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     Abstract 
The effect of chloroquine (4-N-(7-chloroquinolin-4-yl)-1-N,1-N-diethylpentane-1,4-

diamine) on the corrosion of aluminium was studied gravimetrically in 1.0 M HCl at 30 and 60 oC. 

The results showed that chloroquine acted as an excellent corrosion inhibitor for aluminium in 

acidic medium. The inhibition efficiency increased with increased inhibitor concentration but 

decreased with the increase in temperature. The kinetic and thermodynamic parameters of 

chloroquine adsorption were calculated and discussed. The value of the free energy revealed a 

spontaneous adsorption process. The adsorption of chloroquine on the surface of aluminium 

obeyed the Freundlich adsorption isotherm at 30 as well as 60 oC. The Koopman’s reactivity 

descriptors were calculated using the Density Functional Theory at the B3LYP/6-311++G** level 

to elucidate the strength of chloroquine as a corrosion inhibitor.  
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Introduction 
Metal based materials are normally exposed to corrosion in the atmospheric and 

aqueous environments. Due to its industrial impact, corrosion has been studied 

comprehensively since the industrial revolution in the late eighteenth century. The 

consequences of corrosion are many and varied, and the effects of these on the safe, 

reliable and efficient operation of equipment or structures are often more serious than 

the simple mass loss of metal.  

Aluminium is a metal with a high electronegative potential. It is also highly 

resistant to most acidic and neutral solutions due to the formation of a protective oxide 

film on its surface. This film is responsible for the corrosion resistance of aluminium in 

most environments.[1] In the presence of aggressive acid solutions, the protective layer 

is destroyed; hence the need for an inhibitor. Inhibitors are added in minute 

concentrations to corrosive media in order to reduce or prevent the reaction of the 

metal in these media. Researchers have reported the use of antimalaria, sulpha, 

antifungal and antibacterial drugs as well as extracts from plants as corrosion inhibitors 
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because of the presence of heteroatoms in the backbone of their structure, their high 

solubility in water, high molecular size, non-toxicity and also because of their 

environmental friendliness.[2-17] Most work with chloroquine has been performed on 

mild steel and only scanty work has been reported on aluminium corrosion. Moreover, 

most studies on corrosion inhibition are of experimental nature and provide few 

theoretical explanations. It is therefore important to correlate the experimental results 

with computational studies attempting thereby to explain the absorptive behaviour and 

mechanism of organic inhibitors. This work combines a weight loss method with 

quantum chemical techniques to investigate the inhibitory action of chloroquine for 

aluminium in hydrochloric acid.  

Experimental 

Materials 

The aluminium sheets used in this study were obtained from KOLORKOTE, 

Sango-Ota, Nigeria and have the following composition (wt%): Si (0.125), Mn (0.0158), 

Cu (0.536), Zn (0.007), Ti (0.21), Fe (0.454), Sn (0.017), Pb (0.001) and Al (98.635). 

Each sheet was mechanically pressed, cut into coupons, each of 40.0×30.0× 0.45 mm. 

The coupons were used as supplied without further polishing but were degreased in 

absolute ethanol, dried in acetone, weighed and stored in moisture free desiccators 

prior to use. All reagents used were of Analar grade, and distilled water was used to 

prepare their solutions. 1 M HCl was prepared by diluting concentrated HCl (37.25 %) 

of analytical grade with distilled water. 

Stock solution of chloroquine was prepared in 50 mL ethanol and then made up 

to 1 dm3 by addition of distilled water to give 10×10-3 M solution from which lower 

concentrations were prepared by dilution. The chemical structure of chloroquine is 

given in Figure 1. 
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N4-(7-chloroquinolin-4-yl)-N1,N1-diethylpentane-1,4-diamine
  

Figure 1: The chemical molecular structure of chloroquine. 

Weight loss method 

A previously weighed aluminium coupon is completely immersed in 50 mL of 

test solution in an open beaker, in absence and presence of different concentrations of 

chloroquine. The beaker was inserted into a water bath maintained at 30 oC for 8 
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hours, the specimen were taken out, washed in a solution containing a mixture of 50% 

NaOH and 100 g/L of zinc dust. The washed coupons were dipped in acetone and 

allowed to air dry before re-weighing. The difference in weight was taken as total 

weight loss. The experiment was repeated at 60 oC. From the evaluated weight loss, 

the inhibition efficiency (%IE) of the inhibitor, degree of surface coverage (Ө) and 

corrosion rate (CR) were calculated using equations 1-3, respectively.[18,19]  
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where W1 and W2 are the weight losses (g) for aluminium in the presence and absence 

of chloroquine; Ө is the surface coverage of the inhibitor; A is the surface area of the 

aluminium coupons (in cm2); t is the period of immersion (in hours) and W is the weight 

loss of aluminium after time t. All measurements were performed in triplicate and the 

mean value recorded. The Inhibition Efficiency is the percentage surface coverage and 

as such they are dependent variables. 

Computational details 

Quantum chemical calculations were performed applying Density Functional 

Theory (DFT) at the B3LYP with 6-311++G** level. The quantum chemical parameters 

obtained using Koopman’s reactivity descriptors were EHOMO, ELUMO, ELUMO-EHOMO (Eg), 

total energy, dipole moment (µ), absolute hardness (߯), chemical potential (ߟ) and 

softness (ߪ).  
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Results and discussion 

Effect of inhibitor concentration 

The corrosion parameters obtained by weight loss measurement for aluminium 

in the absence and presence of different concentrations of chloroquine in 1 M HCl at 

different temperatures are presented in Table 1 where it can be seen that the rate of 
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corrosion decreased and the inhibition efficiency increased with increased 

concentration of chloroquine. The decrease in inhibition efficiency with the rise in 

temperature reveals that the dissolution of aluminium is enhanced at higher 

temperatures which can be explained by the decrease in the adsorption strength of 

chloroquine with increasing temperature suggesting physical adsorption.[20] 

Table 1: Corrosion rate (CR), surface coverage (Ө) and Inhibition efficiency (%IE) of 
aluminium corrosion in 1 M HCl solution containing different concentrations of 
chloroquine. 

Temperature [Chloroquine] Corrosion Rate Inhibition 
Efficiency 

Surface 
Coverage Ө 

 M (x 10-3 mg/cm2 hr) (%)  
 Blank 5.61 .... .... 

 2 x 10-3 3.69 34.23 0.3423 

 4 x 10-3 3.17 43.46 0.4346 
30 oC 6 x 10-3 2.68 52.27 0.5227 

 8 x 10-3 2.05 63.47 0.6347 

 10 x 10-3 1.40 74.99 0.7499 

     
 Blank 5.98 ... ... 

 2 x 10-3 4.15 30.68 0.3068 
60 oC 4 x 10-3 3.71 37.94 0.3794 

 6 x 10-3 3.12 47.87 0.4787 

 8 x 10-3 2.59 56.71 0.5671 

 10 x 10-3 2.13 64.46 0.6446 

Adsorption isotherm and thermodynamic parameters 

The thermodynamic study of adsorption sheds light on the adsorptive behavior 

of organic inhibitors and explicates the adsorption mechanism.[21] The adsorption of  

organic inhibitor molecules has been reported to depend on various physicochemical 

properties such as steric factors, functional groups, electron density at the atoms and ߨ 

orbital character of donating electrons. The nature of substrate metals and the type of 

interaction between organic molecules and the metal surface is also important. The 

efficiency of an organic compound as corrosion inhibitor depends not only on the 

characteristics of the environment in which it acts, the nature of the metal surface and 

electrochemical potential at the interface, but also on the structure of the inhibitor itself, 

which includes the number of adsorption active centres in the molecule, their charge 

density, molecule size, mode of adsorption, eventual formation of metallic complexes 

and the projected area of the inhibitor on the metal surface. Basic information on the 

interaction between the inhibitor and the metal surface can be provided by the 

adsorption isotherm. The calculated thermodynamic parameters help understanding 

the mechanism of corrosion inhibition and the adsorption behaviour of the organic 

material adsorbed on the aluminium surface. 
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The correlation coefficient R2 was used as a criterion to decide which adsorption 

model fits best the experimental data. The Freundlich adsorption isotherm was found 

to be the best description of the adsorption behaviour of chloroquine on the aluminium 

surface with R2=0.9708 at 30 oC and 0.9767 at 60 oC. According to this isotherm, the 

inhibition efficiency (%IE) is related to the equilibrium adsorption constant Kads and the 

inhibitor concentration c according to equation 7: 
 

   n
adscKIE %         (7) 

 

where 0 < n< 1. In logarithmic form, equation 7 becomes 
 

   cnKIE ads loglog%log         (8) 
 

By plotting log(%IE) versus log(c), a straight line is obtained and the equilibrium 

adsorption constant can be determined from the intercept. The free energy of 

adsorption (∆G°
ads) was calculated using the equation 9 and the results are presented 

in Table 2. 
 

     ads
o
ads KTRG 5.55ln                            (9) 

 

R is thereby the general gas constant, T is the absolute temperature and 55.5 is 

the concentration of water in solution in mol/L.[22] 

 

∆G°
ads was found to be -26.39 kJ/mol at 30 oC and -28.50 kJ/mol at 60 oC. 

Generally values of ∆G°
ads around -20 kJ/mol or lower suggest electrostatic interaction 

between the organic molecules and the charged metal (physisorption); those around -

40 kJ/mol or higher involve charge sharing or electron transfer from the organic 

molecules to the metal surface to form a coordinate type of bond (chemisorption).[23, 24] 

Since ∆G°
ads in this work is near -20 kJ/mol, chloroquine adsorption onto aluminium in 

1 M HCl solution occurs predominantly by physisorption. The negative values of ∆G°
ads 

indicate spontaneous adsorption of inhibitor onto the surface of aluminium at standard 

conditions.[25] 
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Figure 2: Freundlich adsorption isotherm plot for aluminium coupons in 1M HCl 
solution containing different concentrations of Chloroquine. 
 
Table 2: Adsorption parameters from Freundlich Isotherm for aluminium coupons in 
1M HCl of different concentrations and at 30 and 60 oC. 

Inhibitor  
Temperature 

(°C)   Adsorption Parameter  

    Kads 
∆Gads  

(kJ/mol) Slope R2 Intercept 

Chloroquine 30  638.26 -26.388 0.478 0.970 2.805 

  60  533.33 -28.504 0.466 0.976 2.727 

Effect of temperature 

The effect of temperature on the corrosion rate of aluminium in 1 M HCl solution 

in the absence and presence of different concentrations of chloroquine was studied at 

30 oC and 60 oC by weight loss measurements. The data in Table 1 shows that %IE 

decreases as the temperature increases and with the decrease in inhibitor 

concentration. In acidic solution, the corrosion rate is related to temperature by 

Arrhenius equation: 

     
TR

EACR a 1
303.2

loglog       (10) 

CR is the corrosion rate determined from the weight loss measurement, Ea is the 

apparent activation energy, A is the pre-exponential factor, R is the general gas 

constant and T is the absolute temperature.  

The activation energies of the rate of corrosion were calculated for the different 

chloroquine concentrations according to eqn10 and are given in Table 3. These values 

indicate that the presence of chloroquine generally increases the activation energy of 

y = 0.4783x + 2.8057
R² = 0.9708

y = 0.4668x + 2.7275
R² = 0.9767

0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2

-3-2.5-2-1.5-1-0.50

lo
g(

 IE
%

)

log C

Log %IE at 30°C

Log %IE at 60°C



44 

metal dissolution. The adsorption of the studied inhibitor is assumed to occur on the 

high energy surface sites blocking thus these active sites, resulting in an increase in 

the activation energy of aluminium dissolution. The increased values of Ea in the 

presence of chloroquine compared to that in its absence and the decrease in the IE% 

with the rise in temperature is interpreted as physisorption.[26]  

The values of the enthalpy of activation ∆H≠ and the entropy of activation ∆S≠ 

were obtained from the transition state equation: 
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where h is the Planck’s constant, Na is the Avogadro’s number, T is the absolute 

temperature and R is the general gas constant. The computed values of the 

thermodynamic parameters of activation for the dissolution of aluminium are presented 

in Table 3. Examination of these data reveals that the values of ∆H≠ and ∆S≠ in the 

presence of the inhibitor are higher than when no inhibitor was used. This entails that 

the energy barrier of corrosion increases, as expected, in the presence of inhibitor. ∆S≠ 

is negative a higher order in the activated system than in the initial state. 
 

Table 3: Activation parameters from Arrhenius and Transition State Equations for the 
rate of corrosion of aluminium coupons in 1M HCl solution containing different 
concentrations of chloroquine. 

Inhibitor  
Concentration 

(M)  Activation Parameter 

    Ea(kJ/mol) A     ∆H 
(kJ/mol) ∆S (J/mol K) 

Chloroquine Blank  1.79 0.0114 -0.8545  -291.03 

  2 x 10-3  3.28 0.0136 0.6453  -289.56 

  4 x 10-3  4.34 0.0145 1.7590  -287.15 

  6 x 10-3  4.25 0.0145 1.9568  -287.89 

  8 x 10-3  6.54 0.0275 3.8991  -283.71 

  10 x 10-3  11.74 0.1476 9.0967  -269.73 

Quantum chemical calculation 

The optimized geometry of chloroquine molecule as well as the nature of its 

molecular orbitals, HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest 

Unoccupied Molecular Orbital), are shown in Figures 5-7. Frontier molecular orbital 

theory explains that the formation of a transition state is due to an interaction between 

the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 

orbital (LUMO) of reactants.[27] The energy of the HOMO is directly related to the 

ionization potential and the energy of the LUMO is directly related to the electron 

affinity. The HOMO–LUMO gap, i.e. the difference in energy between the HOMO and 

LUMO, is an important stability index.[28] A large HOMO–LUMO gap implies high 

stability for the molecule in chemical reactions.[29-30] The concept of activation hardness 
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has been also defined on the basis of the HOMO-LUMO energy gap. The qualitative 

definition of hardness is closely related to the polarizability, since a decrease of the 

energy gap usually leads to easier polarization of the molecule.[31] 

Quantum chemical parameters related to the molecular electronic structure such 

as EHOMO, ELUMO, energy gap (∆E = ELUMO - EHOMO) and the dipole moment (μ), total 

energy (TE), absolute hardness (߯), chemical potential (ߟ) and softness (ߪ) were 

calculated. It was found that the high EHOMO value of chloroquine leads to higher 

electron donating ability to appropriate acceptor molecules with low-energy empty 

molecular orbitals. A low ELUMO value of chloroquine implies that it accepts electrons 

easily from donor molecules. The difference in energy, Eg, is the energy needed to 

move an electron from HOMO to LUMO. The smaller value of Eg of chloroquine 

facilitates the adsorption of the molecule and thus will cause higher inhibition efficiency 

because the energy needed to remove an electron from the last occupied orbital will be 

low. A hard molecule is associated with large energy gap and a soft molecule is 

associated with a small energy gap. Therefore soft molecules are more reactive than 

hard molecule.[32] 

The most widely used quantity to describe the polarity is the dipole moment of 

the molecule.[33] The dipole moment (μ) for chloroquine will favour the accumulation of 

inhibitor molecules on the metallic surface; the polar surface area according to Table 5 

implies that it has a good inhibitive potential. Excellent corrosion inhibitors are usually 

those organic compounds that not only donate electrons to unoccupied orbital of the 

metal surface but also accept free electrons from the metal.[34] 

Mechanism of inhibition 

The adsorption of investigated drug can be attributed to the presence of a polar 

unit having atoms of nitrogen, oxygen and aromatic/heterocyclic rings. Therefore, the 

possible reaction centres are unshared electron pair of hetero-atoms and -electrons 

of aromatic ring.[35] In general, two modes of adsorption are considered on the metal 

surface in acid media; physisorption and chemisorption. The adsorption and inhibition 

effect of chloroquine in 1.0 M HCl solution can be explained as follows: It is well known 

that the aluminium surface bears positive charge in acid solution,[36] so it is difficult for 

the protonated molecules to approach the positively charged aluminium surface due 
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Table 5: Quantum descriptors for chloroquine using DFT calculations.  

Quantum Parameter 
  

Chloroquine 

EHOMO (eV) 
  

-5.95 

ELUMO (eV) 
  

-1.55 

Egap (eV) 
  

4.4 

        Softness 
   

8.8 

Absolute hardness 
  

0.1136 

Chemical Potential 
 

0.0667 

CPK PSA 
  

18.147 

Dipole moment (Debye) 
  

6.45 

Polarizability 
  

68.6 

 
Figure 5: Optimized structure of chloroquine. 

 
Figure 6: Frontier Molecular Orbital (HOMO) of chloroquine. 
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Figure 7: Frontier Molecular Orbital (LUMO) of chloroquine. 

to the electrostatic repulsion. Since chloride ions have a smaller degree of hydration, 

they could thus bring excess negative charges in the vicinity of the interface and favour 

the adsorption of the positively charged chloroquine molecules through electrostatic 

interactions between the positively charged molecules and the negatively charged 

metal surface. Thus, there is a synergism between adsorbed Cl- ions and protonated 

chloroquine. Thus we can conclude that inhibition of aluminium corrosion in 1M HCl is 

mainly due to electrostatic interaction. The decrease in inhibition efficiency with rise in 

temperature supports electrostatic interaction. 

Conclusions 
The study of chloroquine as a potential inhibitor for aluminium corrosion in acidic 

medium has been carried out. The results obtained from gravimetric measurements 

showed that the inhibiting action increases with an increase in inhibitor concentration 

and decreased with an increase in temperature. The adsorption of the inhibitor on 

aluminium surface in hydrochloric solution trails the Freundlich isotherm. The negative 

value of the free energy of adsorption ∆G°
ads indicates a spontaneous adsorption 

process at standard conditions. Quantum chemical parameters based on Koopman’s 

reactivity descriptors provided further insight into the mechanism of inhibition. 
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