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ABSTRACT: The corrosion inhibition behaviour of ethyl acetate extract from mature arecanut seed (EEMAS) and water extract from mature arecanut seed (WEMAS) on aluminium in 0.5 M hydrochloric acid (HCl) environment was thoroughly investigated by employing gravimetric (weight loss), electrochemical (Tafel plot and AC impedance) and surface probe (SEM and AFM) techniques. From the gravimetric technique, it was observed that, the superior inhibition property was ensured at the concentration of 12 g l−1 of plant extracts. The chemical or physical nature of the film formed by plant extracts (both EEMAS and WEMAS) was further inspected based on kinetic and thermodynamic parameters. According to Tafel plot studies, the corrosion current value decreases appreciably with an increase in the plant product concentration, which is an indication of the reduction in the corrosion rate. An increase in the charge transfer resistance values with the addition of plant extract constituents to the corrosive medium was clearly observed from AC impedance spectroscopy technique. Surface characterisation of target metals by scanning electron microscopy (SEM) and atomic force microscopy (AFM) techniques as a function of contact time in a corrosive medium (0.5 M HCl) noticeably gives clue about the protective role of plant extracts on the metal (aluminium) surface. The order of protection efficiency obtained from all techniques was found to be WEMAS > EEMAS.
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1.          INTRODUCTION

Aggressive acid solutions, including hydrochloric acid (HCl), are widely used for elimination of unnecessary rust and scales in chemical, engineering and industrial processes. Due to the aggressive nature of acid solutions, particularly HCl, these processes habitually lead to the ample dissolution of the central aluminium metal. Prevention of dissolution rate of aluminium material is a major tasks for chemical and other industries. For this reason, inhibitors are generally used to control the acid consumption and aluminium metal dissolution.1–7

Corrosion inhibitors are substances that appreciably suppress the rate of corrosion of reactive metals via surface modification by adsorption mode. In practice, copious organic, non-organic and polymeric species were used as effective corrosion inhibitors in defending aluminium metal surfaces against HCl environment. The performance of these species as a corrosion inhibitor is mainly related to their molecular, chemical structure, and greater affinity to be adsorbed on the surface of the metals. But, majority of synthesised species (organic, non-organic and polymeric) are costly and lethal in nature, which hinder their utilisation for corrosion inhibition process. This has necessitated the seek for alternative corrosion inhibitors that are relatively inexpensive and environmentally friendly. Therefore, corrosion scientists focused on plant-based products due to their ecological and environment-friendly characteristics. In addition, they are easily available, biodegradable, cost effective, and bear adsorption centre elements such as nitrogen, sulphur, phosphorus and oxygen in their alkaloids and polyphenols moieties. Hence, many parts of plant products such as husk, leaf and seed extract constituents are broadly used as effective anti-corrosive agents in corrosive systems with less or zero environmental effect. Therefore, these constituents are called green corrosion inhibitors.8–15

Mature arecanut seed is one of the greenest products possessing hetero-atoms in their alkaloids, fibre, polysaccharides, fat and polyphenols contents. It is known that different types of arecanut contain different chemicals with different concentrations. Mature arecanut seed contains a high concentration of polyphenols when compared to dry arecanut seed (low compared with tender arecanut seed) and low concentration of alkaloids when compared to dry arecanut seed (high compared with tender arecanut seed). The major polyphenolic compounds present in the mature arecanut seed are leucocyanidin, rutin, catechin, procyanidin B1, epicatechin and gallic acid. The main constituents of alkaloids are arecoline, guvacoline, guvacine, arecaidine, arecolidine and isoguvacine.16–22 To our best knowledge, literature on the EEMAS and WEMAS constituents as corrosion inhibitors for aluminium metal in 0.5 M HCl environment is scant. Therefore, the intention of the current study is to scrutinise the inhibiting behaviour of EEMAS and WEMAS constituents for the corrosion of aluminium metal in 100 ml of 0.5 M HCL environment. Further, morphology of electrode surfaces was analysed by SEM and atomic force microscopy (AFM) techniques.

2.          EXPERIMENTAL

2.1           Materials

Material used for the present study is aluminium (A-63400), its nominal composition in weight percentage is clearly presented in Table 1.23

Table 1:    Chemical composition of A-63400 type aluminium specimen.
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2.2           Test Solution Preparation

An amount of 0.5 M HCl solution was prepared by dilution of an analytical grade HCL, purchased from Merck, using doubly distilled water.

2.3           Preparation of Inhibitors

EEMAS and WEMAS inhibitors were prepared by boiling 200 g of fresh mature arecanut seeds in a Soxhlet apparatus for 5 h in 400 ml of ethyl acetate and water separately. Resulting solutions were filtered and stored in refrigerator to avoid the side chemical, physical and biological reactions. Four different concentrations namely, 2 g l−1, 4 g l−1, 8 g l−1 and 12 g l−1 were prepared to study their influence on the metal surface.

2.4           Weight Loss Method

The wiped metal (aluminium) was immersed in 100 ml of 0.5 M HCl solution without and with EEMAS and WEMAS at laboratory temperature (303 K). The working electrodes (aluminium metals) were removed from the corrosive system after 1, 2, 3, 4, 5 and 10 h duration. The removed metals were washed with tap water, rinsed with distilled water, then washed with acetone and finally dried. The discrepancy in the weight was taken as loss of weight of metal. The procedure was repeated until the constant value was obtained. Tests were also performed at 308 K, 313 K, 318 K and 323 K temperatures. From this method, protection efficiency (ηw) and corrosion rate (ʋcorr) were determined as described earlier.24,25


2.5           Electrochemical Studies

Tafel plot and AC impedance spectroscopy studies were performed using CHI660C workstation. Potentiodynamic polarisation (Tafel plot) measurements were carried out with three electrodes: platinum rod as auxiliary electrode, aluminium metal pieces as working electrode, and saturated calomel rod as a reference electrode. Tafel curves without and with of plant extracts in 0.5 M HCl solution was obtained by applying potential from −200 mV to +200 mV vs. open circuit potential (OCP) with scan rate 0.01 V s−1. Impedance measurements were carried out in the frequency range from 1,00,000 Hz to 1 Hz with an amplitude of 0.01 (V) peak-to-peak using AC signals at open circuit potential. The impedance diagrams obtained were presented as Nyquist plots.

2.6           FTIR Characterisation

The presence of functional groups in EEMAS and WEMAS responsible for corrosion inhibition process was confirmed by Fourier transform infrared (FTIR) spectroscopy technique (wave number range: 4000–400 cm−1).

2.7           Surface Screening

Surface morphologies of the unprotected and protected (with the addition of plant extracts) aluminium metal surface in 0.5 M HCl solution for effective 2 h of duration were examined using SEM and AFM techniques.

3.          RESULTS AND DISCUSSION

3.1           Weight Loss (Gravimetric) Studies

Weight loss method is a useful technique for determination of protection efficiency and corrosion rate values. Corrosion behaviour of aluminium in 0.5 M HCl environment in the absence and presence of plant extracts was studied in detail by using this technique. The parameters obtained by this technique were presented in Tables 2 and 3. Inspection of Tables 2 and 3 reveals that the rate of corrosion of metal (aluminium) was highly hindered with the introduction of plant extracts to the corrosive system as compared with bare solution, which indicates that plant extract constituents exerting inhibiting action on the metals by strongly adsorbing molecules on the surface of the metal. However, dissolution enhanced gradually with increasing temperature of the system is an indication of desorption of plant molecules from the active metal sites. As a result, greater active metal surface area is exposed to aqueous HCl solution causing enhanced corrosion rate. When the studies were carried out with different time intervals, it was observed that, corrosion inhibition efficiency decreases with increase in time from 1 h to 10 h, which is due to high consumption of inhibitor molecules in the aggressive hydrochloric acid system with a longer immersion period.

Table 2:    Gravimetric parameters at laboratory temperature (303 K).
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Table 3:    Gravimetric parameters for 1 h immersion time at different temperatures.
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Activation energy was calculated from the Arrhenius relation, i.e., plot of ln υcorr vs 1000/T (Figure 1).26 Both activation entropy and enthalpy (ΔS* and ΔH*) were determined from transition state diagram (Figure 2),27 i.e., plot of ln υcorr vs 1000/T.

Table 4 shows that the values for corrosion inhibition process are higher compared to 0.5 M HCl solution, which indicates that the energy barrier influencing the corrosion process enhances in the presence of plant extracts. Positive sign of ΔH* values without and with the addition of the plant extracts showed the endothermic nature of the aluminium corrosion process. Values of ΔS* in the positive side are an indication of enhancement in disorderness of the system.
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Figure 1:    Arrhenius plots of experiment (a) without and with of EEMAS, (b) without and with of WEMAS.
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Figure 2:    Transition state plots of experiment (a) without and with of EEMAS, (b) without and with of WEMAS.




Table 4:    Activation parameters.



	Inhibitor

	Concentration (g l−1)

	Ea* (kJ mol−1)

	ΔH* (kJ mol−1)

	ΔS* (J mol−1 K−1)




	EEMAS
	Blank
	16.830

	14.230

	−313.901




	
	2
	31.562

	28.962

	−275.385




	
	4
	36.545

	33.944

	−260.641




	
	8
	43.574

	40.974

	−239.580




	
	12
	54.478

	51.878

	−206.490




	WEMAS

	Blank

	16.830

	14.230

	−313.901




	
	2
	28.084

	25.483

	−289.036




	
	4
	34.250

	31.650

	−270.954




	
	8
	44.194

	41.593

	−241.253




	
	12
	63.926

	61.325

	−181.159





Thermodynamic parameters of interaction between the surface of the metal and constituents of plant products can be represented by adsorption isotherm models and in the present study, weight loss technique data were fitted into different adsorption models in order to understand the nature of adsorption process. The best fit was observed in the Langmuir adsorption model, i.e., plot of C/θ against C, shown in Figure 3.28

In addition, Kads values were also calculated from this plot and the resulting values were used in the determination of free energy of adsorption [image: art] by employing the following equation:
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where [image: art] is the water concentration in solution, which equals to 1000 g l−1. All calculated parameters are shortened in Table 5. Kads is a binding capacity factor, with higher Kads values indicating strong adsorption of plant molecules on active metal sites. These strongly adsorbed molecules block the direct contact of aqueous acid solution on the metal surfaces as a result corrosion rate of the metals decreases. This means that high protection efficiency is observed under existing conditions. The [image: art] values around −20 kJ mol−1 signify that the inhibitor (plant extract) molecules work by being physically adsorbed on the active metal surface. On the other hand, values around −40 kJ mol−1 indicate that the inhibitor molecules work by being chemically adsorbed on the active metal surface. Hence, in all cases, the obtained values are around −35 to −38 kJ mol−1, which indicates that the comprehensive adsorption of plant extract molecules on metal surfaces and negative sign confirms the spontaneous adsorption of plant extracts constituents on the metal surface.
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Figure 3:    Langmuir adsorption model of experiment (a) without and with of EEMAS, (b) without and with of WEMAS.




Table 5:    Thermodynamic parameters.



	Inhibitor
	Temp. (K)

	Kads (l g−1)

	ΔG°ads (kJ mol−1)




	EEMAS
	303

	1288.925

	−35.449




	
	308

	1160.025

	−35.764




	
	313

	1203.224

	−36.439




	
	318

	1198.207

	−37.010




	
	323

	1246.416

	−37.698




	WEMAS

	303

	1470.609

	−35.781




	
	308

	1497.768

	−36.418




	
	313

	1529.683

	−37.064




	
	318

	1667.611

	−37.885




	
	323

	1704.797

	−38.539





3.2           Tafel Studies

Tafel studies were carried out for the present system and the cathodic and anodic polarisation curves (Tafel plots) for blank and four different concentrations of plant extracts in acid medium were presented in Figure 4. The percentage inhibition efficiency (ηp) was calculated from corrosion current density (icorr) values using the following relationship:
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where i′corr = corrosion current densities in the presence of inhibitor, and icorr = corrosion current densities in the absence of inhibitor.

Various Tafel parameters were determined and the resulting parameters were listed in Table 6. The introduction of plant extracts to the corrosive medium significantly hinders both the anodic and cathodic reaction at active metal surface sites when compared with blank solution (decreases in icorr values with an increase in the plant extracts amount are an indication of a decrease in corrosion rate), indicating a high degree of protection to the aluminium metal surface by constituents of plant extracts. As a result, the corrosion protection efficiency enhanced gradually and the aluminium corrosion rate (in mpy) decreased more rapidly, with the maximum corrosion protection efficiency is achieved at the highest concentration (12 g l−1) of plant extracts. Plant inhibitors can be classified as an anodic or a cathodic type if the variation in the Ecorr values is more than 85 mV.29,30 In the present case, the maximum shift in Ecorr were 22 mV (for EEMAS extract) and 78 mV (WEMAS extract), which implies that the inhibitors work through a mixed mode of inhibition by retarding both anodic dissolution and cathodic evolution reactions at active aluminium metal sites. In addition, increasing plant extract concentration in the examined solution did not notably modify either the anodic or cathodic Tafel slope values in any particular direction, indicating that the presence of inhibitors in test solution does not alter the corrosion process mechanism, but acts as an adsorption inhibitor which reduces the excessive metal dissolution in corrosive system.
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Figure 4:    Tafel plots of experiment (a) without and with of EEMAS, (b) without and with of WEMAS.




Table 6:    Tafel parameters.
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3.3           AC Impedance Spectroscopy Analysis

Impedance technique is one of the widely used techniques for corrosion monitoring, as it offers more information on the capacitive and resistive behaviour of the aluminium/acid interface. The corrosion behaviour of aluminium in acid medium, without and with different concentrations of plant extracts, was investigated using this technique. The Nyquist plots are shown in Figure 5. One can observe many similarities between different plots indicating that the addition of inhibitor reduced the corrosion rate without altering the other electrochemical characteristics of the test solution. The Z software (model; ZSimpwin 3.20) was used to determine the impedance parameters.

The electrical equivalent circuit [R (QR (QR))] fixed the superlative impedance records. From this circuit, charge transfer resistance (Rct), frequency (fmax), chi squared value (χ2), double layer capacitance (Cdl) and CPE exponent (n) values were determined. Protection efficiency (ηz) values were determined using the following relation:
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Figure 5:    Nyquist plots of experiment (a) without and with of EEMAS, (b) without and with of WEMAS.
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where Rct(inh) and Rct are the resistance in the presence of plant extract and resistance in the absence of plant extract, respectively.

The parameters obtained from impedance spectra are listed in Table 7. The charge transfer resistance (Rct) values appeared to be enhanced with the introduction of plant extracts, indicating the formation of a tenacious layer on the surface of aluminium metal which makes a barrier for mass and charge-transfer, while, the lower Cdl values in the presence of plant extracts indicate the existence of an efficient passive layer on aluminium surface, and become stronger with increasing plant extract concentration, which in turn hinder aluminium metal active surface area that is accessible for the direct acid attack. The obtained χ2 (indicates the quality of electrical circuit fit) values signify a better fitting to the proposed circuit.

Table 7:    Electrochemical impedance parameters.
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3.4           FTIR Spectroscopy

Figure 6 shows the broad bands around 3232 cm−1 for WEMAS and 3252 cm−1 for EEMAS, which confirms that the hydroxyl groups present in the plant extracts molecules. The presence of C=O groups in the extract molecules was confirmed by the existence of bands in the region of 1602 cm−1 for WEMAS and 1613 cm−1 for EEMAS. Further, the presence of C-H stretching was also confirmed from the spectrum (2894 cm−1,1438 cm−1 and 1366 cm−1 for WEMAS, and 2925 cm−1, 1449 cm−1 and 1357 cm−1 for EEMAS). Appearance of bands at 1100 cm−1 in both extracts confirms the existence of a C-O bond. Bands around 2381 cm−1 (for WEMAS) and 2351 cm−1 (for EEMAS) indicates the presence of O-C=O groups in extracts.
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Figure 6:    FTIR spectrum of (a) EEMAS and (b) WEMAS.




3.5           Surface Studies

3.5.1        SEM results

The surface morphology of the aluminium specimen submerged in 0.5 M HCl solution without and with of plant extracts was analysed using SEM and resulted morphology are shown in Figure 7. From these figures, it is clear that multiple scratches on the aluminium metal surface in inhibiting free solution are due to a direct attack of chlorine ions from aggressive systems to active aluminium metal sites. Whereas, smooth surface on the aluminium metal surface in inhibiting solution is due to adsorption of plant constituents on the aluminium metal surface, which prevents the attack of Cl− ions on the active sites of metal. Therefore, more surface area is occupied by plant constituents that are responsible for aluminium corrosion inhibition process.
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Figure 7:    SEM images without and with plant product.




3.5.2        AFM results

The decrease in roughness value (Table 8, Figure 8) in the presence of the inhibitors is evidence of corrosion inhibition action of inhibitory species on metal (aluminium) surface in a corrosive solution (0.5 M HCl). A greater decrease in roughness value (both average and root mean square roughness) in the presence of WEMAS is an indication of superior inhibitory activity over other inhibitor EEMAS. AFM results obey the chemical and electrochemical results.

Table 8:    AFM results.



	Inhibitor
	Concentration (g l−1)

	Average roughness (Sa)

	Root mean square roughness (Sq)




	EEMAS
	0

	473.1 nm

	614.31 nm




	
	12

	276.39 nm

	379.2 nm




	WEMAS

	0

	666.68 nm

	18.66 nm




	
	12

	100.8 nm

	132.4 nm
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Figure 8:    AFM images of (a) without EEMAS, (b) with EEMAS, (c) without WEMAS, and (d) with WEMAS






4.          CONCLUSION

The present study shows the corrosion inhibition behaviour of mature arecanut seed extracts on the aluminium metal surface in 0.5 M HCl environment. The results obtained from mass loss (gravimetric) technique confirmed that the inhibition process takes place through adsorption of plant extracts constituents on the electrode surface, which were perfectively fitted to Langmuir adsorption mode. Tafel studies clearly indicated the mixed mode inhibition behaviour of plant extracts. AC impedance spectroscopy studies revealed that the inhibition of aluminium corrosion by plant extracts may be due to the presence of active thin passive layer. Further, SEM surface images fully support the results of weight loss and electrochemical studies. Among the EEMAS and WEMAS inhibitors, in all cases WEMAS showed better inhibition property over EEMAS due to its high electron density, this favours the higher adsorption of plant constituents on metal surfaces which effectively blocks the movement of Cl− ions towards active metal sites. The lower electron density in EEMAS constituents justified the lesser inhibition performance for aluminium metal in the aggressive HCl environment as compared to WEMAS. Ethyl acetate is less polar compared to water and water will extract more polar molecules from mature arecanut seed compared to ethyl acetate. Hence, more molecules present in the water extract adsorb on metal surface forms a strong protective film that is responsible for the blocking the movement of corrosive ions on metal surface. Therefore, water extract gives high protection efficiency compared to extraction with ethyl acetate. Further, AFM results greatly support the high corrosion inhibition activity of WEMAS compared to EEMAS.
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