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Abstract: Under different experimental settings, three liquids based on imidazolium 

were studied as green inhibitors for pitting corrosion of aluminum alloy (AA6061) in a 

saline-alkaline solution (1.0 M NaCl + 0.1M Na2CO3). This research uses cyclic 

polarization (CP), ptentiodynamic polarization (PP), AC Impedance spectroscopy 

(EIS), and surface morphology. The inclusion of ionic liquids clearly altered the pitting 

potential to a more positive value. The size of both the capacitive and inductive loops 

in the EIS graphs expanded dramatically as the concentration of ionic liquids increased. 

Ionic liquids delay aluminum corrosion by adsorbing the compound to the alloy 

surface, according to SEM, AFM, XPS studies. 
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1.Introduction

Aluminum is widely employed in a variety 

of industries, including automotive, aerospace, 

aviation, , radiators,  household goods, 

shipbuilding, and other water cooling and 

treatment components [1-2]. Owing to its vast 

industrial applications and economic reasons, 

researchers have paid close attention to 

corrosion studies of aluminum and aluminum 

alloys. Al is an intrinsically active metal; it 

relies on a protective oxide film for stability 

[3]. The formed film dissolved in acidic or 

basic solutions has localized breakdown of the 

passive coating, which leads to the 

development and growth of corrosion pits. 

Several approaches, including corrosion 

inhibitors, are employed to address this issue. 

Various organic inhibitors have been used for 

resist aluminum corrosion [4-7]. Because of 

their toxicity, these inhibitors have not been 

strongly suggested.  Plants extracts are also 

used as corrosion inhibitors and have good 

inhibition efficiency [8-11].These natural 

inhibitors require separation of the extract into 

definite constituents in order to predict the 

binding sites, inhibition mechanism, etc. as well 

plant extracts  are quite  unstable and easily 

degraded, which limits their use on industrial 

scales [12].  Last few years ionic liquids 

utilized by many researchers regard to low 

vapor pressure, high stability over wide range 

of pH and temperatures. [13-14]. So the aim of 

this study is to use the new three liquids based 

on imidazolium as green inhibitors for pitting 

corrosion of aluminum alloy (AA6061) in a 

saline-alkaline solution (1.0 M NaCl + 0.1M 

Na2CO3). 

2. Materials and methods 

2.1. Materials and chemicals  

Egyptian Petroleum Institute provided three 

unique synthetic ionic liquids that were 

employed as corrosion inhibitors. Table 1 

contains the chemical formula as well as the 

names of the compounds. 

Sodium chloride, and sodium carbonate 

(NaCl, Na2CO3) salts comes by Sigma Aldrich.  

The CMRDI institute provided the 

aluminum alloy sheet AA6061 with content 

0.92 percent Mg, 0.53 percent Si, 0.26 percent 

Cu, 0.15 percent Fe, and 96.4 percent Al make 

up this alloy. 
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Table 1. Chemical structures of tested inhibitors 

Inhibitor 

Code 
Molecular structures/Chemical name 

Chemical Formula/ 

Molecular Weight 

C8 

 
1-benzyl-2-methyl-3-octyl-1H-imidazol-3-ium bromide 

C19H29BrN2 

365.36 

C10 

 
1-benzyl-3-decyl-2-methyl-1H-imidazol-3-ium bromide 

C21H33BrN2 

393.41 

C12 

 
1-benzyl-3-dodecyl-2-methyl-1H-imidazol-3-ium bromide 

C23H37BrN2 

421.47 

 

2.2. Electrochemical tests 

The palmsens potentiostat and the 

programme PSTrace5 version 5.7 were used in 

the electrochemical tests. Sweeping the 

potential in the forward way between -1600 and 

-200 mV versus Ag/AgCl using a scanning 

speed of 5.0 mV/s yielded the cyclic 

polarisation (CP) curves. Using the same sweep 

rate, the potential was then cycled in the 

negative direction. At open circuit settings, EIS 

tests were conducted in the frequency region 

between 0.01 Hz to 105 Hz using amplitude of 

10 mV. At 298 K, electrochemical evaluations 

were carried out in a bottle with a volume of 50 

ml, utilising a conventional 3 - electrode unit 

combination with pt wire as the counter 

electrode, Ag/AgCl as the reference electrode, 

and sheet AA6061 as the working electrode. 
Before the studies, the AA6061 samples were 

manually abraded with various grades of silicon 

carbide papers (320 - 1200) until they had a 

mirror appearance, then cleaned with de-

ionized water, and finally acetone. 

2.3. Surface Examination 

Surface morphology of AA6061specimens 

in deferent tested solutions was studied using 

scanning electron microscope (SEM) JOEL 

JSM-6510LV, Atomic-Force-Microscopy 

(AFM) (Park systems, model-XE-100) and 

XPS (ESCALAB 250 Xi (Themo Fisher 

Scientific, USA). 

 

 

 

3. Results and Discussion 

3.1. Cyclic potentiodynamic polarization: 

Fig. 1 represents the CP curves of AA6061 

electrode immersed in (1.0 M NaCl +0.1M 

Na2CO3) with different concentrations of ionic 

liquids (C12 as an example) inhibitors at 298K. 

From Fig.1 there is wide passive region of  an 

oxide film of AA6061  electrode surface start 

from -1.6 to -0.8 V which formed by anodic 

reaction ( metal oxidation) [15].  The 

deposition of solid oxide on the electrode 

surface occurs when the concentration of 

aluminum oxide at the anode surface reaches its 

solubility product, implying that the 

development of the passive layer proceeds 

through a dissolution precipitation process. The 

anodic current density reduces to a minimal 

value once the surface is completely coated 

with passive layer, signalling the start of 

passivation [16]. Prior to hydrogen evolution, 

the reverse cathodic response has one cathodic 

peak. It may be assumed that the diminution of 

the passive film is responsible for this peak. 

This passive film damaged in presence of 

corrosive medium and aggressive species like 

chloride ions [17]. 

  (1) 

 (2) 

Chloride ions present in solution react with 

Al
 
in crystal lattice of oxide and form soluble 

oxy-chloride complex which enhances metal 

dissolution and accelerate presence of pits [18]. 
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  (3)  

It is clear that by addition of ionic liquid 

inhibitors, pitting potential (Epit) shifted to more 

positive potential value (see Table 1). 

Reduction in pitting sensitivity can be 

measured by increase in difference between Epit 

and protection potential (Epro) (i.e ΔE = Epit - 

Eprot) (see Table 1), indicates that ionic liquid 

molecules adsorbed on the surface and as well 

as protect the surface from being pitted.  The 

increase in the ΔE value in Fig. 1 is more 

abrupt until 150 ppm of ionic liquids (C8, C10, 

and C12). The related cathodic and anodic 

polarization curves display Tafel type behavior, 

as seen in Fig. 2. 

Furthermore, the intersection of Tafel lines 

extrapolation yields the corrosion current 

density (icorr) which is comparable to the 

corrosion rate. Table 2 summarizes the values 

of icorr. According to the statistics, the following 

is the sequence in which the values of icorr and 

hence the rate of corrosion decrease: C12> 

C8> C10. As the concentrations of the three 

ionic liquids rise, the rate of corrosion reduces. 

The optimal ionic liquid concentrations were 

approximately 150 ppm (C8, C10, and C12). 

The addition of ionic liquids causes the 

value of corrosion potential Ecorr to move 

towards less negative potentials (Table 2). This 

suggests that these inhibitors (C8, C10, and 

C12) have a strong influence on anodic 

processes (anodic inhibitors). This regarded 

that the corrosion of Al in 0.1M Na2CO3+1.0 M 

NaCl solution inhibited by ionic liquids [19].  

These findings imply that ionic liquids (C8, 

C10, and C12) adsorb at the Al/solution 

interface to prevent general and pitting 

corrosion of aluminum in 0.1M Na2CO3+1.0 M 

NaCl solution. Their imidazol-3-ium groups 

adsorb via an ion pair and exchange process, 

while their hydrophobic chains are directed 

towards the aqueous medium [ 20-22]. 
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Fig. 1 CP curves of AA6061 electrode 

immersed in (1.0 M NaCl +0.1M Na2CO3) with 

different concentrations of ionic liquids (C12 as 

an example) inhibitors at 298K. 
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Fig. 2 Tafel type behavior of AA6061 electrode 

immersed in (1.0 M NaCl +0.1M Na2CO3) with 

different concentrations of ionic liquids (C12 as 

an example) inhibitors at 298K. 

Table 2. Effect of different concentrations of ionic liquids inhibitors on corrosion parameters of 

AA6061 in (1M NaCl +0.1M Na2CO3) at 298K. 

ΔE icorrµA cm-2
 EcorrV E protV EpitV [conc]ppm Inhibitors 

0. 108 3.917 -1.274 -0.788 -0.680 0.0 C12 

0.235 3.288 -1.252 -0.773 -0.538 50 

0.274 3.673 -1.246 -0.773 -0.499 100 

0.333 2.716 -1.259 -0.771 0.438- 150 

0.216 3.206 -1.262 -0.771 -0.555 200 

0.162 2.944 -1.209 -0.766 -0.604 250 

0.222 3.140 -1.259 -0.787 -0.565 50 C10 

0.225 2.328 1.248- -0.780 -0.555 100 

0.240 1.908 -1.278 -0.771 0.531- 150 

0.197 3.213 -1.302 -0.773 -0.576 200 

0.128 3.140 -1.317 -0.780 -0.652 250 

0.239 2.831 -1.281 -0.780 -0.541 50 C8 

0.242 2.612 -1.274 -0.78 -0.538 100 

0.332 2.093 -1.378 -0.771 0.439- 150 

0.220 3.639 -1.3607 -0.781 -0.561 200 

0.189 3.443 -1.356 -0.780 -0.591 250 
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3.2. AC Impedance spectroscopy (EIS) 

To gather details on the surface passive layer 

on AA6061, an EIS study was performed in a 1 

M NaCl+0.1 Na2CO3 solution without and with 

different dosages of ionic liquids (C8, C10, and 

C12). At 298 K, the relevant Impedance 

profiles are presented in Fig. 3. Each 

impedance graph, according to the data, has a 

wide capacitive circle during high frequencies 

(HF), a tiny inductive loop at middle 

frequencies (MF), and a 2
nd

 capacitive looping 

during low frequencies (LF) (Fig. 3a). The 

relaxation mechanism in the aluminum oxide 

(or hydrated oxide) layer existing on the 

aluminum surface, as well as its dielectric 

characteristics, might be attributed to the HF 

capacitive looping. [23]. The dissolving of Al at 

low frequencies or the dissolution of the surface 

oxide layer has also been attributed to an 

inductive loop [24,25]. Inductive activity can 

be characterized by changes in surface area or 

salt film properties such as density, electrical 

properties, or depth [26]. With increasing ionic 

liquids (C8, C10, and C12) concentrations, the 

size of both HF and LF loops grew 

significantly.  Three time-constants are seen in 

the Bode profiles (Fig. 3 b,c), notably two time-

constants with in HF and LF areas, and another 

time-constant mostly in MF region. An 

equivalent circuit style, as shown in Fig. 3d, is 

the ideal way to express the impedance results. 

Solution resistor (Rs), inductance (L), 

inductance resistor (RL), and charge transfer 

resistor (Rct1) are all parallel to the double layer 

capacitance in the model (Cdl1). This circuit 

includes another (Cdl2) and (Rct2). These values 

relate to the Al
+
 → Al

+3
 reactions [27]. The 

total of Rct1 and Rct2 might reflect the 

polarization resistance, Rp. Rct and Rp values 

rise dramatically with the injection of ionic 

liquids (C8, C10, and C12) leading to reduced 

electrode degradation (see Table 3) [28]. The 

findings in Table 3 illustrate that an increase in 

Rct1 and Rct2 values is related with a decrease in 

Cdl1 and Cdl2 over the entire range of 

concentrations. It is possible to argue that the 

ionic liquid molecules bonded on the AA6061 

surface replace the water molecules at the 

AA6061 surface, resulting in a fall in Cdl values 

[29]. The rate of corrosion decreases as the 

concentrations of the three ionic liquids 

increase. The best ionic liquid concentrations 

were around 150 ppm (C8, C10, and C12). 

 
Fig. 3 Impedance spectra (a) Nyquist, (b) Bode-module (c) and Bode-phase angle plots, (d) 

equivalent circuit for of AA6061 electrode immersed in (1.0 M NaCl +0.1M Na2CO3) with different 

concentrations of ionic liquids (C12 as an example) inhibitors at 298K. 

c 

 

b 

 

a 

 

Fig. 4 SEM images of AA6061 (a) abraded, (b) after immersion in (1M NaCl +0.1M Na2CO3) (c) 

after immersion in (1M NaCl +0.1M Na2CO3 + 150 ionic liquid C12) at 298K 
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Table 3. Effect of different concentrations of ionic liquids inhibitors on EIS parameters of AA6061 

in (1M NaCl +0.1M Na2CO3) at 298K. 

 

RPk.Ω cm2 Cdl2μF cm-2 Rct2  Ω k cm2 Cdl1μF cm-2 Rct1kΩ cm2 Rs  Ω  [conc]ppm Inhibitors 

6.48 6.3 2.50 4.3 3.98 1.4 0.0 

C12 

8.37 5.4 3.38 4.1 4.89 1.1 50 

10.08 4.8 4.20 3.2 5.88 1.2 100 

11.32 3.0 4.98 2.9 6.34 1.1 150 

7.36 4.9 3.10 3.6 4.26 1.2 200 

8.57 5.3 3.25 3.7 5.32 1.1 50 

C10 
10.10 4.7 4.11 2.4 5.99 1.2 100 

12.86 4.2 4.53 1.3 8.32 1.2 150 

7.24 4.5 3.22 2.5 5.02 1.3 200 

8.21 5.9 3.05 2.7 5.21 1.2 50 

C8 
10.61 4.8 4.22 1.8 6.39 1.3 100 

14.65 3.6 4.67 0.6 9.98 1.4 150 

8.17 5.0 2.98 2.9 5.19 1.2V 200 
 

 

3.3. Surface Morphology  

SEM survey to estimate the surface 

morphology of AA6061 after 2 weeks 

immersion in (1M NaCl +0.1M Na2CO3) and 

(1M NaCl +0.1M Na2CO3 + 150 ionic liquid 

C12) solutions. Fig. 4 (a) shows and SEM 

image of a polished AA6061 with a relatively 

smooth surface. The photo in Fig. 4 (b) shows 

that the AA6061surface is clearly cracked as a 

result of a strong attack on the corrosive 

medium without inhibitors also presence of 

pits. The cracks disappear and the surface of Al 

is smoother (Fig 4 c) than the surface of 

AA6061 in (1M NaCl +0.1M Na2CO3) without 

ionic liquids. This proves that the ionic liquids 

delays the corrosion of AA6061by adsorbing 

the compound to the alloy surface..AFM is 

becoming an accepted method for investigation 

of the roughness of metals, and alloys. The 

three dimensional AFM image After keeping 

AA6061 in (1M NaCl +0.1M Na2CO3) for 24 h 

at 298 K (see Fig. 5 a) shows high surface 

roughness reach 318.13 nm, while in the 

presence of (1M NaCl +0.1M Na2CO3 + 150 

ionic liquid C12) mixture it decreased to 

99.578nm See Fig 5 (b).The decrease in 

average surface roughness of aluminum in 

presence of C12 is due to the adsorption of 

these ionic liquids on aluminum surface 

forming protective layer, so the metal surface 

became more smoothly and the corrosion rate 

was decreased. 

 

 

 

 

Fig. 5 AFM images of AA6061 (a) after 

immersion in (1M NaCl +0.1M Na2CO3) (b) 

after immersion in (1M NaCl +0.1M Na2CO3 + 

150 ionic liquid C12) at 298K. 

High resolution XPS spectra of AA6061 after 

immersion in (1M NaCl +0.1M Na2CO3) and 

(1M NaCl +0.1M Na2CO3 + 150 ionic liquid 

C12) are shown in Fig. 6 and 7, respectively. 

XPS spectrum of Al 2P has peak at 74.3 eV, 

which correspond to oxide peak of Al2O3 [30]. 

On the other hand, the Cl 2p signal can split 

into two peaks for samples at 198.02 and 

199.39, which indicates that Cl
-
 anions had 

interacted with the substrate [31]. The C 1S 

spectra of aluminum in 1M NaCl +0.1 M 

Na2CO3 has three characteristic peaks at 286.27 

eV and 287.94 eV and 289.2 eV which 

correspond to C-C  C-O , and C=O respectively 

[32], there is other peak observed at 284.67 eV 

attributed to the SP
2
 hybridized carbon come 

from ionic liquid C12. The O 1S show three 

peaks one of them at 531.7 eV and belonged to 

the metal oxide species.  One peack at 1071.6 

eV crossponding to Na2CO3. The N 1S peak at 

401.1 eV was assigned to the coordinated 

nitrogen in the imidazolium ring with the 

surface of the AA6061 [33]. The appearance 
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peak of N in the inhibited sample surface 

confirmed the adsorption of ionic liquid C12 

compounds on the AA6061surface.

 
Fig. 6 High resolution XPS spectra of (Al 2P, O 1S, Cl 2P, C 1S, Na 1S ,Si 2P) for AA6061 after 

immersion in (1M NaCl +0.1M Na2CO3) 

.  

Fig. 7 High resolution XPS spectra of (Al 2P, O 1S, Cl 2P, C 1S, Na 1S, Si 2P, Br3d, N1S) for 

AA6061 after immersion in (1M NaCl +0.1M Na2CO3 + 150 ionic liquid C12) at 298K. 
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4. Conclusion  

Three liquids based on imidazolium were 

investigated as green inhibitors for pitting 

corrosion of aluminum alloy (AA6061) in a 

saline-alkaline solution (1.0 M NaCl + 0.1M 

Na2CO3) in various experimental 

circumstances. It is clear that by addition of 

ionic liquid inhibitors, pitting potential (Epit) 

shifted to more positive potential value. The 

ionic liquids molecules adsorbed on the surface 

and as well as protect the surface from being 

pitted. As the concentrations of the three ionic 

liquids rise, the rate of corrosion reduces. Both 

Rct and Rp value increases significantly with 

addition of ionic liquids (C8, C10, and C12) 

due to slower corrosion of electrode. The 

optimal ionic liquid concentrations were 

approximately 150 ppm (C8, C10, and C12). 

According to SEM, AFM, and XPS 

experiments, ionic liquids postpone aluminum 

pitting corrosion by adsorbing the compound to 

the alloy surface. 
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