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Abstract: The extract of Justicia secunda (JS) leaves was investigated as an eco‐friendly corrosion 

inhibitor of aluminum in 0.5 M HCl using weight loss, electrochemical impedance spectroscopy (EIS), 

potentiodynamic polarization (PDP), and scanning electron microscopy (SEM) techniques. The 

inhibitor concentrations used ranged from 50 to 250 ppm at 30, 40, and 50oC. Results show that Justicia 

secunda acts as a good inhibitor for aluminum. Its efficiency increased with increasing inhibitor 

concentration but decreased with increasing temperature. Maximum inhibition efficiency as high as 

94.3% was found at 30°C for 250 ppm of the inhibitor with the weight loss technique. Tafel polarization 

results show that the extract acts as a mixed-type inhibitor. The Nyquist plots indicated decreasing 

double-layer capacitance and increasing charge transfer resistance on increasing JS concentration. The 

inhibition action occurred through the physical adsorption of the extract on the aluminum surface. The 

adsorption process was found to follow Langmuir adsorption isotherm. The formation of a protective 

film on the metal surface was confirmed by scanning electron microscopy. 
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1. Introduction 

Several applications of aluminum and its alloys have resulted in researches due to its 

electrochemical behavior and corrosion resistance in a wide variety of media, including 

investigation of the properties of the surface oxide film formed naturally or by iodization. 

However, the corrosion of aluminum always takes place in aqueous acidic conditions. Acid 

solutions are often used in industries for cleaning, descaling, and pickling of metallic structures, 

processes which are usually accompanied by considerable dissolution of the metal [1-3]. Also, 

excessive corrosion attack is known to occur on metals deployed in service in aggressive 

environments. The use of inhibitors during acid pickling is one of the most practical methods 

for protecting metals against corrosion in acidic media. The addition of inhibitors effectively 

secures the metal against an acid attack.  

The applicability of organic compounds as corrosion inhibitors for metals in acidic 

media has been recognized for a long time [4-6]. The existing data show that most organic 

inhibitors act by adsorption on the metal surface. The adsorption of inhibitors occurs through 

heteroatoms such as nitrogen, oxygen, phosphorus, and sulfur, triple bonds, or aromatic rings. 

These compounds which are adsorbed on the metallic surface block the active corrosion sites. 
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However, most of these compounds are expensive and toxic to the environment [7]. Green 

corrosion inhibitors are safe, biodegradable, and environmentally friendly. Natural products as 

corrosion inhibitors for metallic protection can be traced to the last half of the nineteenth 

century. Most researchers recently started studying the application of extracts of some common 

plant as corrosion inhibitors [8-11]. These extracts contain different hydroxy organic 

compounds, e.g., tannins, pectin, flavonoids, anthraquinones, steroids, saponins, and 

coumarins, in addition to other nitrogen-containing compounds. 

The plant Justicia secunda (JS) is a creeping perennial herb that belongs to the 

Acanthaceae family. The phytochemical analysis of JS leaves revealed the presence of 

flavonoids, saponins, tannins, alkaloids, and steroids. Saponins, flavonoids, and tannins were 

found to be present in higher concentrations [12]. The presence of flavonoids and tannins in 

many plant extract accounts for their ability to retarding the corrosion rate of some 

metals/alloys in various aggressive environments [13,14]. The present paper reports on the 

corrosion inhibition of extracts from JS leaves on aluminum in 0.5 M HCl solutions using 

weight loss, electrochemical impedance spectroscopy, and polarization techniques. Also, 

scanning electron microscopy (SEM) was performed to investigate the surface morphology 

variations by introducing the inhibitor. 

2. Materials and Methods 

 2.1. Material preparation.  

Aluminium alloy sheets with weight percentage composition as follows: Al (98.473), 

Si (0.456), Fe (0.760), Cu (0.069), Mn (0.116), Mg (0.020), Zn (0.053), Ti (0.016), Cr (0.005), 

Ni (0.004), V (0.007), Pb (0.021) were used in this study. Each Al sheet of 0.1cm thickness 

was mechanically pressed-cut into coupons of dimensions 2 cm x 4 cm for all experiments. For 

weight loss measurement, a uniform hole of diameter 2 mm was drilled to facilitate suspension 

of the test solution’ coupon. For the electrochemical study, the aluminum specimens were 

covered in epoxy resin with a surface area of 1 cm2 exposed to the test solution. Before the 

tests, the coupons were abraded using different grades of emery papers (#400 - 1000), 

degreased in absolute ethanol, dried in acetone, weighed, and stored in a moisture-free 

desiccator prior to use. The 0.5 M HCl solution, prepared from BDH grade HCl was employed 

as the study's corrodent. 

2.2. Inhibitor preparation. 

Justicia secunda leaves obtained from a garden in Otuoke, Bayelsa State, Nigeria, and 

authenticated in the University of Port Harcourt herbarium were dried and crushed to powder. 

To prepare the plant extract stock solutions, weighed amounts of the powder were boiled in a 

0.5 M HCl solution for 3 hours. The resulting solution was cooled, then filtered and stored. 

From the stock solution, inhibitor test solutions were prepared in the concentration range of 50 

- 250 ppm using excess acid as solvent. 

2.3. Weight loss measurement. 

Tests were conducted under total immersion conditions maintained at 30, 40, and 50°C. 

The pre-cleaned and weighed coupons were suspended in beakers containing the test solutions 

using a glass rod and hook. All tests were made in aerated solutions. To determine weight loss 
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with respect to time, the coupons were retrieved from test solutions at 2 hours intervals 

progressively for 10 hours, scrubbed with bristle brush under running water, dried in acetone, 

and re-weighed. The weight loss was taken to be the difference between the weight of the 

coupons at a given time and its initial weight. From the weight loss data, the corrosion rates 

(CR) were calculated from the following equation: 

CR =  
∆W

At
     (1) 

where ∆W is weight loss in mg, A is the specimen surface area in cm2 and t is the end time of 

each experiment in hours. From the corrosion rate, the surface coverage (θ) as a result of 

adsorption of inhibitor molecules, and inhibition efficiencies of the molecules (IEWL%) were 

determined using equations (2) and (3), respectively. 

  θ =  
CRbla − CRinh

CRbla
    (2) 

  IEWL% =  
CRbla − CRinh

CRbla
 ×

100

1
   (3) 

where CRbla and CRinh are the corrosion rates in the absence and presence of the inhibitor, 

respectively. 

2.4. Electrochemical measurements. 

Electrochemical measurements were performed using a VoltaLab 40 PGZ301 

potentiostat in a standard electrochemical three-electrode cell; with a platinum counter 

electrode, a saturated calomel reference electrode (SCE), and the aluminum as working 

electrode (WE). All measurements were carried out at 30°C using 100 ml of electrolyte (0.5 M 

HCl) in a stationary condition. The open-circuit potential (OCP) steady-state values were 

obtained at the end of 30 min of immersion before each measurement. The EIS measurement 

was performed over a frequency range of 100 kHz - 0.1 Hz with an AC signal amplitude 

perturbation of 10 mV peak-to-peak. The charge transfer resistance (𝑅𝑐𝑡) values were computed 

from the Nyquist plots. The following equation calculated the percentage inhibition efficiency: 

IEEIS% =
Rct(inh)−Rct(bla)

Rct(inh)
× 100   (4) 

Where Rct(blank) and Rct(inh) are the charge transfer resistances without and in the JS 

inhibitor presence.  

Potentiodynamic polarization measurements were carried out from +250 mV to -250 

mV vs. SCE at OCP with a scan rate of 1 mV s-1. The linear Tafel segment of cathodic and 

anodic curves was extrapolated to the intersection point to obtain corrosion potential (Ecorr) and 

corrosion current density (icorr). The inhibiting efficiency (IEPDP%) value for the PDP method 

was evaluated from the calculated icorr values using the relationship:  

 IEPDP% =
icorr(bla)−icorr(inh)

icorr(bla)
× 100   (5) 

where icorr(bla) and icorr(inh) are the corrosion current density in the presence and in the absence of 

inhibitor, respectively. 

2.5. Scanning electron microscopy (SEM). 

FEI QUANTA 200 scanning electron microscope (SEM) was used to ascertain the 

morphological changes occurring on the aluminum surface due to the corrosion process before 

and after the inhibitors’ addition. The specimens with a freshly pre-treated surface described 

in section 2.1 were immersed in 0.5 M HCl in the absence and presence of 250 ppm of the 
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studied JS for 6 h at 30°C. The specimens were then removed from the test solutions, washed 

with bi-distilled water and acetone, dried, and used for SEM analysis 

3. Results and Discussion 

 3.1. Weight loss measurement. 

Table 1 presents the effects of JS leaves extract on aluminum’s corrosion behavior in a 

0.5 M HCl solution. The results show that corrosion rates were reduced in the presence of JS 

leaves extract compared to the blank acid solution. It was also observed that the corrosion rate 

of aluminum in the presence of the inhibitor decreases with an increase in concentration, 

indicating that the protection ability of the inhibitor is concentration-dependent. From Figure 

1, the inhibition efficiency increases with an increase in the concentration of JS leaves extract. 

This trend results from the increased adsorption of organic compounds present in the inhibitor 

onto the aluminum surface [15].  

Table 1. Corrosion rate and inhibition efficiency (IEWL%) of JS extract on aluminum corrosion in 0.5 M HCl at 

different temperatures. 

Inhibitor 

conc. 

(ppm) 

Corrosion rate 

(mg/cm2/h) 

Inhibition efficiency, 

(IEWL%) 

Surface coverage,  

𝜽 

30 oC 40 oC 50 oC 30 oC 40 oC 50 oC 30 oC 40 oC 50 oC 

Blank 1.322 1.710 1.953 - - - - - - 

50 0.747 1.001 1.221 43.5 41.0 37.5 0.435 0.410 0.375 

100 0.537 0.781 0.963 59.4 54.3 50.7 0.594 0.543 0.507 

150 0.361 0.540 0.727 72.7 68.4 62.8 0.727 0.684 0.628 

200 0.206 0.369 0.512 84.4 78.4 73.8 0.844 0.784 0.738 

250 0.102 0.183 0.336 94.3 89.3 82.8 0.923 0.893 0.828 

 
Figure 1. Variation of inhibition efficiency (IEWL%) with inhibitor concentration for aluminum in 0.5 M HCl 

containing JS leaves extract at various temperatures. 

3.2. Potentiodynamic polarization (PDP) measurement.  

Potentiodynamic polarization studies were performed to gain insights into the 

aluminum dissolution mechanism at the anode and the evolution of hydrogen at the cathode in 

the absence and presence of different concentrations of JS. Figure 2 shows anodic and cathodic 

polarization plots recorded on an aluminum electrode in 0.5 M HCl without different JS 

inhibitor concentrations. The electrochemical parameters obtained from these plots are 

presented in Table 2. The corrosion current density (icorr) decreased and inhibition efficiency 
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(IEPDP%)  increased with an increase in JS concentration, probably due to the adsorption of the 

inhibitor on the aluminum/acid solution interface, indicating that the inhibitor is effective for 

aluminum corrosion in 0.5 M HCl [16,17]. It is worthy of note that JS inhibitor’s presence 

shifted both the anodic and cathodic curves to lower values of current densities, which indicates 

that both the hydrogen evolution and the anodic dissolution of aluminum metal are inhibited. 

This is typical behavior for a mixed-type corrosion inhibitor. As reported in the literature [18-

20], if the displacement in Ecorr value is >85mV, the inhibitor can be seen as a cathodic or 

anodic type inhibitor; if the displacement of Ecorr value is <85 mV, the inhibitor can be seen as 

mixed type. In the present study, the maximum displacement in Ecorr was much lower than 85 

mV suggesting that JS extract is a mixed-type inhibitor with a predominance of cathodic 

inhibition. 

 
Figure 2. Potentiodynamic polarization curves for corrosion of aluminum in 0.5 M HCl containing different JS 

extract concentration at 30°C. 

Table 2. Polarization parameters for corrosion of aluminum in 0.5 M HCl containing various JS extract 

concentration at 30°C.  

Concentration 

(ppm) 

𝐄𝐜𝐨𝐫𝐫 

(mV/SCE) 

𝐢𝐜𝐨𝐫𝐫  

(µA cm-2) 

βa  

(mV dec-1) 

βc 

(mV dec-1) 

𝐈𝐄 PDP 

(%) 

Blank -497 743.9 152.5 129.7 - 

50 -521 431.7 116.4 108.3 42.0 

100 -509 328.5 107.2 99.8 55.8 

150 -507 198.3 96.3 90.1 72.8 

200 -512 87.3 92.7 85.2 88.3 

250 -524 71.6 91.5 79.7 90.4 

3.3. Electrochemical Impedance Spectroscopy (EIS) 

The electrochemical corrosion behavior of aluminum in 0.5 M HCl solution in the 

absence and presence of various concentrations of the JS extract was investigated using EIS at 

30°C. Figure 3 shows the aluminum sample’s Nyquist plots in 0.5 M HCl in the absence and 

presence of different concentrations of JS extract. The Nyquist plots showed a depressed 

capacitive loop. Inspection of Figure 3 reveals that the modulus of the Nyquist plots in 0.5 M 

HCl solution without the inhibitor was much smaller than that in the presence of JS extract. 

The fact that impedance diagrams have an approximately semi-circular appearance shows that 

the charge transfer resistance process controls aluminum corrosion in 0.5 M HCl. The 

capacitive loop deviation from a complete semi-circle can be referred to as the working 

electrode surface’s heterogeneity and microroughness [21,22]. Nyquist plot’s diameter 

increased on increasing the JS extract concentration, which indicates that the extract 
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strengthens the inhibitive film. The electrical equivalent circuit model that describes the present 

corroding system's metal/electrolyte interface is shown in Figure 4. The equivalent circuit is 

composed of a solution resistance (Rs), a charge transfer resistance (Rct), and a constant phase 

element (CPE) that replaces the capacitive element to obtain a more accurate fit. The 

impedance (ZCPE) of a CPE can be expressed using the following relations [2,23]. 

ZCPE =  Y0
−1 (jω)−𝑛     (6) 

where Y0 is the CPE constant, j = (−1)½ , ω is the angular frequency in rad s-1, and the value 

of n (the phase shift) ranges between 0 and 1. When n = 1, the CPE becomes equivalent to an 

ideal capacitor, and when n = 0, the CPE becomes equivalent to a resistor. The values of double-

layer capacitance (Cdl) with and without inhibitors were calculated using the following equation 

[24,25]:  

Cdl =  Y0 (ωmax)n−1     (7) 

where, ωmax is the angular frequency at which the imaginary part of impedance has a maximum 

value. The electrochemical parameters obtained from EIS are summarized in Tables 3. It is 

apparent from Table 3 that the presence of the extract in the acid medium leads to an increase 

in Rct and reduction of Cdl values. The decrease in Cdl values is related to the adsorption of 

inhibitor molecules on the metal surface. It then leads to a decrease in the local dielectric 

constant and/or an increase in the thickness of the electrical double layer [26]. The increase in 

Rct values with an increase in the concentration of JS extract indicates an increase in the 

corrosion inhibition efficiency in an acidic solution observed by an increase in IEEIS%. 

 
Figure 3. Nyquist plots of aluminum in 0.5 M HCl without and with various concentrations of JS extract. 

 
Figure 4. Equivalent circuit model used to fit EIS data. 
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Table 3. EIS parameters for the corrosion of aluminum in 0.5 M HCl at various concentrations of JS extract. 

Concentration 

(ppm) 

𝐑𝐬  

(Ω cm2) 

𝐑𝐜𝐭  

(Ω cm2) 

𝐘𝐨  

(μΩ-1 sn cm-2) 

𝐂𝐝𝐥  

(μF cm-2) 

n 𝐈𝐄𝐄𝐈𝐒  

(%) 

Blank 1.08 17.5 302.3 218.3 0.891 - 

50 1.17 30.8 259.2 153.2 0.899 43.2 

100 1.31 42.3 227.1 118.2 0.902 58.6 

150 1.58 58.7 204.2 82.1 0.915 70.2 

200 1.74 91.4 186.3 57.5 0.919 80.9 

250 1.92 182.1 163.9 17.6 0.927 90.4 

3.4. Effect of temperature. 

The influence of temperature on aluminum's corrosion behavior in 0.5 M HCl in the 

absence and presence of JS leaves extract was investigated using the weight loss method at 30, 

40, and 50 oC. The corrosion rate increases with temperature rise both in the absence and in the 

presence of the additives. Figure 1 shows that inhibition efficiency increases with the increase 

in JS leaves extract concentration but decreases with temperature increase. The decrease in 

inhibition efficiency with an increase in temperature suggests the physical adsorption of JS 

leaves extract onto the aluminum surface. Also, in examining the effect of temperature on the 

corrosion inhibition process, the apparent activation energies (Ea) were deduced from the 

Arrhenius equation [27]: 

log CR = log A − 
Ea

2.303RT
    (8) 

where CR and T are the corrosion rate and temperature, respectively, A the pre-exponential 

factor and R the molar gas constant. The Ea values were calculated from the slope of the 

Arrhenius plots of log CR vs. 1/T shown in Figure 5. The calculated Ea values are presented in 

Table 4. The activation energies in the presence of inhibitors may be higher, equal to, or lower 

than those in the inhibitor's absence. In the present study, it could be seen that with increasing 

concentration of JS leaves extract, the apparent activation energy increased, which is 

suggestive of the physical adsorption mechanism of JS on the aluminum surface [28,29]. The 

increase of activation energies in the presence of inhibitor is attributed to an appreciable 

decrease in the inhibitor's adsorption process on the Al surface with temperature rise and the 

corresponding increase in the reaction rate due to greater area of the metal exposed to acid [2] 

 
Figure 5. Arrhenius plots of aluminum in 0.5 M HCl without and with different concentrations of JS leaves 

extract. 
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Table 4. Calculated values of activation energy (Ea) for aluminum dissolution in 0.5 M HCl in the absence and 

presence of JS leaves extract. 

Inhibitor concentration (ppm) Activation energy (KJ/mol) 

Blank 24.19 

10 25.22 

20 28.03 

30 33.76 

40 37.11 

50 38.93 

3.5. Adsorption considerations. 

The effectiveness of organic compounds as corrosion inhibitors can be ascribed to the 

molecules' adsorption through their polar functions on the metal surface. Adsorption isotherm 

values are important to explain the mechanism of corrosion inhibition of organo-

electrochemical reactions. The frequently used adsorption isotherm include Langmuir, 

Frumkin, Temkin, Flory-Huggins, among others. Langmuir isotherm was tested for its 

suitability to the experimental data. Langmuir isotherm is given by the expression: 
Cinh

θ
=

1

Kads
+ C                                     (9) 

where θ is the degree of surface coverage, Cinh is the inhibitor concentration, Kads is the 

equilibrium constant of the adsorption process. The plots of Cinh/θ against Cinh are shown in 

Figure 6.  The intercept of the plots is equated to 1/Kads, from which Kads values were calculated. 

Linear plots were obtained with a good correlation coefficient (R2), which suggests that the 

inhibitor's adsorption follows Langmuir adsorption isotherm. Since it obeys Langmuir 

adsorption isotherm, it implies monolayer adsorption of inhibitor. The inhibitor's adsorption on 

the metal surface leads to a high degree of surface coverage and shows better inhibitive 

property [30]. The equilibrium constant of adsorption Kads decreases with an increase in 

temperature (Table 5), indicating that the interactions between the adsorbed molecules and the 

metal surface are weakened. Consequently, the adsorbed molecules could become easily 

removable. Such data explains the decrease in the inhibition efficiency with increasing 

temperature [31]. 

The equilibrium constant of adsorption of JS leaves extract on aluminum alloy's surface 

is related to the standard free energy of adsorption ΔGads by Equation 9. 

∆Gads
0 = −2.303RT log (55.5Kads)   (9) 

where R is the molar gas constant, T is the absolute temperature, and 55.5 is the water 

concentration in solution expressed in mol L-1. The calculated values of Kads and ∆Gads
0  are 

presented in Table 5. The negative values of ∆Gads
0  suggest that the adsorption of JS leaves 

extract onto the aluminum alloy surface is spontaneous. The values of ∆Gads
0  obtained indicate 

that adsorption of JS leaves extract occurs via a physical adsorption mechanism. Generally, the 

values of ∆Gads
0  less negative or equal to -20 kJmol-1 (as obtained in this study) are consistent 

with electrostatic interaction between the charged metals and charged molecules, signifying 

physical adsorption, while values are more negative than -40 kJmol-1 signify chemical 

adsorption [32,33]. 

 

Table 5. Calculated thermodynamic parameters from Langmuir adsorption isotherm. 

Temperature (°C) Kads ΔGads(kJ/mol) R2 

30 0.62 -8.92 0.9871 

40 0.51 -8.70 0.9715 

50 0.45 -8.64 0.9740 
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Figure 6. Langmuir Isotherm for the adsorption of JS leaves extract on aluminum in 0.5 M HCl at different 

temperatures. 

3.6. Scanning electron microscopy (SEM). 

Surface examination of the aluminum surface corroded in the absence and presence of optimum 

concentration (250 ppm) of JS extract was performed using SEM. The images obtained are shown in 

Figure 7. The aluminum specimen's surface retrieved from the 0.5 M HCl solution without inhibitor 

(Fig. 7a) shows a rough surface with pronounced cavities and isolated furrows due to severe corrosion 

damage. However, the aluminum specimen's surface retrieved from the acid solution containing 250 

ppm of JS extract (Figure 7b) shows a comparatively smoother morphology. The added JS extract 

covered almost all the cavities present on the surface, forming a barrier between the metal and the acid 

medium, preventing further corrosion. 

 
Figure 7. Scanning electron micrographs of aluminum surface immersed for 6 h in (a) absence; (b) presence of 

250 ppm JS leaves extract. 

4. Conclusions 

 Justicia secunda (JS) leaves extract was an efficient inhibitor for aluminum in the 0.5 

M HCl solution. The corrosion rate of the aluminum in 0.5 M HCl is a function of the inhibitor's 

concentration. This rate decreased as the concentration of the inhibitor is increased. This 

inhibitor's percentage inhibition efficiency decreased as the temperature increases, indicating 

that physical adsorption was the predominant inhibition mechanism. Polarization studies reveal 

that the adsorbed JS species inhibited the corrosion process through a mixed-inhibition 

mechanism, affecting both the anodic dissolution reaction and cathodic hydrogen evolution 
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reaction. EIS measurements showed that in the presence of the inhibitor, the corrosion current 

density decreased. Surface morphology studies by SEM confirmed the adsorption of JS. 

Justicia secunda leaves extract is an eco-friendly corrosion inhibitor for aluminum in the 0.5 

M HCl solution to replace toxic and expensive corrosion inhibitors. 
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