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This work deals with aluminium corrosion inhibition by expired drugs containing 
flucloxacillin in 1 M hydrochloric acid medium, using the gravimetric method and density 
functional theory. Weight loss results showed that the inhibitory efficiency of this compound 
increases with concentration and decreases with increasing temperature. The study also 
indicates that this molecule is adsorbed according to the modified Langmuir model (Villamil 
model). Furthermore, the thermodynamic parameters of adsorption (∆Goads, ∆Hoads, ∆Soads) 
and activation (Ea*, ΔHa*, ΔSa*) show that the adsorption is mixed type (chemisorption and 
physisorption). In addition, density functional theory provides access to the quantum 
chemical parameters of the molecule such as the lowest vacant orbital energy (ELUMO), the 
highest occupied orbital energy (EHOMO), the absolute electronegativity (χ), the global 
hardness (η), the global softness (S), the fraction of transferred electrons (ΔN) as well as the 
electrophilicity index (ω) for finding correlation between the inhibitor structure and the 
experimental data. 
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1. Introduction 
 

Metallic materials and more particularly aluminium are 
corrosion sites in an acid environment. The use of corrosion 
inhibitors is the most suitable and economical method to cope 
with this phenomenon that generates several problems [1-3]. 
However, fighting against corrosion without taking into account 
environmental pollution is another more serious one. In fact, 
the directives on industrial waste are becoming increasingly 
stringent. Therefore, environmental protection has become an 
essential issue for every nation in the last decade. Developing 
biodegradable and eco-compatible corrosion inhibitors is now 
a major challenge [4-6]. 

Current studies are directed towards the development of 
organic compounds that are non-toxic and stable at high tempe-
ratures [4], leading several researchers to take an interest in 
pharmaceutical products. Therefore, several classes of mole-
cules, including antibiotics [7,8], antifungals [9,10], analgesics 
[11], and vitamins [12,13], were used as corrosion inhibitors for 
metals in an acidic environment. In this light, the flucloxacillin 

molecule has already shown inhibiting properties with respect 
to the corrosion of mild steel in sulfuric acid medium, but the 
inhibition mechanism was not clearly elucidated [14]. 

These organic inhibitors act by adsorption on the surface of 
the metal to be protected [15,16]. This action mechanism can be 
described using the thermodynamic adsorption and activation 
parameters of the inhibiting species. Quantum chemical 
calculations are very useful for investigating descriptor para-
meters and for better understanding the inhibition mechanism 
of molecules [17,18]. 

In this sense, this research project aims to investigate the 
inhibitory properties of expired Fuclo 500 tablets containing a 
flucloxacillin molecule in 1 M hydrochloric acid medium using 
the weight loss technique and DFT calculations. The study drug 
is six months out of date. In fact, expired drugs should be 
destroyed after their expiration date, and reuse as corrosion 
inhibitors for metals could have great economic value. 
Therefore, a large amount of money used for metal and alloy 
protection can be saved. 
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Figure 1. (a) Chemical structure and (b) optimised flucloxacillin structure by DFT/B3LYP/6-31G(d). 
 

2. Experimental 
 
2.1. Aluminium samples 
 

An aluminium rod of 3 mm in diameter and 99.6% in purity 
is cut into 1 cm high. These samples are pre-treated to remove 
any impurity. This pre-treatment consisted of polishing them 
with abrasive paper, washing with acetone solution then with 
distilled water; finally, drying them in an oven at 343 K for 10 
minutes. 
 
2.2. Inhibitor 
 

The molecule studied is flucloxacillin (Figure 1) with 
chemical formula C19H17FClN3O5S and molar mass Mw = 453.87 
g/mol contained in expired Fuclo 500 tablets. 
 
2.3. Electrolyte medium 
 

The aluminium samples were immersed in a 1 M hydro-
chloric acid solution without or with flucloxacillin. Inhibitor 
concentrations vary between 5×10-5 and 5×10-4 M. 
 
2.4. Experimental method: Gravimetry 
 

The corrosion rate and inhibition efficiency of the inhibitor 
tested were analysed at various temperatures (303-323 K) by 
determining the mass loss that the metal underwent after 1 
hour of immersion in the electrolyte medium. The corrosion 
rate 𝑊𝑊 (g. cm−2. h−1) is evaluated by the Equation (1):  
 
𝑊𝑊 = ∆𝑚𝑚 

𝑆𝑆.𝑡𝑡
       (1) 

 
where 𝛥𝛥𝛥𝛥 = 𝛥𝛥1 −𝛥𝛥2 is the mass loss (g); 𝑆𝑆 is the total area of 
the specimen (cm2) and 𝑡𝑡 is the immersion time (h). The 
inhibition efficiency 𝐸𝐸(%) is calculated according to the 
expression below:  
 
𝐸𝐸(%) = 𝑊𝑊𝑜𝑜−𝑊𝑊

𝑊𝑊𝑜𝑜
× 100    (2) 

 

where, 𝑊𝑊𝑜𝑜 and 𝑊𝑊 are the corrosion rates without and with 
inhibitor, respectively. The corrosion rate value is the average 
of three tests performed under the same conditions. The 
gravimetry results are comparable to those of other methods 
(electrochemical, thermometric, spectroscopic methods, etc.) 
used for the study of corrosion [19]. 
 
2.5. Theoretical analysis by density functional theory 
calculation 
 

Quantum chemistry calculations were carried out to 
investigate the electronic properties of the molecule. In this 
study, the flucloxacillin molecule was drawn and preoptimized 
using GaussView 5. Calculations were performed using the 
Gaussian 09W software package [20] at DFT/B3LYP method 
[21,22] with 6-31G(d) basis set [23]. Global reactivity 
descriptors such as chemical potential (μ), hardness (η), 
softness (S), electronegativity (χ), and electrophilicity index (ω) 
were evaluated from the energy values of the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO). 
 
3. Results and discussion 
 
3.1. Aluminium corrosion rate and inhibitory efficiency of 
flucloxacillin 

 
The corrosion rate of aluminium in 1 M hydrochloric acid 

medium was evaluated within a temperature range of 303 to 
323 K. The results obtained are shown in Figure 2. It was 
observed that the metal dissolution rate in the corrosive 
medium is 0.0163 g.cm-2h-1 at room temperature and increases 
up to 0.0755 g.cm-2h-1 at T = 323 K. However, the addition of 
flucloxacillin to the acid medium reduces the corrosion rate. 
This decrease indicates that the corrosion inhibiting effect of 
the study molecule is improved by increasing the inhibitor 
concentration. 

Therefore, the inhibition performance of flucloxacillin was 
plotted against the concentration of inhibitory species and the 
medium temperature (Figure 3).  
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Figure 2. Evolution of the aluminium corrosion rate in 1 M HCl solution with flucloxacillin concentration at various temperatures. 
 

 
 

Figure 3. Plot of the evolution of inhibitory efficacy versus flucloxacillin concentration and temperature. 
 
The figure shows that the inhibitory efficiency increases 

with the concentration of the inhibitor but decreases when the 
temperature increases. In fact, increasing temperature pro-
motes the desorption of some inhibitory species from the metal 
surface, as well as the dissolution of the inhibiting barrier due 
to thermal agitation [24]. Therefore, the inhibition rate moved 
from 87.12 to 66.75% at room temperature and 323 K, 
respectively, with 5×10-4 M inhibitory species. However, this 
result is quite high compared to those found in the literature 
[25-27].  
 
3.2. Adsorption isotherms 
 

Adsorption isotherms are essential to understand the 
mechanism of the corrosion inhibition reaction [28]. Thus, to 
learn more about the adsorption process of flucloxacillin, the 
experimental data were correlated with some mathematical 
models, such as Langmuir and Dubinin-Radushkevich iso-
therms. The Langmuir adsorption isotherm describes the 
variation of 𝐶𝐶𝑖𝑖𝑖𝑖ℎ⁄𝜃𝜃 with 𝐶𝐶𝑖𝑖𝑖𝑖ℎ. The experimental data gave 
straight lines (Figure 4a) with the best fit (Table 1) of this 
model.  

Therefore, the Langmuir adsorption model explains the 
adsorption of flucloxacillin on the aluminium surface. However, 
the slopes of the obtained lines are higher than unity. This 
deviation from the ideal could be attributed to interactions 
between adsorbed species and the binding of an inhibitor to 
multiple adsorption sites [29]. To take the deviation into 
account, the corrected Langmuir model (Villamil model) with 
the following equation was considered: 

𝐶𝐶𝑖𝑖𝑖𝑖ℎ
𝜃𝜃

=  𝑛𝑛
𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎

+ 𝑖𝑖𝐶𝐶𝑖𝑖𝑛𝑛ℎ     (3) 
 

The slope (𝑖𝑖) and the intercept ( 𝑛𝑛
𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎

) were used to calculate 
the adsorption equilibrium constant 𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎. In turn, 𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎 values 
were used to determine the thermodynamic parameters. 

In order to clarify the type of adsorption (chemisorption or 
physisorption) involved, the Dubinin-Radushkevich isotherm 
was also used in this study [27,30]. This model is described by 
Equation (4). 
 
ln 𝜃𝜃 =  𝑙𝑙𝑖𝑖𝜃𝜃𝑚𝑚𝑎𝑎𝑚𝑚 −  𝑎𝑎𝛿𝛿2     (4) 
 

In this expression, δ corresponds to the Polanyi potential 
and is defined as follows: 
 
𝛿𝛿 =  𝑅𝑅𝑅𝑅 𝑙𝑙𝑖𝑖 (1 + 1

𝐶𝐶𝑖𝑖𝑖𝑖ℎ
)     (5) 

 
In addition, the constant 𝑎𝑎 was used to calculate the 

average adsorption energy 𝐸𝐸𝑚𝑚 (Equation (6)), corresponding to 
the energy required to move one mole of the adsorbate from 
infinity (solution) to the metal surface.  
 
𝐸𝐸𝑚𝑚 =  1

√2 𝑎𝑎
      (6) 

 
The plots of 𝑙𝑙𝑖𝑖 𝜃𝜃 versus 𝛿𝛿2 are shown in Figure 4b. The 

maximum surface coverage θmax, the parameter 𝑎𝑎 as well as the 
calculated values of Em are recorded in Table 1.  
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Table 1. Adsorption isotherm parameters for aluminium in 1 M HCl medium. 
Temperature (K) Langmuir isotherm Dubinin-Radushkevich isotherm 

R2 Slope R2 𝒂𝒂 (kJ−2 mol2) θmax Em (kJ/mol) 
303 0.9997 1.1407 0.8902 0.0009 1.144 23.57 
308 0.9873 1.2595 0.3793 0.0015 1.334 18.26 
313 0.9996 1.3865 0.9075 0.0022 1.354 15.08 
318 0.9992 1.5182 0.9586 0.0021 1.514 15.43 
323 0.9984 1. 3625 0.9332 0.0077 1.243 8.06 
 

(a) 
 

(b) 
 

Figure 4. (a) Langmuir and (b) Dubinin-Radushkevich isotherms for the adsorption of flucloxacillin on aluminium in 1 M HCl medium at various temperatures. 
 
According to Tan et al. [31], Em values between 8 and 16 

kJ/mol indicate that chemisorption is predominant, while 
values below 8 kJ/mol correspond to the physisorption of 
inhibiting species. As shown in Table 1, the average adsorption 
energy indicates that chemical bonds are formed between the 
inhibitor and the aluminium surface in the temperature range 
studied. 
 
3.3. Thermodynamic parameters  
 
3.3.1. Adsorption parameters 
 

Thermodynamic adsorption parameters further distinguish 
physisorption from chemisorption [32]. Thus, the Gibbs free 
energy of adsorption (∆𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜 ) can be deduced from Equation 
(7):  
 
K𝑎𝑎𝑎𝑎𝑎𝑎  = 1

55.5 
exp(−  ∆Gads

o  
𝑅𝑅𝑅𝑅

)     (7) 
 
In which, 55.5 (in mol/L) corresponds to the concentration of 
water [33], R the perfect gas constant and T the absolute 
temperature. The standard adsorption enthalpy and entropy 
(∆𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜  and ∆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜 ) can be obtained by using the Equation (8); 
 

ln𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎 = −∆𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎
𝑜𝑜

𝑅𝑅𝑅𝑅
+ ∆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎

𝑜𝑜

𝑅𝑅
− 𝑙𝑙𝑖𝑖𝐶𝐶𝐻𝐻2𝑂𝑂    (8) 

 
Figure 5 represents the plot of 𝑙𝑙𝑖𝑖 𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎 against 1000/

𝑅𝑅 giving a straight line with slope −∆𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜 𝑅𝑅⁄  and inter-
cept −∆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜 𝑅𝑅⁄ − 𝑙𝑙𝑖𝑖 55.5. The values obtained are given in 
Table 2. The strong adsorption capacity of flucloxacillin on the 
aluminium surface in 1 M HCl is revealed through the high 
values of 𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎. Indeed, the flucloxacillin structure contains 
nitrogen, sulfur and oxygen heteroatoms and π electrons 
allowing for better protection against corrosion [34,35]. 
However, increasing the temperature from 303 to 313 K causes 
the value of 𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎 to decrease, leading to the weakness of the 
protective layer. Furthermore, an exception is observed at 308 
K due to the results obtained for Cinh = 2×10-4 M (Figure 3). 
Indeed, the flucloxacillin efficiency is not as expected. 
Consequently, the R2 value is not close enough to unity, but it is 
acceptable. Besides, the negative values of  ∆𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜  highlight the 
spontaneous adsorption of inhibitory species on the aluminium 
surface. Moreover, it is reported that ∆𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜 values for physi-
sorption are higher than –20 kJ/mol while those of chemi-
sorption are less than –40 kJ/mol [36]. In this study, the 
inhibitor shows mixed adsorption behaviour with a pre-
dominance of chemical adsorption. 
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Table 2. Thermodynamic adsorption parameters derived from the Langmuir isotherm for aluminium in 1M HCl with flucloxacillin. 
T (K) 𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎 (L/mol) −∆𝑮𝑮𝒂𝒂𝒂𝒂𝒂𝒂𝒐𝒐  (kJ/mol) ∆𝑯𝑯𝒂𝒂𝒂𝒂𝒂𝒂

𝒐𝒐  (kJ/mol) ∆𝑺𝑺𝒂𝒂𝒂𝒂𝒂𝒂𝒐𝒐  (J/mol.K) 

303 142588 40.00 −61.67 −73.39 
308 41983 37.53 
313 69325 39.44 
318 50607 39.24 
323 19464 37.29 

 
Table 3. Thermodynamic parameters for aluminium dissolution in 1 M HCl without and with flucloxacillin. 
Cinh (×10-4 mol/L) 𝑬𝑬𝒂𝒂∗  (kJ/mol) ∆𝑯𝑯𝒂𝒂

∗  (kJ/mol) ∆𝑺𝑺𝒂𝒂∗  (J/mol.K) 
0 61.000 58.399 309.683 
0.5 107.348 104.750 449.842 
1 99.425 96.825 423.240 
2 94.599 92.000 407.566 
3 94.352 91.753 406.150 
4 95.923 93.324 410.552 
5 101.324 98.723 426.934 
 

 
 

Figure 5. Plot of 𝑙𝑙𝑖𝑖 𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎 versus 1000/T for aluminium in 1 M HCl with flucloxacillin. 
 
Negative values of ∆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜  confirm the adsorption of 

flucloxacillin. It also reflects a decrease in disorder during the 
adsorption of the inhibitor, since a compound in the condensed 
state is more ordered than in aqueous solution. The enthalpy 
variation ∆𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜 , accompanying this adsorption process is also 
negative, which indicates the exothermic nature of the 
phenomenon and is generally attributed to the presence of the 
two physisorption and chemisorption [35]. 
 
3.3.2. Activation parameters 
 

To take into account the effect of temperature on the 
corrosion rate, the activation energy was determined using the 
Arrhenius equation (Equation (9)).  
 
𝑊𝑊 = 𝐴𝐴 × 𝑒𝑒𝑒𝑒𝑒𝑒 � −𝐸𝐸𝑎𝑎∗

2.303×𝑅𝑅×𝑅𝑅
�     (9) 

 
The plot of 𝑙𝑙𝑙𝑙𝑙𝑙 𝑊𝑊 against 1000/T (Figure 6a) was used to 

determine the activation energy (Table 3). The data show 
that 𝐸𝐸𝑎𝑎∗ is higher in the presence of inhibitor.  

The increase of the concentration of flucloxacillin reveals 
that aluminium dissolution decreases as a result of the 
formation of an energy barrier by the adsorbed inhibitors on 
the substrate surface. The comparison of the values obtained 
also underlines the type of absorption [19,37,38]. According to 
the results, 𝐸𝐸𝑎𝑎∗ is higher in the presence of inhibitor, so physical 
adsorption is responsible for the inhibitory properties of 
flucloxacillin. However, a decrease in 𝐸𝐸𝑎𝑎∗  values can be observed 
as inhibitor amount increases. This decrease is attributed to a 
slight improvement with increasing flucloxacillin concent-
ration. Thus, the corrosion rate does not decrease as much as 
expected by increasing 𝐶𝐶𝑖𝑖𝑛𝑛ℎ (Figure 2). This slow decrease is 

therefore reflected in the plot of 𝑙𝑙𝑙𝑙𝑙𝑙 𝑊𝑊 versus 1000/T because 
the points are almost the same at a given temperature. Enthalpy 
and entropy activation values for metal corrosion can be 
determined from the alternative formula of the Arrhenius 
equation given below: 
 
𝑊𝑊 = 𝑅𝑅.𝑅𝑅

ℵ.ℎ
𝑒𝑒𝑒𝑒𝑒𝑒 �∆𝑆𝑆𝑎𝑎

∗

𝑅𝑅
� . 𝑒𝑒𝑒𝑒𝑒𝑒 �−∆𝐻𝐻𝑎𝑎∗

𝑅𝑅.𝑅𝑅
�                     (10) 

 
The plot of 𝑙𝑙𝑙𝑙𝑙𝑙(𝑊𝑊

T
) versus 1000/T gives Figure 6b. Values of 

enthalpy ∆𝐻𝐻𝑎𝑎∗  and entropy ∆𝑆𝑆𝑎𝑎∗  of activation are given in Table 
3. The activation enthalpy is positive, reflecting the 
endothermic nature of the aluminium dissolution process 
without and with the addition of inhibitor [32]. Moreover, 
magnitude of ∆𝐻𝐻𝑎𝑎∗  almost matches with 𝐸𝐸𝑎𝑎∗, confirming the 
endothermic process of dissolution. Besides, activation entropy 
values are more positive in the presence of flucloxacillin, 
showing better resistance of aluminium in the aggressive 
solution and a dissociative mechanism during which the 
activated complex is loosely bound and about to dissociate [39]. 
Similarly, ∆𝐻𝐻𝑎𝑎∗  and ∆𝑆𝑆𝑎𝑎∗  values decrease when flucloxacillin is 
more concentrated. This behaviour is due to overlapping points.  
 
3.4. Analysis of the electronic properties of flucloxacillin by 
DFT 
 
3.4.1. Global reactivity descriptors 
 

Theoretical quantum chemistry is a very useful tool for 
understanding the behaviour of species and particularly the 
corrosion inhibition mechanism. Therefore, several electronic 
parameters of flucloxacillin were studied using DFT.  
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Table 4. Quantum chemical parameters of neutral flucloxacillin by B3LYP/6-31G(d). 
𝑬𝑬𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯 
(𝐞𝐞𝐞𝐞) 

𝑬𝑬𝑳𝑳𝑳𝑳𝑯𝑯𝑯𝑯 
(𝐞𝐞𝐞𝐞) 

𝜟𝜟𝑬𝑬 
(𝐞𝐞𝐞𝐞) 

𝝁𝝁 
(𝐃𝐃) 

𝑬𝑬𝑻𝑻 
(𝐇𝐇𝐇𝐇) 

𝝌𝝌 
(𝐞𝐞𝐞𝐞) 

𝜼𝜼 
(𝐞𝐞𝐞𝐞) 

𝑺𝑺 
(𝐞𝐞𝐞𝐞−𝟏𝟏) 

𝝎𝝎 
(𝐞𝐞𝐞𝐞) 

𝜟𝜟𝜟𝜟 

−6.688 −1.012 5.676 4.431 −2232.817 3.850 2.838 0.352 2.611 0.076 
 

(a) 
 

(b) 
 

Figure 6. Plots of (a) log W and (b) log (W/T) versus 1000/T for aluminium immersed in 1 M HCl without and with flucloxacillin. 
 
On the one hand, the optimised structure as well as the 

electronic densities of the highest occupied (HOMO) and lowest 
vacant (LUMO) molecular orbitals (Figure 7) were obtained. On 
the other hand, DFT was used to determine the descriptor 
parameters of the studied molecule, namely, energy of frontier 
molecular orbitals, energy gap, electrophilicity index, etc. The 
values of these various parameters are reported in Table 4. 

Figure 7 shows that the HOMO density of the studied 
molecule is almost localised around the entire molecule, while 
the LUMO density is mainly distributed over the isoxazole ring. 
The ability for a chemical species to donate or receive electrons 
is associated with the frontier orbitals energies 𝐸𝐸HOMO  
and 𝐸𝐸𝐿𝐿UMO, respectively. Thus, compared to the literature [21-
23], 𝐸𝐸HOMO is high and 𝐸𝐸LUMO low. Accordingly, the inhibitory 
properties of flucloxacillin are due to its capacity to exchange 
electrons with the aluminium surface. Moreover, the chemical 
reactivity of an organic molecule is closely correlated with a low 
energy gap (ΔE) between LUMO and HOMO orbitals [4,24]. 
Therefore, the value of 5.676 eV corroborates interactions 
between the molecule and the substrate. 

DFT calculations also provide for the molecule electro-
negativity χ, the electrophilicity index ω, the hardness η and the 
softness S parameters. The first parameter characterises the 
tendency of a chemical species to attract electrons toward itself. 
The second measures the propensity of a chemical species to 

accept electrons, while hardness and softness evaluate both 
stability and reactivity of a molecule [40,41]. In this study, the 
theoretical value of 3.850 eV is lower than 4.280 eV of the 
aluminium work function (𝜙𝜙𝐴𝐴𝐴𝐴  was rather used because 𝜒𝜒𝐴𝐴𝐴𝐴  is 
conceptually wrong here). Therefore, during interactions, 
electrons flow from flucloxacillin to the aluminium surface with 
a fraction of transferred electrons Δ𝑁𝑁 = 0.076 eV [35]. 
 
3.4.2. Local selectivity 
 

The Fukui functions (𝑓𝑓𝑘𝑘+,𝑓𝑓𝑘𝑘−) and the dual des-
criptor ∆𝑓𝑓𝑘𝑘  were calculated to analyse the selective reactivity of 
flucloxacillin molecule (Table 5). The first parameter can be 
obtained, for each atom of a species, from the following 
Equations:  
 
𝑓𝑓+(𝑟𝑟) =  𝑞𝑞𝑘𝑘(𝑁𝑁 + 1) − 𝑞𝑞𝑘𝑘(𝑁𝑁)                      (11) 
 
𝑓𝑓−(𝑟𝑟) =  𝑞𝑞𝑘𝑘(𝑁𝑁) −  𝑞𝑞𝑘𝑘(𝑁𝑁 + 1)                     (12) 
 

𝑞𝑞𝑘𝑘(𝑁𝑁), 𝑞𝑞𝑘𝑘(𝑁𝑁 − 1), and 𝑞𝑞𝑘𝑘(𝑁𝑁 + 1) are Mulliken charge 
of 𝑘𝑘 atom in the neutral, anionic and cationic system, 
respectively. 
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Table 5. Pertinent Mulliken charges, Fukui functions and dual descriptor of flucloxacillin by B3LYP/6-31G(d). 
Atom no 𝒒𝒒𝒌𝒌(𝜟𝜟 + 𝟏𝟏) 𝒒𝒒𝒌𝒌(𝜟𝜟) 𝒒𝒒𝒌𝒌(𝜟𝜟− 𝟏𝟏) 𝒇𝒇𝒌𝒌+ 𝒇𝒇𝒌𝒌− ∆𝒇𝒇𝒌𝒌 

C1 −0.211 −0.200 −0.173 −0.011 −0.027 0.016 
C2 0.324 0.400 0.390 −0.076 0.010 −0.086 
C3 −0.020 0.025 0.063 −0.045 −0.038 −0.007 
C4 −0.139 −0.094 −0.103 −0.045 0.009 −0.054 
C5 −0.143 −0.141 −0.115 −0.002 -0.026 0.024 
C6 −0.179 −0.117 −0.110 −0.062 −0.007 −0.055 
Cl10 −0.078 0.008 0.123 −0.086 −0.115 0.029 
F11 −0.311 −0.280 −0.264 −0.031 −0.016 −0.015 
C12 0.188 0.223 0.236 −0.035 −0.013 −0.022 
C13 −0.071 −0.094 −0.101 0.023 0.007 0.016 
C14 0.393 0.386 0.408 0.007 −0.022 0.029 
N15 −0.295 −0.207 −0.188 −0.088 −0.019 −0.069 
O16 −0.407 −0.363 −0.342 −0.044 −0.021 −0.023 
C17 0.513 0.589 0.588 −0.076 0.001 −0.077 
O18 −0.544 −0.513 −0.491 −0.031 −0.022 −0.009 
N19 −0.583 −0.625 −0.601 0.042 −0.024 0.066 
C21 0.581 0.574 0.594 0.007 −0.020 0.027 
C22 −0.005 −0.071 −0.093 0.066 0.022 0.044 
C24 −0.091 −0.095 −0.134 0.004 0.039 −0.035 
O25 −0.492 −0.461 −0.394 −0.031 −0.067 0.036 
N26 −0.454 −0.409 −0.398 −0.045 −0.011 −0.034 
S27 0.093 0.075 0.312 0.018 −0.237 0.255 
C28 −0.440 −0.451 −0.457 0.011 0.006 0.005 
C32 −0.472 −0.458 −0.470 −0.014 0.012 −0.026 
C36 0.576 0.602 0.617 −0.026 −0.015 −0.011 
O37 −0.580 −0.557 −0.567 −0.023 0.010 −0.033 
O39 −0.456 −0.458 −0.425 0.002 −0.033 0.035 
C40 −0.528 −0.558 −0.567 0.030 0.009 0.021 
C44 −0.074 −0.060 −0.093 −0.014 0.033 −0.047 
C46 −0.134 −0.129 −0.132 −0.005 0.003 −0.008 
 

 (a) 
 

 (b) 
 

Figure 7. (a) HOMO and (b) LUMO maps of flucloxacillin using B3LYP/6-31G(d). 
 
The dual descriptor ∆𝑓𝑓𝑘𝑘 can be defined as the difference 

between 𝑓𝑓+(𝑟𝑟) and 𝑓𝑓−(𝑟𝑟), respectively the nucleophilic and 
electrophilic Fukui functions [42]. 
 
∆𝑓𝑓𝑘𝑘 = 𝑓𝑓𝑘𝑘+ −  𝑓𝑓𝑘𝑘−                       (13) 
 

This parameter is positive in the electrophilic zones and 
negative in the nucleophilic zone [33]. Therefore, the most 
positive value of ∆𝑓𝑓𝑘𝑘  indicate that the site may be favoured for 
attack by a nucleophile, whereas the site expected for electro-
philic attack is indicated by the most negative value of ∆𝑓𝑓𝑘𝑘. 
Moreover, maximum values of 𝑓𝑓𝑘𝑘+ and 𝑓𝑓𝑘𝑘− are also important in 
determining the preferred sites for attack by nucleophile and 
electrophile, respectively. 

In the molecule studied, N19 and C22 exhibit the highest 
values of the nucleophilic attack index (𝑓𝑓𝑘𝑘+). However, the 
highly positive dual descriptor (∆𝑓𝑓𝑘𝑘) suggests that S27 may be 
a good electrophilic site. Otherwise, the nucleophilic attack site 

should belong to the HOMO of the molecule. Therefore, the 
probable zones for attack by a nucleophilic are N19 and S27.  

Analysis of these results also shows that the highly negative 
values of ∆𝑓𝑓𝑘𝑘  are localized on the atoms C2, C4, C6, C17 and N15 
implying that these sites are electrons acceptors. The highest 
values of 𝑓𝑓𝑘𝑘− suggest, on the contrary, that C24 and C44 act as 
nucleophilic zones. However, the LUMO map of the fluclo-
xacillin molecule supports that the preferred sites for 
electrophilic attack are C2, C17, and N15. 
 
3.5. Corrosion and inhibition mechanism 
 
3.5.1. Corrosion process mechanism 
 

The metal is naturally covered with a protective layer of 
aluminium oxide. However, this barrier film is damaged in acid 
medium and the metal dissolves according to the following 
equations: 



360 Koffi et al. / European Journal of Chemistry 14 (3) (2023) 353-361 
 

 
2023 – European Journal of Chemistry – CC BY NC – DOI: 10.5155/eurjchem.14.3.353-361.2443 

𝐴𝐴𝑙𝑙 →  𝐴𝐴𝑙𝑙3+  +  3𝑒𝑒−                       (14) 
 
3𝐻𝐻+  +  3𝑒𝑒  −  →  3

 2 
𝐻𝐻2                      (15) 

 
As a result, corrosion leads to complete dissolution of the 

metal or depletion of the 𝐻𝐻+ protons in the electrolyte. This 
mechanism is generally not affected by the addition of an 
organic inhibitor that acts by adsorption on the metal surface 
[43]. 
 
3.5.2. Adsorbed species inhibition mechanism 
 

Adsorption depends mainly on the substrate surface charge 
and the inhibitor structure. Thus, molecular and protonated 
flucloxacillin can participate in the inhibition of aluminium 
corrosion. In acidic medium, the inhibitor molecule can be 
protonated due to its heteroatom according to the following 
equation. 
 
[𝐼𝐼𝑖𝑖ℎ] + 𝑒𝑒 𝐻𝐻+ → [𝐼𝐼𝑖𝑖ℎ𝐻𝐻𝑚𝑚]𝑚𝑚+                      (16) 
 

Adsorption of the formed [𝐼𝐼𝑖𝑖ℎ𝐻𝐻𝑚𝑚]𝑚𝑚+ would occur on the 
metal surface previously charged by the 𝐶𝐶𝑙𝑙− ions. Indeed, the 
adsorption of chloride ions facilitates that of inhibiting cations 
[44]. In addition, these cations can be adsorbed in competition 
with 𝐻𝐻+ ions [13]. Interactions between protonated inhibitors 
and the aluminium surface could be electrostatic in nature but 
could be also due give rise to chemical bonds [44]. 

Inhibition of aluminium corrosion can also be performed 
through the adsorption of metal complexes formed by the 
combination of 𝐴𝐴𝑙𝑙3+ ions and flucloxacillin [45]. 

Besides these inhibitory cations, molecular flucloxacillin 
can replace previously adsorbed water molecules through the 
following relationship: 
 
𝐼𝐼𝑖𝑖ℎ(𝑎𝑎𝑜𝑜𝐴𝐴)  +  𝑖𝑖 𝐻𝐻2𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎  →  𝐼𝐼𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎  +  𝑖𝑖 𝐻𝐻2𝑂𝑂(𝑎𝑎𝑜𝑜𝐴𝐴)                    (17) 
 

However, the steric hindrance of the inhibitory species 
would not facilitate its adsorption and would constitute an 
obstacle to greater inhibitory efficacy.  
 
4. Conclusion  
 

The study of the corrosion rate in the absence and presence 
of flucloxacillin at various concentrations and temperatures 
showed that the chosen molecule has inhibiting properties. 
Inhibition efficiency increases with flucloxacillin concentration 
but decreases with increasing temperature. The adsorption 
isotherms revealed that an inhibiting species adsorbs at several 
sites, and there are repulsions between adsorbed species, 
which characterises the Villamil (or modified Langmuir) model. 
Furthermore, thermodynamic adsorption parameters 
(∆𝐺𝐺ads 

o , ∆𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜  ∆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜  ) indicate that the adsorption of the 
inhibitor is mixed (physisorption and chemisorption) and is 
facilitated by the presence of heteroatoms. The descriptors of 
global reactivity indicate a possible protonation of the 
flucloxacillin molecule. DFT results also showed that HOMO is 
distributed throughout the molecule while LUMO is mainly 
localised around the isoxazole ring. The positive value of ∆N 
confirms the preponderance of chemisorption in the adsorption 
process between flucloxacillin and aluminium. Electro-
negativity χ also indicates that during interactions, electrons 
mainly flow from flucloxacillin to the aluminium surface. Thus, 
DFT corroborates the gravimetric findings because the 
inhibiting species can share electrons with other species in the 
medium.  
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