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Abstract. In this study, cobalt Co(II) cations were incorporated into the interlayer spaces of the 

montmorillonite matrix via a cation-exchange reaction, leading to an increase in layer spacing as 

Na was replaced by Co, as demonstrated by x-ray diffraction analysis. It was observed that Co 

could be released from the MMTCo matrix into the aqueous medium, with this release being 

more pronounced in alkaline environments. Electrochemical impedance spectroscopy (EIS) 

confirmed that MMTCo acts as an effective corrosion inhibitor for the AA2024 surface, with its 

inhibitive efficiency being concentration-dependent and more significant at higher 

concentrations. FE-SEM imaging revealed that a protective layer formed on the AA2024 surface 

immersed in a filtrate containing MMTCo, in contrast to surfaces exposed to the filtrate of 

MMT, which were significantly attacked. 
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1. INTRODUCTION 

Inhibitors are incorporated into coatings to provide “active” protection, slowing down 

corrosion at coating defects. However, directly introducing corrosion inhibitors during the 

coating manufacturing process often leads to issues such as too rapid a release of inhibitors, 

which is difficult to control [1], and this can result in the formation of defects. Additionally, the 

inhibitor content is sometimes limited by its solubility and compatibility within the coating [2]. 

To address these issues, one widely used method involves using carriers that act as reservoirs for 

the corrosion inhibitors in the coating. Common carriers include ZrO2 [3], TiO2 [4], CeO2 [5, 6], 

SiO2 [7] and nanoclay [8-11]. When dispersed in the polymer matrix, they simultaneously 

enhance the mechanical and inhibitive properties of the coating. Nanoparticles in sheet form, 

such as nanoclay (sodium montmorillonite, MMTNa), are also widely used to increase the 

shielding ability of polymer composite materials. The chemical structure of MMTNa consists of 

two fused silica tetrahedral sheets sandwiching an edge-shared octahedral sheet of either 

magnesium or aluminum hydroxide. Na
+
 ions present in the interlayer regions can be replaced 
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by cations such as cerium ions through a cation-exchange reaction. By incorporating cerium-

modified montmorillonite (MMTCe) into an organic coating, it can serve as a pigment that 

enhances both the barrier and inhibitive properties of the coating [10 - 12]. The researches have 

also demonstrated that the incorporation of cerium-modified montmorillonite provides “active” 

protection for a sol-gel coating on 2024 aluminum alloy [11]. This is attributed to the leaching of 

cerium ions from the montmorillonite platelets at a rate of 70 % into the corrosive environment, 

significantly improving the protective ability of the sol-gel layer. The accelerated salt mist 

testing on test samples with artificial incisions has demonstrated the self-repairing ability of the 

cerium ions, leading to the formation of cerium hydroxide at the film/metal substrate boundary 

and thereby reinforcing the corrosion protection of the coating. 

Cobalt salts are considered effective corrosion inhibitors for metals due to the existence of 

multiple oxidation states (Co
2+

, Co
3+

, and Co
4+

) and the fact that the redox potential of the 

Co
3+

/Co
2+

 pair (+1.92V) is close to that of the Cr
6+

/Cr
3+

 pair (+1.36 V) in acidic environments, 

making Co(III) a potential oxidizing agent [13]. The high solubility of cobalt salts, however, can 

lead to the defect formation when formulated in paint. Therefore, cobalt cations are often 

attached into an inorganic compound, such as a silica or ferrite matrix. As a result, the leaching 

of cobalt cations can be controlled when the coating was damaged with the appearance of 

defects. 

In the present work, cobalt cations were inserting into platelets of the MMTNa matrix by a 

cation-exchange reaction. The inhibitive property of cobalt modified montmorillonite (MMTCo) 

for corrosion protection of aluminum alloy was characterized by electrochemical method. 

2. MATERIALS AND METHODS 

2.1. Materials 

The aluminum alloy used is the 2024-T3 type (AA2024-T3). For the electrochemical 

measurements, a cylindrical AA2024 bar with a 1 cm² surface area was carefully polished using 

SiC paper from 100 to 1200 grade. It was then washed with absolute ethanol, rapidly dried, and 

immediately submerged in the solution under study. 

Sodium montmorillonite (MMTNa) is Cloisite 116® Na (BYK – Southern Clay product). 

Cobalt-modified montmorillonite (MMTCo) is prepared through a cation-exchange reaction 

[11], as described below: MMTNa (3.0 g) was dispersed in distilled water (300 mL) using 

ultrasonication (15W, 30 minutes). The mixture was then stirred continuously at room 

temperature for 24 hours to achieve a homogeneous suspension. A solution of Co(NO3)2 (98 %, 

Sigma Aldrich) was gradually added to this MMTNa solution (MMTNa/Co = 10/1 wt.%), and 

the mixture was constantly stirred at 70 °C for 24 hours. The resulting MMTCo powder was 

collected using a high-speed centrifuge (5000 rpm) and washed repeatedly with distilled water to 

remove all excess ions. Finally, the MMTCo powder was dried in a vacuum oven at 80 °C for      

48 hours. 

2.2. Methods 

The crystallization of the synthesized MMTCo was characterized by X-ray diffraction 

(XRD) analysis, utilizing a Siemens D5000 diffractometer equipped with Cu Kα radiation. 

The release of Co cations from MMTCo particles was effectuated in both neutral and 

alkaline media, and it was quantified based on the Co concentration in the filtrate. This 



 
 

 

measurement was taken during the immersion of MMTCo in the solution under study, using 

UV-Vis spectroscopy Libra 80 (Biochrom). The alkaline medium was prepared using a borate 

buffer solution to maintain a stable pH value of 9. The deviation standard of this method was 

approximately 3 %, as reported in previous work [11]. 

Electrochemical impedance spectroscopy (EIS) measurements were performed using a 

three-electrode standard setup. The working electrode was the rod of AA2024 (1 cm
2
 of surface 

area), a saturated Ag/AgCl/KCl electrode served as the reference electrode, and a platinum grid 

was used as the counter electrode. The EIS measurements were conducted over a frequency 

range from 100 kHz to 10 mHz at the open circuit potential (OCP), with an amplitude of 10 mV. 

Surface observation of AA2024 specimen after immersion time was examined with Thermal 

Field Emission Scanning Electron Microscopy JEOL JSM-IT800SHL. 

Anodic and cathodic polarizations were separately obtained at a rate of 0.167 mV/s, 

starting from the OCP. The electrolyte solution was an aqueous solution of 0.05 M NaCl mixing 

0.1 M Na2SO4 solution. Both the EIS and polarization measurements were conducted using 

Biologic SP-300 equipment. To ensure the reproducibility of the measurements, each sample 

was tested at least three times. 

3. RESULTS AND DISCUSSION 

3.1. Characterization of synthesized MMTCo 
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Figure 1.X-ray diffraction patterns of MMTNa and MMTCo (a) and FE-SEM images of MMTNa (b)              

and MMTCo (c) particles. 
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Figure 1 displays the X-ray diffraction patterns of MMTNa and MMTCo (a) and also the 

morphology of MMTNa (b) and MMTCo (c) determined by FE-SEM. The peak labeled d001 

corresponds to the d-spacing in the lamellar structure of MMTNa. The d-spacing was calculated 

using Bragg's Law, as given in equation 1: 

λ = 2d sinθ                   (1) 

where λ is the wavelength of the X-ray radiation, θ is the glancing angle, and d is the interplanar 

spacing of the clay platelets. From Figure 1, the calculated d-spacing (d001) was 12.7 and 15.0 Å 

for the MMTNa and MMTCo, respectively. The change of d001 in the MMTCo compared to 

MMTNa is due to the replacement of Na
+
 by Co

2+
 within the MMTNa gallery, related to the 

difference of the atomic radius between the sodium and cobalt ions. As the consequence, the 

layer spacing is increased from 12.7 to 15.0 Å also the displacement of 2θ position, as can be 

observed in Figure 1a. This phenomenon has been approved when observed the FE-SEM 

observation of MMTNa (Figure 1b) and MMTCo (Figure 1c). Compared to the morphology of 

MMTNa, the MMTCo nanoparticles shows not only an enlargement in inter-lamellar layer but 

also no accumulation. This is related to the enlargement of d-spacing when adding cobalt in the 

lamellar structure of MMTNa. 

The release of Co from the MMTCo matrix into the aqueous solution across various pH 

levels was quantitatively assessed using the UV-Vis spectroscopy method. Figure 2 illustrates 

the Co release kinetics in both neutral and alkaline environments over time. The pH of the 

alkaline environment was set at 9 due to the tendency for precipitation to occur between Co
2+

 

ions and OH
-
 ions at higher pH (pH 10). This decision was made to prevent the formation of 

insoluble compounds that could interfere with the accurate assessment of Co release. Although 

the release profiles in both conditions followed a similar pattern, their release rates varied 

significantly. In the alkaline medium, it occurred rapidly in the first 2 hours, and then slowed 

down after the next 1 hour and then remained stable during the subsequent 24 hours. The release 

rate of Co in the neutral solution (pH 7) initially surged during the first 4 hours, followed by a 

slight decline. This reduction after 4 hours could likely be due to the re-absorption of Co cations 

back into the matrix. The peak release rate reached approximately 45 wt.% in the neutral 

medium, compared to 30 wt.% in the alkaline medium. 
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Figure 2. Co
2+

 release from MMTCo in the electrolytic solution. 



 
 

 

The data illustrated in Figures 1 and 2 underscore the successful incorporation of Co 

cations within the MMTNa matrix, and MMTCo’s effective release of Co into the aqueous 

environment. Additionally, the release dynamics were significantly affected by the pH of the 

medium; the process unfolded more gradually in a neutral medium and more swiftly in an 

alkaline setting. However, the release of Co content was higher in the neutral medium compared 

to the alkaline medium. This can be attributed to the precipitation of Co(OH)2 in the                         

alkaline solution. 

3.2. Inhibitor efficiency of MMTCo filtrate solution 

The inhibitive effect of MMTCo for AA2024 surface was evaluated using EIS method in 

the electrolyte with filtrate of varying MMTCo concentrations. For comparison, a reference 

measurement was also performed with a filtrate of 0.1 wt.% MMTNa which was neutral pH, the 

same condition like a filtrate extracted from 1.0 wt.% MMTCo solutions (approximately 6.5). At 

higher MMTNa concentrations (1.0 wt.%), the pH of the solution became alkaline (pH > 8) [11], 

that accelerated faster the dissolution of aluminum. The impedance measurements were 

conducted after 20 hours of exposure and depicted in Bode plots (Figures 3a, b) and also in 

Nyquist plots (Figure 3c). 

10-3 10-2 10-1 100 101 102 103 104 105
101

102

103

104

105

 

 

 Blank

 0.1 wt.% MMTNa

 0.1 wt.% MMTCo

 0.5 wt.% MMTCo

 1.0 wt.% MMTCo

|Z
| 
(W

 c
m

2
)

f (Hz)

(a) 20h

10-3 10-2 10-1 100 101 102 103 104 105
0

15

30

45

60

75

90
 Blank

 0.1 wt.% MMTNa

 0.1 wt.% MMTCo

 0.5 wt.% MMTCo

 1.0 wt.% MMTCo

 

 

- 
q
 (

d
e

g
)

f (Hz)

(b)

 

 

Figure 3. Electrochemical impedance diagrams (a, b) in Bode plots, (c) in Nyquist plots obtained at the 

Ecorr for the AA2024 electrode after 20 hours immersed in an electrolyte containing 0.1 wt.% MMTNa and 

MMTCo at different concentrations. 
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In the blank electrolyte solution, the Bode plot reveals two time-constants: a shoulder 

appeared at high frequency (10
4
 Hz; 10

2
 Hz), attributed to the charge transfer process, and the 

second at a lower frequency (10
2
 Hz; 10 mHz), associated with oxygen diffusion [15]. This is 

also corresponded with the result obtained in Nyquist plot that presented one semi-circle and a 

long tail of corrosion processes. For the MMTCo filtrate, regardless of the MMTCo 

concentration, the EIS diagrams exhibited only one time constant at a high frequency (10
4 

Hz), 

as depicted in Figure 3b. This is also observed in Nyquist plots (Figure 3c) that presented one 

semi-circle and a small tail at the low frequency related to the oxygen diffusion. The modulus 

values increased progressively with MMTCo concentration (Figure 3a), linked to the formation 

of a protective film on the AA2024 surface. Moreover, the emergence of a slight tail in the very 

low frequency region of the diagrams indicates the diffusion of oxygen through this protective 

film. In contrast, the modulus value associated with the AA2024 electrode in the 0.1 wt.% 

MMTNa filtrate was markedly lower, signifying that the inhibitive effect is notably absent in 

solutions lacking Co cations. In the Nyquist plot, an inductive loop can be observed that may be 

indicated to the adsorption of MMTNa on the AA2024 surface resulting in the formation of a 

porous interlayer [16].  This distinct difference highlights the critical role of Co cations present 

in the filtrate in enhancing the corrosion resistance of the AA2024 surface. 
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Figure 4. Variation of |Z|10mHz values during immersing in the filtrate solution. 

The modulus values at 10 mHz (|Z|10mHz) were extracted from the EIS diagrams over the 

exposure time and are reported in Figure 4. In the MMTNa filtrate, a decline in |Z|10mHz values 

over time was noted, potentially due to the solution's slightly alkaline pH (pH 8), which 

facilitated the corrosion reaction, progressively diminishing the impedance. In contrast, for 

specimens tested in the MMTCo filtrate solution, a higher concentration of MMTCo resulted in 

higher |Z|10mHz values. The most effective protection was achieved with a high concentration of 

MMTCo (1.0 wt.%), and this protection was maintained throughout the 20-hour test period. The 

results demonstrate that the release of Co
2+

 from MMTCo into the aqueous solution can 

effectively limit the corrosion reaction on the AA2024 surface. This finding is consistent with 

previous research, which also observed similar protective effects on an AA2024 electrode 

immersed in an aqueous solution containing low concentrations of Co
2+

 (0.001M – 0.1M) [17]. 

Figure 5 represents the electrochemical equivalent circuit (EEC) used to model the 

electrochemical behavior of all studied systems. While the Re represents the electrolyte 

resistance, the EEC corresponded to the blank solution (a) shows two different part which 



 
 

 

related to the two different electrochemical phenomenon. The Rf indicates to the resistance of 

the corrosion product film on the AA2024 surface; and CPE, a constant phase element that 

accounts for the non-ideal capacitive behavior of the film while Rct is the charge transfer 

resistance through the film, and Cdl models the capacitance of the double layer at the metal-

electrolyte interface. When the AA2024 electrode immersed in the electrolyte solution 

containing MMTNa particles, the Rad component is added in the EEC (b) that related to the 

adsorption of nanoclay particles on the surface of AA2024 [16]. This phenomenon is visibly 

observed in the Nyquist plot (Figure 3c). Compared to the Bode plot and Nyquist plot obtained 

in the presence of MMTCo, the Warburg component (W) appears in the EEC (c) indicates to the 

diffusion of oxygen through the protective layer. 

 

Figure 5. Equivalent electrical circuits used to fit the impedance diagrams for AA2024 electrode 

immersed in the blank solution (a), in the electrolyte solution contained MMTNa (b), and MMTCo (c). 

From the EEC model, Rf values were identified and used to calculate the inhibitive 

efficiency (EI) following equation 2: 

    
  
     

 

  
                  (2) 

in which:   
  is the Rf value obtained in the electrolyte with inhibitors and,   

  correspond 

to the Rf value in the solution without inhibitors. 

Figure 6 compares the evolution of EI values over the testing period for various MMTCo 

concentrations. At the beginning of immersion (2 hours), lower concentrations were associated 

with lower EI values. However, the EI value for 0.1 wt.% MMTCo increased rapidly after 2 

hours of immersion, while it rose gradually for 0.5 wt.% MMTCo, and remained high, and stable 

from 10 hours of testing onwards. For a high MMTCo concentration (1.0 wt.%), the EI value 

stayed consistently high (96 to 99 %) throughout the immersion period. After 20 hours of 
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immersion, the EI values for all concentrations studied were relatively high and similar, 

approximately ranging from 96 to 98 %, relating to the inhibition capacity of MMTCo in the 

electrolyte solution. 
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Figure 6. Variation of the inhibitive efficiency for the different inhibitors with immersion time. 

    

 
Figure 7. FE-SEM images of the AA2024 surface after 20 hours of exposure in a mixture of 0.1 M 

Na2SO4 + 0.05 M NaCl solution: (a) without MMTNa; (b) with 0.1 wt.% MMTNa and (c) with                               

1.0 wt.% MMTCo. 

FE-SEM micrographs of the AA2024 surface following a 20-hour immersion in an 

electrolyte that supplemented with MMTNa at a concentration of 0.1 wt.%, and MMTCo at 1.0 

wt.%, are depicted in Figure 7. In the absence of corrosion inhibitor and with the addition of 



 
 

 

0.1wt.% MMTNa, localized corrosion is prominently visible on the surface. This is evidenced by 

the re-deposition of copper around the particles, manifesting as dark areas (as shown in Figures 

7a and 7b), accompanied by the formation of crevices surrounding the particles. 

Conversely, the specimen immersed in a solution containing 1.0 wt.% MMTCo exhibits a 

significant protective effect; showing no signs of corrosion on the surface. A dense layer fully 

encapsulates the surface, effectively shielding the intermetallic particles from galvanic 

corrosion. Notably, the majority of these particles appear unscathed (refer to Figure 7c). Across 

all samples, numerous surface cracks were observed, likely attributable to the extraction process 

from the solution and subsequent drying within the FE-SEM chamber. This phenomenon 

underscores the potential of MMTCo in the electrolyte to serve as an effective corrosion 

inhibitor for the AA2024 alloy. 

It was documented in the literature that Co (II) salt can inhibit the corrosion of the 

aluminum alloy through cathode mechanism by the reaction between Co
2+

 with hydroxyl, which 

generated by cathode reaction equations 3 and 4 [18,19]: 

O2 + H2O + 4e
-
 4 OH

-
                   (3) 

Co
2+

 + 2OH
-
 Co(OH)2                 (4) 

In this study, MMTCo demonstrates a strong release into the neutral medium, highlighting 

its potential as an active inhibitor within the primer. This allows for a controllable release, 

particularly when the film is damaged and the cathodic reaction occurs. 

4. CONCLUSIONS 

MMTCo was prepared through a cation exchange reaction between Co(NO3)2 salt and 

montmorillonite. The synthesized MMTCo is notably extractable in aqueous environments, 

particularly in neutral mediums.  

Electrochemical impedance spectroscopy has demonstrated that MMTCo effectively 

inhibits corrosion on the AA2024 surface in aqueous media. The inhibitory efficiency of 

MMTCo is particularly pronounced at higher concentrations. FE-SEM observations revealed 

that a thick and dense film formed on the AA2024 surface when exposed to the filtrate  of 

MMTCo. 
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