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Abstract: The work presented in this article contributes to the valorization of the Aloe saponaria (syn. 

Aloe maculata) by evaluating anticorrosive activity. To do this, we first developed a new, simpler, and 

less expensive method of extraction of Aloe saponaria mucilage (ASM). The corrosion inhibition of 

bronze B66 in 3% NaCl was performed by gravimetric and electrochemical measurements (stationary 

and transient). Surface analyses complemented this; scanning electron microscopy (SEM) coupled with 

energy-dispersive X-ray spectroscopy (EDX) provided evidence of the protective power of our 

inhibitor. Electrochemical measurements matched the results of gravimetric measurements, and we note 

that our inhibitor's effect modifies the electrochemical process's mechanism at the bronze/3% NaCl 

interface. In addition, potentiodynamic polarization curves indicated that ASM behaves as a cathodic 

inhibitor. The inhibition efficiency of ASM is about 88% for a concentration of 750 ppm. The surface 

investigation by the SEM/EDX confirmed that the corrosion barrier is due to the adsorption of  ASM 

molecules over the bronze/3% NaCl interface. 
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1. Introduction 

Corrosion is the deterioration of the original state of the metal under the influence of 

aggressive media (highly corrosive mineral acids, alkaline and/or saline solutions), which can 

lead to the destruction of the metal; this is an important economic and industrial problem [1, 

2]. Therefore, choosing appropriate corrosion control measures becomes crucial [1]. Several 

methods have been developed to solve this problem, including corrosion inhibitors. Corrosion 

inhibitors are one of the most practical methods of corrosion protection in aggressive 

environments [3]. 

Most corrosion inhibitors are organic compounds that have attracted great attention due 

to their high corrosion inhibition efficiency [4, 5]. However, these traditional organic 

compounds are usually environmentally toxic and non-biodegradable [6]. In recent years, 

research has focused on the anticorrosive properties of biopolymers [7–12] and natural plant 

products friendly to the environment [13]. 
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Plant extracts are one such alternative that can be used as an environmentally friendly 

alternative. The literature review showed that many extracts of plant parts, including bark, 

leaves, fruits, seeds, roots, twigs, flowers, and even whole plant extracts, are widely used as 

corrosion inhibitors [14–22]. 

These natural products contain phytochemicals rich in heteroatoms, namely N, O, P, 

and S, and electron-rich multiple bonds. The inhibition efficiency of these compounds can be 

measured as a function of the number of mobile electrons present, the character of the orbital 

containing the free electrons, and the electron density on the heteroatoms [18, 23]. 

Nowadays, actual, practical interest in the use of aloe has been increasing. Aloe vera L. 

is a perennial, evergreen herb that thrives primarily in tropical and subtropical climates. It 

contains large contents of polysaccharides, aloin, different essential minerals, amino acids, 

vitamins, and other active compounds. Therefore, Aloe species have been applied for thousands 

of years globally as a classic medicinal herb, as well as in cosmetic repair and health care. 

Among the primary Aloe species are Aloe vera and Aloe saponaria L., which is often known 

as African Aloe, soap Aloe, or zebra Aloe, and is an arid-zone plant endemic to eastern South 

Africa, Botswana, and Zimbabwe [24]. Aloe saponaria reportedly has antioxidant and anti-

inflammatory activities [25]. Aloe saponaria possesses antioxidant capacity, antiradical 

activity, and lipid peroxidation inactivation activity and contains a maximum amount of 

phenols and flavonoids [24]. 

Since ancient times, bronzes have been widely used as a valuable human cultural 

heritage in various fields, such as battery connectors, archaeological objects, urban statues, and 

sculptures [26, 27]. Bronzes are copper-tin alloys and are formed primarily of copper, usually 

with 12-12.5% tin and other metals [28]. 

The bronzes uncovered carry important historical information and are of great interest 

to archaeological research [27]. Bronze objects are vulnerable to corrosion environments and 

inevitably suffer varying degrees of corrosion damage due to the existence of moisture and 

other corrosive fractions, e.g., acid rain containing sulfates, carbonates in the urban and 

industrial environment, and to chlorides in the marine environment, which are the main cause 

of "bronze corrosion" [27, 29]. 

Chloride ions and sulfur compounds are the most common and important atmospheric 

corrosive agents, as reported [29]. 

In this study, the reason for using the 3 wt% NaCl medium is to simulate the conditions 

in seawater characterized by high humidity [30]. Indeed, the concentration of Cl is between 3% 

and 3.5%; chloride ions are among the most abundant and aggressive corrosive media [31]. 

Therefore, the objective of the present study was to investigate a new bronze corrosion 

inhibitor; non-toxic, easy to implement, inexpensive, stable, and reversible. For that purpose, 

we will examine the inhibitory effect of Aloe saponaria mucilage (ASM) to protect bronze B66 

in a neutral chloride media. The study was carried out by coupling gravimetric and 

electrochemical methods. The surface analysis of the bronze samples studied was followed by 

the SEM coupled to the EDX, highlighting the inhibitors' protective effect. 

2. Materials and Methods 

2.1. Working electrode. 

The material used as a working electrode is bronze B66. The sample of bronze B66, cut 

using a chainsaw in a cylindrical shape with a diameter of 1cm2, was subsequently welded to a 
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conductor wire and then coated in a thermosetting resin. The coating is made in a plastic mold. 

This mold is exposed to ambient air for 24 hrs to allow the resin to solidify.  

To obtain reliable and reproducible results, the working electrode undergoes, before 

each test, a pretreatment which consists in polishing its surface with the abrasive papers of 

silicon carbide of decreasing fineness in grains (600, 800, 1200, 2000). The polishing is then 

followed by degreasing with acetone then with distilled water, followed by drying before each 

test.  

2.2. Corrosive solution and inhibitor. 

The corrosive solution used in this study is a solution of sodium chloride (30 g/L) 

prepared by dissolving NaCl in distilled water. 

The inhibitor used is the Aloe saponaria mucilage (ASM), extracted by a new process 

[32].  

2.3. Gravimetric methods. 

The gravimetric study (measuring mass loss) is widely used because it is simple and 

does not require significant equipment. The corrosion rate W (g.cm-2.h-1) is calculated by the 

following Equation 1: 

𝑤 = [
𝑚𝑖 − 𝑚𝑓

𝑆.𝑡
] (1) 

The inhibition efficiency (ηWL (%)) was calculated by Equation 2: 

𝜂𝑊𝐿(%) = [
𝑊° −  𝑊

𝑊° ] × 100 (2) 

where S: the surface of the part (cm2); t: time (hour); mi: weighing of the initial weight; mf: 

mass after test; W°, and W are the corrosion rates of the sample after immersion in the solution 

without and with inhibitor, respectively. 

2.4. Electrochemical methods. 

Electrochemical measurements were obtained using a three-electrode setup; a platinum 

electrode was used as a counter electrode, an XR300/XR310 Ag/AgCl reference electrode, and 

the working electrode which is made of bronze B66 with a cylindrical shape (1cm² surface). 

The measurements were carried out in potentiodynamic mode using a potentiostat/ 

galvanostat SP-200 type "Bio-logic Science instruments". The working electrode was 

immersed at the corrosion-free potential for one hour. Using the EC-Lab software, the 

electrochemical parameters were determined from the polarization curves and the 

electrochemical impedance diagrams. 

2.5. SEM/EDX surface analysis techniques. 

This technique is based on the analysis of X-ray images emitted by a sample bombarded 

by the incident electron beam. It allows the qualitative characterization of the composition of 

the products present in the metal. The EDX analysis is directly related to the atomic number of 

the element that emits it. In our work, the morphological characterization of the surface of the 

bronze coupons was carried out at Moroccan Foundation for Advanced Science, Innovation, 

and Research (MAScIR), by a field emission scanning electron microscope (SEM) and by 
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energy dispersal. The EDX (X-flash model 6/30 from Bruker) is performed by FEI microscopy 

(quanta model FEG 450). 

3. Results and Discussion 

3.1. Gravimetric study. 

The values of corrosion rate (g/h.cm2) and percentage of inhibition efficiency 

determined by gravimetric method at different concentrations of ASM after 24 hrs of 

immersion are presented in Table 1. 

From this table, it can be seen that the corrosion rate decreases with increasing 

concentration of the inhibitor in solution; it reaches a value of 4.02 × 10-6 g/h.cm2 for a 

concentration of 750 ppm, corresponding to an efficiency of 89.13%. In order to complete these 

results, we used electrochemical techniques, which are more accurate for the determination of 

the corrosion rate and the explanation of the influence of our inhibitor on the mechanisms of 

the corrosion process of bronze B66.  

Table 1. Corrosion rate and inhibition efficiency as a function of inhibitor concentrations. 

 W (g/h.cm2) η
WL

 (%) 

3% NaCl 3.70×10-5 ----- 

250 ppm 1.59×10-5 57.02 

500 ppm 1.25×10-5 66.21 

750 ppm 4.02×10-6 89.13 

3.2. Electrochemical study. 

3.2.1. Open circuit potential curves. 

Figure 1 represents the variation of the potential, as a function of time, of bronze B66 

in 3% NaCl in the absence and presence of ASM at different concentrations. 
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Figure 1. Time evolution of corrosion potential of bronze B66 in 3% NaCl in the presence of ASM at different 

concentrations. 

In the absence of the inhibitor, the corrosion potential of the bronze B66 in 3% NaCl 

undergoes a variation in the first minutes. After 2500 s, it stabilizes around - 0.165 V. This can 

be attributed to the formation of a layer of corrosion products on the metal surface [33]. 
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In the presence of the inhibitor, we observed a decrease in the corrosion potential 

towards negative values for all three concentrations. This evolution of the potential indicates 

that the inhibitor effect acts preferentially on the cathodic process. 

3.2.2. Polarization curves. 

The polarization curves are obtained in potentiodynamic mode after one hour of 

immersion of the bronze B66 electrode in 3% NaCl; the polarization curves in the absence and 

presence of ASM, at different concentrations, are shown in Figure 2. Thus, the inhibition 

efficiency (ηPDP (%)) was computed by using Equation 3: 

(%) [1 ] 100corr
PDP

corr

i

i



= −      (3) 

where 𝑖𝑐𝑜𝑟𝑟
°  and  𝑖𝑐𝑜𝑟𝑟 are corrosion current densities values without and with inhibitor, 

respectively. 
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Figure 2. Polarization curves of bronze B66 in 3% NaCl for different ASM concentrations (a) cathodic domain 

and (b) anodic domain. 

In the cathodic domain (Figure 2a), we note that: In the absence of an inhibitor, an 

increase of the current density in the vicinity of corrosion potential, then it tends to stabilize 

towards a value of the order of 0.1 mA/cm2, corresponding to the limit current of oxygen 

diffusion [34]. The addition of ASM at different concentrations causes a significant decrease 

in the current density in the vicinity of Ecorr. This decrease is more pronounced when the 

concentration of ASM inhibitor increases, shifting the corrosion potential towards more 

negative values. For potentials higher than -0.45 V, we notice the appearance of a linear part 

translating an exponential variation of the current. This range becomes wider when the inhibitor 

concentration increases. 

In the anodic domain (Figure 2b), we notice that: In the absence of an inhibitor, the 

current density increases rapidly in the vicinity of the corrosion potential, reflecting the 

oxidation of the material, and then tends to stabilize towards a value in the order of 10 mA/cm2, 

which is too high to signify passivation of the metal. In the presence of the inhibitor, there is a 

small decrease in the values of the anodic current density, which is less marked compared to 

the cathodic domain. 

Therefore, from these results, it can be seen that the tested compound is a cathodic 

inhibitor. The electrochemical parameters derived from the polarization curves are shown in 

Table 2. 

a b 
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Table 2. Electrochemical parameters derived from polarization curves of bronze B66 in 3% NaCl in the absence 

and presence of ASM. 

From the electrochemical parameters collected in the table, it can be seen that 

increasing the concentration leads to a decrease in the current density value. The inhibition 

efficiency reaches 90% for a concentration of 750 ppm inhibitor. The results obtained show 

that the inhibitor is of cathodic type. It acts in low concentration; its protective effect is 

translated by forming a film of inhibitor on the metal surface, leading to a decrease in the 

corrosion current density values [14].   

3.2.3. Electrochemical impedance diagrams. 

Figure 3 shows the impedance diagrams of bronze B66 in 3% NaCl in the absence and 

presence of different concentrations of ASM after one hour of immersion. These measurements 

are performed in a frequency range from 100 KHz to 10 mHz. As regards the inhibition 

efficiency (ηEIS (%)) was computed by Equation 4: 

( )

(%) [1 ] 100P
EIS

P inh

R

R
 = −      (4)  

where the Rp(inh) and Rp represent the transfer resistance without and with the addition of an 

inhibitor, respectively. 

 
Figure 3. Electrochemical impedance diagrams of bronze B66 in 3% NaCl at different inhibitor concentrations 

after 1h immersion. 

In the absence of an inhibitor, we notice the appearance of two capacitive loops (Figure 

3). First, a capacitive loop at high frequencies, attributed to the charge transfer, which controls 

the interfacial process and whose polarization resistance is about 1143 Ωcm². Dispersion at low 

frequencies is related to matter transport [26]. The equivalent circuit is composed of two RC 

circuits in parallel. 

 -βc (mV) -Ecorr (mVAg/AgCl) Icorr (µA/cm-2) η
PDP

 (%) 

3%NaCl 63.4 165.8 ± 3.3 9.48 ± 0.10 ----- 

250 ppm 50.0 206.2 ± 0.9 1.26 ± 0.01 86.70 

500 ppm 51.0 215.5 ± 1.1 1.13 ± 0.01 88.08 

750 ppm 51.6 267.1 ± 1.1 0.92 ± 0.01 90.29 
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The addition of the inhibitor at different concentrations shows the appearance of two 

capacitive loops with a significant increase in polarization resistance. At high frequencies, the 

size of the capacitive loop increases with concentration [35]. An equivalent 2RC circuit in 

parallel can interpret these curves (Figure 4b). 

 
Figure 4. Equivalent electrical circuits of electrochemical impedance diagrams (a) in the absence of ASM and 

(b) in the presence of ASM. 

At high frequencies (Rf - Cf), the diameters of the capacitive loops are on the order of 

316 Ωcm2, 325 Ωcm2, and 970 Ωcm2 for 250 ppm, 500 ppm, and 750 ppm ASM concentrations, 

respectively.  

The contribution (Rt - Cd) at low frequencies is attributed to the double-layer 

capacitance at the studied interface and the charge transfer resistance. The polarization 

resistance increases significantly with concentration. 

The fitting results of the electrochemical parameters drawn from the electrochemical 

impedance diagrams in Figure 3 are represented in Table 3. 

   Table 3. Electrochemical parameters derived from electrochemical impedance diagrams. 

 
Re 

(Ω.cm2) 

Rf 

(Ω.cm2) 

Cf 

(µF/cm2) 

Rt 

(Ω.cm2) 

Cd 

(µF/cm2) 

RF 

(Ω.cm2) 

CF 

(µF/cm2) 

RP 

(Ω.cm2) 
η

EIS
 (%) 

3% NaCl 8.91 ----- ----- 703 147.9 440 860 1143 ± 22 ----- 

250 ppm 11.91 316.7 23.27 1150 79.99 ----- ----- 1467 ± 07 22.08 

500 ppm 11.84 325.0 22.25 5004 72.13 ----- ----- 5329 ± 26 78.55 

750 ppm 10.75 970.6 20.66 8333 46.67 ----- ----- 9304 ± 46 87.71 

 

Table 3 shows that the polarization resistance increases with inhibitor concentration; it 

increases from 1143 Ω.cm2 in the absence of an inhibitor to 9304 Ω.cm2 in the presence of 750 

ppm in ASM. The inhibition efficiency increases with the inhibitor concentration and reaches 

87.71% for a concentration of 750 ppm in ASM. 

3.3. Surface analysis by SEM/EDX. 

SEM images coupled with EDX analysis of the metal surface in the absence and 

presence of 750 ppm ASM after 24 hrs of immersion are shown in Figure 5 and Figure 6. 

The results found showed that in the absence of the inhibitor, the appearance of chloride 

ions causes the degradation of the metal. However, in the presence of ASM, we note the 

disappearance of chloride ions and the appearance of carbon, which certainly corresponds to 

the carbon chains of ASM. This confirms the protective effect of the inhibitor tested and the 

results found from the electrochemical measurements made. 
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Figure 5. SEM images of bronze B66 after 24 hrs of immersion in a 3% NaCl solution (A) in the absence of 

ASM and (B) in the presence of 750 ppm ASM. 

 
Figure 6. EDX of bronze B66 after 24 hrs of immersion in a 3% NaCl solution (A) in the absence of ASM and 

(B) in the presence of 750 ppm ASM. 

4. Conclusions 

Gravimetric and electrochemical methods, stationary (potentiodynamic curves), and 

transient (electrochemical impedance spectroscopy) evaluated the inhibitory properties of the 

Aloe saponaria mucilage. The results obtained showed that the Aloe saponaria mucilage 

effectively inhibits the corrosion of bronze B66 in 3% NaCl. The inhibition efficiency is about 

88% for a concentration of 750 ppm. Furthermore, the surface analysis of the bronze B66 after 

24 hrs of immersion in 3% NaCl was performed by SEM/EDX. This analysis clearly shows the 

substrate's protection in our inhibitor's presence. 
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