Koopman’s 

theorem [16] : 

                                                                     𝐼 = −𝐸𝐻𝑂𝑀𝑂                                                         (4) 

                                                                     𝐴 = −𝐸𝐿𝑈𝑀𝑂                                                         (5) 

The global reactivity descriptors [17-19] which are given with regards to finite-difference approximation are: 

- The electronegativity 𝜒 [17] which is linked to  the power of an atom or group of atoms to attrack 

electrons towards itself : 

                                                                        𝜒 =
1

2
(𝐼 + 𝐴)                                                    (6)  

- The chemical hardness 𝜂 [18] which expresses the resistance of an atom to charge transfer : 

                                                                         𝜂 =
1

2
(𝐼 − 𝐴)                                                   (7)   

- The chemical softness 𝜎 [19] which measures the capacity of an atom or a group of atoms to receive  

electrons : 

                                                                     𝜎 =
1

𝜂
=

2

𝐼−𝐴
                                                   (8) 
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When two systems, Al and an  organic molecule are brought together, electrons flows from the part of 

lower electronegativity to that of higher electronegativity until the chemical potential are equal. The number of 

tranferred electrons Δ𝑁 [20] is given by the following equation : 

                                                               Δ𝑁 =
𝜒𝐴𝑙−𝜒𝑖𝑛ℎ

2(𝜂𝐴𝑙+𝜂𝑖𝑛ℎ)
=

𝜙𝐴𝑙−𝜒𝑖𝑛ℎ

2𝜂𝑖𝑛ℎ
                                      (9) 

Where (𝜒𝐴𝑙 ,
𝜂𝐴𝑙) and (𝜒𝑖𝑛ℎ,

𝜂𝑖𝑛ℎ) are respectively the electronegativity of the aluminium and oh the 

molecule. In this study, we use the value of 𝜙𝐴𝑙 = 4.28 𝑒𝑉 [21] and 𝜂𝐴𝑙 = 0 [22] for the computation of number 

of the transferred  electrons. 

The global electrophilicity index 𝜔 [23] which measures the stabiliation in energy when the system acquires an 

additional electronique charge  ∆𝑁 from the environment is given by the equation below :  

                                                               𝜔 =
𝜇𝑃

2

2𝜂
=

𝜒2

2𝜂
=

(𝐼+𝐴)2

4(𝐼−𝐴)
                                              (10) 

 

Local reactivity parameters 

In order to identify the most reactive sites in a molecule, Fukui functions are used. The expression of these 

functions [24, 25] is  commonly given by : 

                                                                      𝑓(𝑟) = (
𝜕𝜌(𝑟)

𝜕𝑁
)

𝑣(𝑟)
                                            (11) 

Where 𝜌(𝑟), N and 𝑣(𝑟) are respectively electronic density, number of electrons and external potential exerted 

by the nucleus.   

The Yang and Mortier procedure [26] based on the finite difference method leads to the condensed Fukui 

functions expressed by the equations below : 

                                                     𝑓𝑘
+ = 𝑞𝑘(𝑁 + 1) − 𝑞𝑘(𝑁)                                                 (12) 

                                                     𝑓𝑘
− = 𝑞𝑘(𝑁) − 𝑞𝑘(𝑁 − 1)                                                 (13) 

Where 𝑞𝑘 is the electronic population of atom 𝑘  in the molecule. The functions  𝑓𝑘
+ and  𝑓𝑘

− are respectively 

related to nucleophilic and electrophilic attacks. 

Although Fukui function can reveals nucleophilic and electrophilic regions in a molecule, the dual 

descriptor [27, 28] is able to unambiguously expose truly nucleophilic and electrophilic regions. So, the dual 

descriptor can be considered as the best descriptor to measure local reactivity. This descriptor is given by : 

                                                         ∆fk(r) = fk
+ − fk

−                                                           (14) 

 

Principal Component Analysis (PCA), Quantitative Structure Property Relationship(QSPR) 

Principal Component Analysis  

Principal Component Analysis (PCA) [29, 30] is a multivariate data analysis that converts multiple 

variables into a few comprehensive variables and maintains a large amount of information from the original 

multiple variables. PCA, in QSPR study, analyzes a data matrix in which molecules are described by several 

quantitative parameters interrelated. PCA [31] is widely used in the comprehensive evaluation of multiple 

indicators (variables) to eliminate the correlation between evaluation indicators and help find objectively the 

main influencing parameters.     

 

Linear QSPR methods 

After selection of sets of descriptors, multiple linear regressions were employed to develop models with the 

following forms : 

                                           𝐸𝐼(%) = 𝑨𝑥𝑗 + 𝑩𝑥𝑘 + 𝑫𝑥𝑙+Res                                    (15)      

Where 𝑥𝑗 , 𝑥𝑘 and 𝑥𝑙  are components of a set of three parameters whereas Res is the residual. 

 

III. Results and discussion 
Weight loss experiments 

In Figure 2, the inhibition efficiency of the three molecules are represented versus their concentration for 

different temperatures. 

 

                          
(a) : Benzoïc acid (BA) 
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(b): Acid 3-Chlorobenzoïc (A3CB) 

         
(c): Acid 3-Phenylthibenzoïc (A3PTB)  

Figure 2 : Evolution of IE(%) versus concentration for different temperatures 

 

Observing this figure, one can see that the three molecules have the same behaviour. their inhibition efficiency 

increases with increasing concentration but decreases when the temperature increases : 

- BA :     T=298K, IE(%) = 83.83 for 10-5M  and 95.52% for 10-4M 

             T=323K, IE(%) = 58.88 for 10-5M  and 69.91% for 10-4M 

- A3CB : T=298K, IE(%) = 81.16 for 10-5M  and 93.27% for 10-4M 

              T=323K, IE(%) = 61.06 for 10-5M  and 73.14% for 10-4M 

- A3PTB T=298K, IE(%) = 83.83 for 10-5M  and 95.52% for 10-4M 

              T=323K, IE(%) = 64.36 for 10-5M  and 75.74% for 10-4M 

 

Adsorption isotherms and Thermodynamic parameters 

Metal corrosion inhibition is a surface phenomenon that may involved the adsorption of organic 

molecules to the metal surface  in an electrolytic solution. The molecules adsorbed onto the metal surface, 

replacing the H2O molecules at the metal/solution interface. The inhibition efficiency is linked to the degree of 

metal surface coverage. In our case, the Langmuir adsorption isotherm (Figure 3) seems to be the best model : 

                                                                
𝑪𝒊𝒏𝒉

𝜽
=

𝟏

𝑲𝒂𝒅𝒔
+ 𝑪𝒊𝒏𝒉                                                   (16) 

 

 
(a)               BA                                                                    (b)  A3CB 

                                         
                                           (c) A3PTB 

Figure 3 : Languir adsorption curves 
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All the parameters linked to this isotherm are included in Table 1. 

 

Table 1 : Langmuir isotherm parameters 
Inhibitor T(K) K ads (M

-1) Slope R2 Intercept 

 

 

BA 

298 52631.6 1.0121 0.9954 0.0190 

308 40000.0 1.0602 0.9905 0.0250 

313 35714.3 1.1437 0.9901 0.0280 

318 33670.0 1.1792 0.9909 0.0297 

323 32467.5 1.0168 0.9908 0.0308 

 
 

B3CB 

298 44642.9 1.0397 0.9934 0.0224 

308 34843.2 1.1310 0.9903 0.0287 

313 31847.1 1.1906 0.9921 0.0314 

318 29154.5 1.2792 0.9922 0.0343 

323 28571.4 1.3000 0.9924 0.0350 

 

 

B3PTB 

298 44247.8 1.1589 0.9953 0.0226 

308 34965.3 1.1649 0.9914 0.0286 

313 33444.8 1.2329 0.9912 0.0299 

318 28901.7 1.3234 0.9909 0.0346 

323 27472.5 1.3356 0.9911 0.0364 

 

The determination coefficient (R2) values of Langmuir isotherm are near the unity ; however, the slopes 

of the curves are different from the unity due [32, 33] to the interactions between the adsorbed species.  So, the 

Langmuir adsorption isotherm can’t be rigorously applied ; it is replaced by the modified Langmuir isotherm 

called Villamil isotherm which is based on the following equation :     

                                                                
𝐶𝑖𝑛ℎ

𝜃
=

𝑛

𝐾𝑎𝑑𝑠
+ 𝐶𝑖𝑛ℎ                                                   (17) 

Where 𝑛 is the correction factor deduced from the slopes.  

The values of standard free energy (∆𝐺𝑎𝑑𝑠
0 ) of adsorption were derived from the adsorption equilibrium constant 

(Kads) according to the following equation : 

                                                   ∆𝐺𝑎𝑑𝑠
0 = −𝑅𝑇𝐿𝑛(55.5 × 𝐾𝑎𝑑𝑠)                                          (18) 

The other adsorption thermodynamic functions, change in adsorption enthalpy (∆𝐻𝑎𝑑𝑠
0 ) and change in 

adsorption entropy (∆𝑆𝑎𝑑𝑠
0 )  are deduced from the equation below : 

                                                    ∆𝐺𝑎𝑑𝑠
0 = ∆𝐻𝑎𝑑𝑠

0 − 𝑇∆𝑆𝑎𝑑𝑠
0                                                 (19) 

The curves are given in Figure 4. 

                   
                                         (a) : BA                                                         (b) :A3CB 

                                           
                                                                  (c) :A3PTB 

Figure 4 : ∆𝑮𝒂𝒅𝒔
𝟎  versus temperature for the three molecules 
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The values of these functions are shown in Table 2 

Table 2 : Adsorption thermodynamic  functions of the three molecules. 
Molecule T(K) ∆𝐺𝑎𝑑𝑠

0 (𝑘𝐽𝑚𝑜𝑙−1) ∆𝐻𝑎𝑑𝑠
0 (𝑘𝐽𝑚𝑜𝑙−1) ∆𝑆𝑎𝑑𝑠

0 (𝐽𝑚𝑜𝑙−1𝐾−1) 

 

BA 

298 -36.88  

-15.61 

 

71.10 
308 -37.42 

313 -37.73 

318 -38.18 

323 -38.68 

 

A3CB 

298 -36.48  
-14.68 

 
72.90 

308 -37.07 

313 -37.43 

318 -37.80 

323 -38.34 

 

A3PTB 

298 -36.45  

-15.38 

 

70.60 
308 -37.07 

313 -37.56 

318 -37.77 

323 -38.23 

 

The negative values of ∆𝐺𝑎𝑑𝑠
0  indicate that the molecules adsorbed onto the aluminium surface 

spontaneously.  The values of ∆𝐺𝑎𝑑𝑠
0  are less than -20kJ. mol-1 and up to -40kJ. mol-1, indicating that the 

adsorption process on the metal surface [34] is a mixed adsorption (physisorption and chemisorption). 

Chemisorption trends to predominate because the values of ∆𝐺𝑎𝑑𝑠
0  are closer to -40kJ. mol-1, what explains that 

there is electron transfer from the heteroatom of the molecules to the metal surface leading to the formation of 

coordinate bonds.   

Values of change in standard adsorption enthalpy ∆𝐻𝑎𝑑𝑠
0   are negative, showing an exothermic 

adsorption process for the three molecules. In the case of change in standard adsorption entropy, the values are 

positive, indicating an increase in disorder due to the desorption of water molecules. 

 

Type of adsorption 

In order to elucidate the adsorption type, we used the Adejo-Ekwenchi isotherm [35]  which is given by the 

following equation : 

                                                    𝑙𝑜𝑔 (
1

1−𝜃
) = 𝑙𝑜𝑔𝐾𝐴𝐸 + 𝑏𝑙𝑜𝑔 𝐶                                          (20) 

Where C is the concentration of the adsorbate, 𝐾𝐴𝐸  and 𝑏 are the isotherm parameters. Figure 5 gives the 

obtained straight lines.  

            
                            BA                                                                      A3CB 

                                             
                                                               A3PTB 

Figure 5 : Plots of Adejo-Ekwenchi isotherm 
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The obtained parameters are in Table 3. 

Table 3 : Parameters of Adejo-Ekwenchi isotherm 
Molecule T(K) 𝑅2 𝑏 𝐾𝐴𝐸 

 

 

BA 

298 0.9873 0.2357 16.21 

308 0.9712 0.1355 9.20 

313 0.9804 0.1091 6.22 

318 0.9623 0.0894 3.78 

323 0.9695 0.0753 3.46 

 

 

A3CB 

298 0.9637 0.2610 16.40 

308 0.9845 0.2592 13.75 

313 0.9839 0.2042 8.82 

318 0.9858 0.0805 4.45 

323 0.9633 0.0686 3.92 

 

 

A3BTB 

298 0.9791 0.2497 16.33 

308 0.9725 0.1439 8.92 

313 0.9898 0.1396 7.16 

318 0.9913 0.1291 5.40 

323 0.9517 0.1079 4.53 

 

The Adejo-Ekwenchi isotherm [36, 37] indicates that a decrease in the value of 𝑏 with rise in 

temperature signifies physisorption predominance, while increase or fairly constant value indicates 

chemisorption predominance. From Table 3, one can see that the parameters of the adsorption  of the studied 

molecules onto the aluminium surface explain unambigously the predominance of physisorption as 𝑏 decreases 

with rise in temperature.  

 

Effect of the temperature 

In order to evaluate the apparent energy (𝐸𝑎) in the absence and in the presence of the molecules, the modified 

form of the Arrhenius equation [38] was used : 

                                                        𝑙𝑜𝑔𝑊 = 𝑙𝑜𝑔𝑘 −
𝐸𝑎

2.3𝑅𝑇
                                                     (21) 

Where 𝑊 is the corrosion rate, 𝑘 is the Arrhenius pre-exponential constant and T is the absolute temperature. 

The values of (𝐸𝑎) were deduced from the plots of logW versus 1/T (Figure 5). 

The changes in activation enthalpy (∆𝐻𝑎
∗ ) and entropy (∆𝑆𝑎

∗ ) [39] were determined using the transition state 

equation :  

                                           𝑙𝑜𝑔 (
𝑊

𝑇
) = [𝑙𝑜𝑔 (

𝑅

ℵℎ
+

Δ𝑆𝑎
∗

2.303𝑅
)] −

Δ𝐻𝑎
∗

2.303𝑅𝑇
                                    (22) 

Where ℎ is the Planck constant, 𝑅 is the perfect gas constant and ℵ is the Avogadro number. 

    
                               BA                                                                        A3CB  
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                                                                   A3PTB 

                                                 Figure 5 : logW versus 1/T 

        
                              BA                                                                    A3CB 

                                 
                                                               A3PTB 

Figure 6 : logW versus 1/T 

      

The plots of logW and that of log (
𝑊

𝑇
) versus 1/T (Figures 5 and 6) lead to different parameters given in Table 4. 

 

Table 4 : Activation parameters of the three studied molecules 
 

Molecule 

 

C (mol/L) 

Arrhenius plots Transition state equation 

𝑙𝑜𝑔𝑘 𝐸𝑎(𝑘𝐽𝑚𝑜𝑙−1)  

𝑅2 

Δ𝐻𝑎
∗ 

(kJ/mol) 
Δ𝑆𝑎

∗  
(J. mol-1K-1) 

 

𝑅2 

 

 

BA 

0 9.976 52.19 0.9841 78.352 24.990 0.9787 

0.01 12.378 68.62 0.9758 88.747 54.917 0.9850 

0.05 13.015 72.58 0.9759 94.493 71.269 0.9738 

0.1 13.258 74.43 0.9896 105.505 103.342 0.9819 

0.5 13.652 77.37 0.9797 114.268 128.060 0.9830 

 

 

A3CB 

0 9.973 52.19 0.9867 71.957 8.486 0.9720 

0.01 17.459 99.89 0.9823 85.580 48.199 0.9833 

0.05 18.243 104.96 0.9708 89.997 55.856 0.9771 

0.1 18.555 107.26 0.9724 101.675 91.335 0.9735 

0.5 19.235 112.12 0.9700 109.587 114.848 0.9684 

 

 

A3PTB 

0 10.06 52.19 0.9941 68.101 18.978 0.9739 

0.01 14.40 89.65 0.9771 71.572 30.122 0.9785 

0.05 15.37 91.87 0.9727 83.054 33.453 0.9826 

0.1 17.71 101.81 0.9664 97.445 76.860 0.9826 

0.5 19.19 112.12 0.9679 112.890 114.670 0.9748 
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According to the literature [40], the effect of temperature on the inhibition efficiency is related to the three types 

of inhibitors : 

- Inhibitors with a decrease in inhibition effiiency with rise in temperature : 𝐸𝑎(uninhibited) < 𝐸𝑎 

(inhibited) ; 

- Inhibitors showing no changes in inhibition efficieny with increase in temperature : 𝐸𝑎 does not 

change ; 

- Inhibitors showing an increase in inhibition efficiency with rise in temperature : 𝐸𝑎(uninhibited) > 𝐸𝑎 

(inhibited)  

Observing our results, for all the three molecules 𝐸𝑎(blank) < 𝐸𝑎 (inhibited), what according to the 

literature [41] is attributed to the predominance of physisorption. 

The positive sign of change in activation enthalpy (Δ𝐻𝑎
∗) reflects the endothermic nature of the 

aluminium dissolution process. We can see that the activation energy (𝐸𝑎) increases with rise in the inhibitors 

concentration, showing that the aluminium dissolution becomes more and more difficult. For a given 

concentration,  

We can see that change in activation entropy (Δ𝑆𝑎
∗) is positive, showing that the disorder increases on 

going from reactants to activated complex.  

 

Quantum chemistry 

The Gaussian 5.0 packet program [42] was used to establish the starting geometries of the studied 

molecules and Gaussian 09 W [43] software was used to perform the calculations. We used DFT approach [44] 

with B3LYP correlation functionnal [45] and the 6-311 G (d, p) basis set. Figure 6 gives the optimized 

representations of the molecules. 

                          
                                    BA                                                                  A3CB 

                                                   
                                                                          A3PTB 

Figure 6 : Optimized structures of the studied molecules 

 

Global molecular descriptors 

The calculations were performed in gas phase. The quantum chemical parameters computed are given in Table 

5. 

The most significant parameters in Table 5 are the frontier molecular energies : the energy of the 

highest occupied molecular orbital (𝐸𝐻𝑂𝑀𝑂) the energy of the lowest unoccupied molecular orbital (𝐸𝐿𝑈𝑀𝑂) and 

the energy gap (Δ𝐸). 𝐸𝐻𝑂𝑀𝑂 is related to electron donating capacity of the molecule, while 𝐸𝐿𝑈𝑀𝑂  [46] is related 

to the affinity of the molecule to accept electrons. A higher value of 𝐸𝐻𝑂𝑀𝑂  and a lower value of 𝐸𝐿𝑈𝑀𝑂  lead 

generally to a low energy gap [47], what leads to a good inhibition efficiency. 
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Table 5 : Global parameters of the studied molecules. 
 

Parameter 
DFT/ B3LYP/6-311 G (d, p) 

BA A3CB A3PTB 

𝐸𝐻𝑂𝑀𝑂 (𝑒𝑉) -7,3304 -7,2458 -6,1450 

𝐸𝐿𝑈𝑀𝑂 (𝑒𝑉) -1,5656 -1,8942 -1,6336 

Energy gap, ∆𝐸 (𝑒𝑉) 5,7648 5,3516 4,5114 

Dipole 𝜇 (𝐷)  1,9607 0,4013 2,0468 

Ionisation Energy (𝐼(𝑒𝑉) 7,3304 7,2458 6,1450 

Electronic Affinity 𝐴(𝑒𝑉) 1,5656 1,8942 1,6336 

Electronegativity𝜒 (𝑒𝑉)  4,449 4,5700 3,8893 

Global hardness 𝜂 (𝑒𝑉)  2,8824 2,6758 2,2557 

Global Softness 𝜎(𝑒𝑉)−1  0,3469 0,3737 0,4433 

Fraction of electrons tranferred Δ𝑁 -0,0293 -0,0542 0,0866 

Electrophylicity index 𝜔 3,4335 4,7565 3,3523 

Total Energy 𝐸𝑇(Ha) -420.9 -880.6 -1050.2 

 

The other global molecular descriptors derive from the frontier molecular energies. Although the dipole 

moment 𝜇 is used to predict the direction of a corrosion process, the literature [48] is inconsistent on its 

contribution to identify a good or bad corrosion inhibitor.   

Global hardness (𝜂)  and global softness (𝜎) are other parameters that give information on the 

inhibition efficiency of a molecule. A hard molecule has a high energy gap whereas a soft molecule has a low 

energy gap. So, the molecule with least value of  global hardness (high value of softness) [49]  is considered as a 

good corrosion inhibitor, what is in agreement with our results (BA : 𝜂 = 2.8824 𝑒𝑉, 𝜎 = 0.3469; A3CB : 𝜂 =
2.6758𝑒𝑉, 𝜎 = 0.0.3737 and A3PTB :𝜂 = 2.2557 𝑒𝑉, 𝜎 = 0.4433). 

The electronegativity (𝜒) [50] measures the power of an atom or group of atoms to  attract electrons. 

The calculated values (Table 5) reveal that A3CB has the highest capacity to attract electrons (𝜒𝐴3𝐶𝐵 > 𝜒𝐵𝐴 >
𝜒𝐴3𝑃𝑇𝐵). 

Two other important parameters are the fraction of electrons transferred (Δ𝑁) and the electrophylicity 

index (𝜔). (Δ𝑁) [51] expresses the tendency of a molecule to give electrons to the metal whereas (𝜔) [52] 

shows the capacity of the molecule  to accept electrons from the metal. In our work, the values of (Δ𝑁) (-

0.0293 ; -0.0542 ; 0.0866 respectively for BA, A3CB and A3PTB)  and that of (𝜔)  (3.4335 ; 4.7565 ; 3.3523 

respectively for BA, A3CB and A3PTB) reveal the tendency of BA and A3CB to receive electrons from the 

metal, while A3PTB can give electrons to the metal or receive electrons from it.  

 

Local descriptors 

The Fukui functions  𝑓𝑘
+ and  𝑓𝑘

− and the dual descriptor ∆fk(r) provide more informations about the  

reactivity of the investigated molecules. They help [53-55] to access to the reactivity of each atomic center of a 

molecule : 𝑓𝑘
+ is associated to the reactivity for nuleophilic attack ; it measures [56-58] the intramolecular 

reactivity at the site  towards a nucleophilic reagent, while  𝑓𝑘
− is associated to the reactivity for electrophilic 

attack ; it measures the intramolecular reactivity at the site r towards an electrophilic reagent. According to the 

literature [59, 60], the dual descriptor is more efficient in predicting the reactive sites of a molecule than the 

Fukui functions. Table 6 gives the reactive sites of the studied molecules. 

 

Table 6 : Nucleophilic and electrophilic sites in the studied molecules. 
Molecule Atom 𝑞𝑘(𝑁 + 1) 𝑞𝑘(𝑁) 𝑞𝑘(𝑁 − 1)  𝑓𝑘

+  𝑓𝑘
− ∆fk 

 

BA 

C(2) 0.112687 -0.022637 0.169698 0.339057 -0.396068 0.735125 

C(12) -0.033942 0.425574 0.164245 -0.459516 0.261329 -0.720845 

 
A3CB 

C(11) -0.022257 0.4309 0.203156 -0.453157 0.227744 -0.680901 

O(15) 0.062985 -0.333822 0.155882 0.396807 -0.489704 0.886511 

 
A3PTB 

O(23) 0.004053 -0.338543 0.108264 0.342596 -0.438807 0.781403 

C(24) 0.001179 0.427608 0.125442 -0.426429 0.302166 -0.728595 

 

According to the literature [61] the process is driven  by a nucleophilic attack on atom 𝑘 when  

∆fk > 0 and atom 𝑘 acts as an electrophilic species. In the inverse case,∆fk < 0, the process is driven by an 

electrophilic attack on atom 𝑘 which acts as a nucleophilic species.  
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In Table 6, one can see that : 

- C(12), C(11) and C(24) are respectively the electrophilic attack centers of BA, A3CB and A3PTB ; 

- C(2), O(15) and O(23) are respectively the nucleophilic attack centers of BA, A3CB and A3PTB. 

The HOMO and LUMO orbitals that illustrate the Fukui and dual functions are given by Figure 7. 

 

             
                    BA (HOMO)                                                           BA(LUMO) 

 

               
                    A3CB (HOMO)                                                     A3CB(LUMO)   

                            

               
                 A3PTB (HOMO)                                                         A3PTB (LUMO) 

 

Figure 7 : HOMO and LUMO orbitals for the investigated molecules (BA, A3CB and A3PTB) 

 

PCA and QSPR studies 

PCA is a statistical method used to convert multivariate data sets into a few comprehensive data by 

maintaining a large amount of information from the original data. Many techniques have  been developed for 

this purpose but Principal  Component Analysis (PCA) [62-64] is one of the oldest and the most used method in 

many disciplines. In sum, the objective of PCA is to reduce the number of variables of a data set while 

preserving as much information as possible. The procedure to access to principal component includes three 

steps : 

- Calculating the multivariate correlation matrix from the simple data ; 

-  Computing eigen values and eigen vectors of the correlation matrix ; 

- Generating the PCs ; each PC is a linear combination of optimally weigh original variable, such as : 

                                             𝑃𝑖 = 𝑏𝑖1𝑋1 + 𝑏𝑖2𝑋2 + ⋯ + 𝑏𝑖𝑘𝑋𝑘                                              (23) 
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In our case, the correlation matrix obtained is given below. 

 
EI(%) ΔE Vm LogP EHOMO ELUMO μ 

EI(%) 1             

ΔE -0.99021667 1           

Vm 0.46148 -0.36339333 1         

LogP 0.98990667 -0.99999667 0.36179667 1       

EHOMO 0.92387667 -0.96824 0.16973267 0.96878333 1     

ELUMO 0.84674 -0.91269 0.03400967 0.91358333 0.98587667 1   

μ 0.88870333 -0.94398333 0.10267633 0.94470667 0.99651 0.99641667 1 

 

The values of LogP and Vm are from Molinspiration software (BA : miLogP = 1.85 and Vm = 111.05Å3 ; 

A3CB : miLogP = 2. 50 and Vm = 124.58 Å3 ; A3PTB : miLogP = 3.81 and Vm = 200.58Å3). 

To establish the mathematical relationship (linear model, equation (15)) between the inhibition 

efficiency and the molecular descriptors, we have constructed sets of three descriptors by association of one 

highly (∆𝐸, 𝑙𝑜𝑔𝑃, 𝐸𝐻𝑂𝑀𝑂) and two much less (𝑉𝑚 , 𝜇, 𝐸𝐿𝑈𝑀𝑂) corraleted to the inhibition efficiency. The objective 

of our work is to minimize the difference between experimental and predicted values of inhibition efficiency. In 

this context, the constituted sets are : (∆𝐸, 𝐸𝐿𝑈𝑀𝑂 , 𝜇), (LogP, 𝐸𝐿𝑈𝑀𝑂 , 𝜇), (𝐸𝐻𝑂𝑀𝑂 , 𝐸𝐿𝑈𝑀𝑂 , 𝜇).  

 

The values of the coefficients (A, B and D) for the three sets are in Tables 7. 

 

Table 7 : Coefficients of the linear model established with the three descriptors sets 
 
C(M) 

 (∆𝐸, 𝐸𝐿𝑈𝑀𝑂 , 𝜇) (LogP, 𝐸𝐿𝑈𝑀𝑂 , 𝜇) (𝐸𝐻𝑂𝑀𝑂, 𝐸𝐿𝑈𝑀𝑂 , 𝜇) 

A B D A B D A B D 

10-5 -5.6 -56.3 10.9 2.7 -37.7 7.6 -3.8 -26.8 7.4 

5.10-5 -5.4 -58.1 10.1 2.6 -39.9 6.9 -3.7 -29.2 6.7 

10-4 -3.7 -55.4 9.9 1.8 -43.0 7.7 -2.5 -35.7 7.5 

5.10-4 -7.2 -67.0 12.1 3.5 -43.0 7.8 -4.9 -28.9 7.5 

Figure 8 represents IEtheo(%) versus IEexp(%) 

 

         

                                                           
Figure 8: IEtheo (%) versus IEexp (%) for the three sets 

 

In order to determine the best set in each type of models, we use the following statistical criteria : 

- 𝑅2 (détermination coefficient) :    𝑅2 = 1 −
∑ (𝐼𝐸𝑒𝑥𝑝

𝑖 −𝐼𝐸𝑡ℎ𝑒𝑜
𝑖 )

2
𝑁
𝑖=1

∑ (𝐼𝐸
𝑖
𝑒𝑥𝑝

−𝐼𝐸𝑡ℎ𝑒𝑜
𝑖 )

2
𝑁
𝑖=1

                                 (24)                 
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- RMSE (Root Mean Squared Error) : 𝑅𝑀𝑆𝐸 = √∑
(𝐼𝐸𝑒𝑥𝑝

𝑖 −𝐼𝐸𝑡ℎ𝑒𝑜
𝑖 )

2

𝑁−1

𝑁
𝑖=1                         (25)                 

- MPD (Mean Percent Deviation) : 
1

𝑁
∑ |

𝐼𝐸𝑒𝑥𝑝
𝑖 −𝐼𝐸𝑡ℎ𝑒𝑜

𝑖

𝐼𝐸𝑒𝑥𝑝
𝑖 |𝑁

𝑖=1                                               (26)        

 

 

The values of the statistical parameters are listed in Table 8. 

 

Table 8 : Statistical parameters of the three studied sets 
 (∆𝐸, 𝐸𝐿𝑈𝑀𝑂 , 𝜇) (LogP, 𝑬𝑳𝑼𝑴𝑶, 𝝁) (𝐸𝐻𝑂𝑀𝑂, 𝐸𝐿𝑈𝑀𝑂 , 𝜇) 

Parameter R2 RMSE MPD R2 RMSE MPD R2 RMSE MPD 

Value 0.9991 0.1417 0.0013 0.9997 0.0902 0.0004 0.9989 0.1860 0.0016 

 

The coefficient of determination (R2) measures how well a statistical model predicts an outcome. The 

lowest possible value of  (R2) is 0 and the highest possible value is 1. When (R2) is high (near 1), the 

observations are lose to the model’s prediction. 

RMSE is a metric that tells us the average distance between the predicted values from the model and 

the values in the dataset. The lower the RMSE, better a given model is able to fit dataset. 

MPD measures the degree to which individual data points in a statistic deviate from the average 

measurement of that statistic. 

Observing the values of the parameters inTable 8, one can see that the best set is (LogP, 𝐸𝐿𝑈𝑀𝑂 , 𝜇)  

with determination coefficient (R2 = 0.9997), Root Mean Square Error (RMSE = 0.0902) and Mean Percent 

Deviation (MPD = 0.004). 

Principal Component Analysis (PCA) [65] is used to transforme a large set variables into a smaller one 

that still contains most in the information of the large set. To access to principal components, we used the 

correlation matrix which allows us determining the eigenvectors and the eigenvalues :           

 (∆𝐄, 𝐄𝐋𝐔𝐌𝐎, 𝛍)  

 

ΔE ELUMO μ 

                                            ΔE 1 -0.98629333 -0.24202567 

                                       ELUMO -0.98629333 1 0.31329667 

                                        μ -0.24202567 0.31329667 1 

 

The related eigenvalues and eigenvetors are given below : 

                                  𝛌𝟏=𝟐.𝟗𝟓𝟑𝟒𝟐                                   �⃗⃗⃗�𝟏 (
−𝟎. 𝟓𝟕𝟐𝟕𝟎𝟔
𝟎. 𝟓𝟕𝟗𝟔𝟓𝟗
𝟎. 𝟓𝟕𝟗𝟔𝟓𝟗

) 

                                 𝛌𝟐=𝟎.𝟎𝟒𝟔𝟓𝟖𝟏𝟗                                �⃗⃗⃗�𝟐 (
−𝟎. 𝟖𝟏𝟗𝟕𝟔𝟏
−𝟎. 𝟒𝟎𝟒𝟗𝟔𝟒
−𝟎. 𝟒𝟎𝟒𝟗𝟔𝟒

) 

 (𝐋𝐨𝐠𝐏, 𝐄𝐋𝐔𝐌𝐎, 𝛍)  

 

LogP ELUMO μ 

                                             LogP 1 0.37955667 0.116659 

                                              ELUMO 0.37955667 1 0.96313 

                                              μ 0.116659 0.96313 1 

 

The eigenvalues and eigenvectors are : 

                                 𝛌𝟏=𝟐.𝟎𝟕𝟗𝟎𝟒                                 �⃗⃗⃗�𝟏 (
𝟎. 𝟑𝟏𝟑𝟓𝟓𝟒
𝟎. 𝟔𝟗𝟏𝟑𝟐𝟕
𝟎. 𝟔𝟓𝟎𝟗𝟔𝟐

) 

                                 𝛌𝟐=𝟎.𝟗𝟐𝟎𝟗𝟓𝟔                               �⃗⃗⃗�𝟐 (
−𝟎. 𝟗𝟐𝟗𝟒𝟓𝟐
𝟎. 𝟔𝟖𝟑𝟎𝟕𝟖𝟑
𝟎. 𝟑𝟓𝟗𝟒𝟔𝟕

) 

 (𝐄𝐇𝐎𝐌𝐎, 𝐄𝐋𝐔𝐌𝐎, 𝛍)  

 

EHOMO ELUMO μ 
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                           EHOMO 1 0.25929833 -0.72427333 

                           ELUMO 0.25929833 1 -0.35916 

                              μ -0.72427333 -0.35916 1 

     

  Corresponding eigenvalues and eigenvectors are : 

                                     𝛌𝟏=𝟏.𝟗𝟑𝟎𝟒𝟖                                 �⃗⃗⃗�𝟏 (
−𝟎. 𝟔𝟐𝟔𝟔𝟎𝟏
−𝟎. 𝟒𝟐𝟔𝟒𝟏𝟓
𝟎. 𝟔𝟓𝟐𝟑𝟑𝟓

) 

                                     𝛌𝟐=𝟎.𝟖𝟎𝟐𝟎𝟗                                   �⃗⃗⃗�𝟏 (
𝟎. 𝟑𝟖𝟓𝟖𝟔𝟖

−𝟎. 𝟖𝟗𝟔𝟗𝟖𝟔
−𝟎. 𝟐𝟏𝟓𝟔𝟗𝟐

) 

The percentage of information for each eigenvalue is given by : 

                                                                    𝑷𝒊 =
𝝀𝒊

∑ 𝝀𝒊
𝒏
𝒊=𝟏

                                                          (27) 

Table 9 resumes the values of percentage information for eigenvalues for the three sets. 

 

Table 9 : Percentage of information for each eigenvalue in each set. 
Set 𝑃1(%) 𝑃2(%) 

(∆E, ELUMO, μ)  98.6 1.4 

(LogP, ELUMO, μ)  69.3 30.7 

(EHOMO, ELUMO, μ)  70.6 29.4 

 

Observing Table 9, one can see that in the case of (∆E, ELUMO, μ), all the information is given by ∆E ; 
soi t is possible to establish a model containing only one parameter by representing IE(%) versus ∆E  (Figure 9) 

for the highest inhibitors concentration. 

 

                                 
Figure 9 : IE(%) versus 𝚫𝑬 

 

The equation of the model confirms that IE(%) decreases when Δ𝐸 increases. 

For the two other sets, we can’t neglected the second eigenvalue ; so, we considered two parameters : 

(LogP, ELUMO) and (EHOMO, ELUMO). 
To establish the model, we considered a topological parameter ntrob (from Molinspiration) which measures the 

molecular flexibility and which has not great influence on the inhibitor performance. 

 

Table 10 gives the coefficients of the two models (IETheo(%) = Axi+Bxj+Res). 
                                    Set 

C(M) 
(LogP, ELUMO) (EHOMO, ELUMO) 

A B D A B D 

10-5 -26.69 -62.70 29.12 58.86 -244.74 44.03 

5.10-5 -24.10 -62.65 26.49 53.14 -227.02 39.96 

10-4 -27.85 -68.25 29.39 61.42 -258.22 44.95 

5.10-4 -26.67 -68.66 29.87 58.80 -250.53 44.77 

 

In the equation, Res = nrotb*D. 

 

 

 

IE(%) = -2.4803ΔE + 106.42
R² = 0.8073
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Figure 10 represents IETheo(%) versus IEExp(%) for the two new sets (LogP, ELUMO) and (EHOMO, ELUMO). 

                
Figure 10 : IETheo(%) versus IEExp(%) for the models with two   parameters 

 

IV. Conclusion 
The investigated molecules have good inhibition efficiencies for  aluminium corrosion in 1M 

hydrochloric acid. The adsorption thermodynamic functions showed that  the adsorption is spontaneous and 

exothermic. The adsorption isotherms showed that the adsorption is composed of physisorption and 

chemisorption with a predominance of physisorption. The activation functions showed endothermic dissolution 

with an increase disorder from reactants to activated complexes. The quantum chemical parameters confirmed 

the good inhibitors characters of the studied molecules, and they indicated the probable sites of interactions with 

the metal. The use of PCA reduced the number of parameters and helped in the choice of the pertinent 

descriptors for the sets used in the  QSPR models. 
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