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Abstract 

The anticorrosion behaviour of Ceratonia silique L. pulp extract on mild steel in 1 M HCl 

solution was studied by employing a potentiodynamic polarization test (PDP) and weight loss 

test with different concentrations at room temperature. The obtained results suggested that the 

C. siliqua pulp extract is an excellent corrosion inhibitor and its inhibition efficiency is both 

concentration and time-dependent. Inhibition efficiency η(%) is observed to increase with an 

increase in C. siliqua pulp extract concentration and an increase in immersion time. The 

maximum inhibition efficiency of 92.32% was observed at a concentration of 800 ppm at room 

temperature. As evident by PDP the C. siliqua pulp extract behaves as a mixed-type inhibitor, 

and the cathodic impact is predominant. The inhibitor adsorption on the mild steel surface is 

following the Langmuir adsorption isotherm, and the adsorption mechanism is physical 

adsorption. C. siliqua pulp extract is a suitable corrosion inhibitor for mild steel in 1 M HCl 

solution. 
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1. Introduction 

The outstanding mechanical properties of steel, and its relatively low cost make steel one of 

the most widely used alloys in the manufacturing and construction industries [1, 2]. Its 

applications range from very simple products to large and complex products, i.e., chemical 

reactors, storage tanks, heat exchangers, transporting pipelines for gases and oils, and boilers 

systems [3]. The exposure of steel to high temperatures results in the formation of scales and 

oxides that have to be removed prior to further processing. This can be done by a special 

treatment known as pickling and using some chemical agents or acid solutions, i.e., 

hydrochloric acid (HCl) [4]. The further exposure of the steel surface to these chemicals after 

scale removal speeds up its corrosion, causing material damage and significant economic 

losses. It was estimated that corrosion destroyed about 150 million tons of steel every year. 

Therefore, controlling steel corrosion is necessary to lessen these losses [5, 6].  

The use of corrosion inhibitors is the easiest and most economical and most effective 

method for protecting metal against corrosion during acidic treatments because of their ease 
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of use as they can be applied without the need of changing the process and equipment, as 

they act quickly to protect against corrosion. These corrosion inhibitors are generally added 

in small quantities to acidic solutions to reduce metal dissolution and protect it from 

destruction [7, 8].  

Due to their efficiency across a wide range of temperatures at relatively low 

concentrations and superior solubility, organic corrosion inhibitors have been widely 

employed in the industry [9]. Organic inhibitors are unfortunately harmful to human health 

and the environment, expensive, and poisonous [4]. The use of these harmful inhibitors has 

recently been outlawed by numerous international organizations. Additionally, the harmful 

properties of these inhibitors drove researchers to look for alternatives, which opened the 

door for the use of green corrosion inhibitors, which are often non-toxic, environmentally 

safe, and biodegradable natural product inhibitors [10]. These inhibitors, which have been 

employed for numerous metals including copper, aluminum, and mild steel, are often 

obtained from natural materials collected from the roots, leaves, bark, fruits, seeds, and 

medical plants [11]. In addition, chemical substances such as alkaloids, flavonoids, amino 

acids, heteroatoms, tannins, and nitrogen-based chemicals are abundant in green corrosion 

inhibitors [12]. These chemical compounds are widely distributed and contain a variety of 

aromatic rings, functional groups, aliphatic chains, heterocyclic rings, and functional 

moieties as well as polar and nonpolar compounds that contain nitrogen and oxygen. These 

substances can be adsorbed on the metal surface and effectively shield it from corrosion 

attacks [13]. 

The Jordanian environment contains many types of unique trees, including Carob 

(Ceratonia Siliqua L.), which is a member of the legume family (Fabaceae) [14]. Carob 

powder is obtained after removing the seeds from fruit pods [15]. By weight, the pulp (90%) 

and the seeds (10%) are the main components of the Carob pod [16]. The pods are mainly 

used in the food industry as an antioxidant due to their polyphenol-rich composition, they 

contain a high concentration of condensed tannins (16–20%), which are composed of flavan-

3-ol groups, and their galloyl esters, garlic acid, (+)-catechin, (–)-epicatechingallate, 
quercetin glycosides, and (–)-epigallocatechingallate [17].  

Recently, researchers examined the potential use of Carob extracts as a green organic 

corrosion inhibitor for carbon steel, copper, and brass. Abbout et al. [18] studied the use of 

Ceratonia Siliqua L. seed extract (CFE) as a green organic corrosion inhibitor for carbon 

steel in 1 M HCl. The GC-MS analysis technique showed that vanillin is the main constituent 

represented in the extract. The electrochemical test results showed that CEF shows a good 

anti-corrosion action with an inhibition efficiency (η%) of 95% at 100 mg/L at 298°C. Ghazi 

et al. [19] studied the effect of the Carob Pod Pulp (Ceratonia siliqua L.) corrosion inhibition 

on carbon steel C38 in 1 M HCl by using weight loss and electrochemical tests. Two raw 

extracts were prepared from Carob pod pulp (Ceratonia siliqua L.) aqueous and methanolic. 

The UHPLC/DAD analysis indicates that the garlic acids present in both extracts as a major 

compound. The inhibition results showed that the aqueous extract with garlic acid has a good 
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anti-corrosion efficiency with an inhibition efficiency (η%) of 91.32% at 3 g/L at 323°C. 

Fouda et al. [20] investigated the effect of the Carob pod (Ceratonia silique) extract on the 

corrosion of copper and brass in 1 M HNO3. The electrochemical test results indicate that 

the extract can act as an effective corrosion inhibitor with an inhibition efficiency (η%) of 

91% for copper and 98% for brass at 300 ppm at room temperature. Tafel curves show that 

the extract behaves as a mixed type with cathodic dominant. The adsorption behaviour of 

the extract on the copper and brass surface is physical and obeys Langmuir isotherm. 

In summary, the efficiency of the seed extract was examined for low (mild) carbon steel 

with a carbon content of 0.157%, whereas the efficiency of the pod pulp extract was 

examined for medium carbon steel with a carbon content of approximately 0.37%. As a 

result, it is crucial to study the pod pulp extract for low (medium) carbon steel, as this will 

give researchers an understanding of its potential use as a green corrosion inhibitor for both 

low and medium carbon steel. Hence, this study attempts to examine the potential use of the 

pulp extracts as corrosion inhibitors of mild steel with carbon content (C: 0.08–0.12) in 

1 M HCl at different concentrations of the extract. Accordingly, the inhibiting efficiency of 

the pulp versus that of the seed extract will be compared, especially as these different parts 

of the fruit may show differences in active substances. The development of such novel low-

cost material from local green natural agro wastes has a promising impact on the economy 

and steel industry. 

2. Experimental  

2.1. Preparation of the material  

Sheet metal of 0.1 cm thickness from Mild steel with a carbon content (0.08–0.12) wt.% 

was used to cut the test specimens. The detailed chemical composition of the steel is shown 

in Table 1 as provided from the supplier. Two sizes of square-shaped specimens were cut 

from sheet metal. Specimens with dimensions (6×6) cm2 were used for potentiodynamic 

tests, and (3×3) cm2 for the weight loss tests. The surface of the sample, except for a circle-

shaped area in the middle of 1 cm2, was covered with an adhesive that prevents the 

electrolyte from reaching the underlying metal. Before the corrosion test, the specimens were 

thoroughly washed with double distilled water, acetone, and ethanol. Then, the specimens 

were degreased ultrasonically with a bath of distilled water and ethanol for 5 minutes. 

Thereafter, the specimens were dried using an air dryer. 

Table 1. Chemical composition of mild steel (wt.%). 

Element C Si Mn S P Cr Cu As Fe 

wt.% 0.08–0.12 0.3 0.25–0.5 0.04 0.03 0.1 0.3 0.08 Bal. 
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2.2. Preparation of the inhibitor extract  

Dried carob pods of C. siliqua were collected in June 2022 from carob trees at Jordan 

University of Science and Technology. The collected pods were washed with distilled water 

to remove dust and impurities. To produce pulp fine powder, the seeds were removed from 

the pods and the pulp was collected and ground using an electric mill. Then, 30 g of this 

powder was added to the organic solvent, which was composed of (135 ml of methanol, 

135 ml of distilled water, and 30 ml of 1% of HCl), and mixed for 4 hours at room 

temperature using the magnetic stirrer. Then the mixture was filtered and centrifuged for 

4 minutes at 4000 rpm. This procedure was repeated three times for efficient extraction. The 

rotary evaporator was used to dry all the centrifugal solutions. Finally, the produced solid 

mass was kept in the refrigerator at 4°C until used. Figure 1 presents the schematic steps of 

the used processes to produce C. siliqua pulp extracts as a green corrosion inhibitor of mild 

steel. 

 
Figure 1. A schematic steps of the user processes to produce C. siliqua pulp extracts, a green 

corrosion inhibitor of mild steel. 

2.3. Preparation of test solution 

1 M HCl was prepared by diluting 91 ml of analytical grade 35.4% HCl with 909 ml of 

distilled water. This solution was used to create 4 types of solutions with different 

concentrations of C. silique pulp extracts (200, 400, 600, and 800 ppm) by adding a 
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predetermined amount of extracts directly to the solution. The 1 M HCl test solution was 

used as a blank for comparison and inhibitor efficiency calculation purposes. 

2.4. Electrochemical cell setup 

A flat cell provided by Gamry was used in this setup. The cut specimens with dimensions of 

(6×6 cm) and a thickness of 0.1 cm were used as working electrodes. The exposed area of 

the working electrode to the electrolyte was set as 1 cm2. The counter electrode used was 

made of graphite, and the reference electrolyte was a saturated calomel electrode. 1 M HCl 

solution was used as an electrolyte in the control experiment. Then, other tests were 

conducted using 1 M HCl having different concentrations of extract as explained earlier. 

2.5. Potentiodynamic polarization test  

Before the polarization test, the samples were kept inside the electrolyte for 2.5 hours to 

reach steady state conditions. Then, the potentiodynamic polarization experiments started by 

polarizing the samples and shifting the potential from steady state condition, and measuring 

the resultant current. The start point was at 250 mV below the open circuit potential (OCP); 

then the applied potential was increased at a constant sweep rate of 1 mV/sec, and the test 

was terminated when the applied potential exceeded the OCP by 250 mV. A reference 600 

potentiostat that was controlled with Gamry framework software version 7.9.1 was used to 

conduct these experiments. Furthermore, Gamry Echem Analyst software was used to 

analyze the polarization curves and extract the corrosion parameters including the corrosion 

current density (icorr), free corrosion potential (Ecorr), and Tafel anodic and cathodic slopes 

(βa, βc) through the Tafel extrapolation method by using an interval of 100 mV around Ecorr 

value. 

2.6. Weight loss tests  

The researchers have used the weight loss method in measuring the corrosion rate 

extensively because of its simplicity and availability [21]. Firstly, the specimens were 

cleaned, dried, and weighted using Ariston Digital balance. Then, they were fully immersed 

in 100 ml of the HCl solution with the presence and absence of different concentrations of 

C. siliqua pulp extracts at room temperature. After 2 hours of immersion time, the specimens 

were removed from the corrosive solution, rinsed with acetone, ethanol, and distilled water, 

dried with an air dryer, and reweighed. To examine the effect of time, the experiments were 

repeated at immersion times of 4, 6, 24, and 48 hours, where three replicates of each 

experiment were conducted. The weight’s loss are then used to calculate the corrosion rate. 

The following equation was used to calculate the weight loss at a given time: 

 w=w0–wi (1) 

where w – specimen’s weight loss, w0 – weight loss of the specimen without inhibitors, 

wi – weight loss of the specimen with inhibitors. 
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From the weight loss data, the corrosion rate, inhibition efficiency, and surface 

coverage were calculated using equations 2, 3, and 4 respectively [22, 23]. 

 ( )
534

mpy
ρ

CR
w

A t


=

 
 (2) 

where CR – corrosion rate (mpy), w – average weight loss (mg),  – density of the mild 

steel (7.78 g/cm3), A – area of the mild steel sample (cm2), and t – the immersion time. 

Thereafter, for each test condition (inhibitor concentration and time), 3 replicates were 

conducted, and then the average corrosion rate values were computed from these parallel 

experiments. This is because corrosion is a random process and the weight loss of individual 

samples may vary due to random fluctuations in the test conditions, and the microstructure 

of the samples. By using the average of multiple replicate samples, the variability in the 

results can be reduced and a more accurate representation of the corrosion rate can be 

obtained. This helps to improve the reliability of the weight loss test results and provides a 

more robust estimate of the effectiveness of the inhibitor. 
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where %I.E. – percentage of inhibition efficiency, θ – degree of the surface coverage,  

0CR  – corrosion rate of the substrates without inhibitor (mpy), and CR – corrosion rate of 

the substrates with inhibitor (mpy).  

3. Result and Discussion  

3.1. Potentiodynamic polarization test  

The polarization curves (plot of (E) versus (logi) in the Tafel region obtained for the mild 

steel specimens in 1 M HCl solution at room temperature with the presence and absence of 

different concentrations of C. siliqua pulp extracts are shown in Figure 2. 

The electrochemical parameters such as corrosion potential (Ecorr), corrosion current 

density (icorr), polarization resistance(Rp), and the cathodic and anodic Tafel slopes (βc, βa 

respectively) [24] are obtained from the Tafel extrapolation method and listed in Table 2. 

The percentage of inhibition efficiency (η%) that is given in Table 2 was calculated using 

the following equation [25].  
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where 0
corri  – corrosion current density with the absence of C. siliqua pulp extract in 1 M HCl 

(µA/cm2), icorr – corrosion current density with the presence of C. siliqua pulp extract in 

1 M HCl (µA/cm2). 

 
Figure 2. Tafel plots of mild steel in 1 M HCl in the absence and presence of different 

concentrations of C. siliqua pulp extract at room temperature. 

Polarization resistance (Rp) can be calculated using the Stern-Geary equation [26]: 
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p
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=
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where c – Tafel cathodic slopes (V/decade), a – Tafel anodic slopes (V/decade), icorr – 

corrosion current density with the presence of C. siliqua pulp extract in 1 M HCl (µA/cm2). 

Table 2. The electrochemical parameters (derived from Figure 2) for the mild steel in 1 M HCl in the 

absence and presence of different concentrations of C. siliqua pulp extract at room temperature. Values are 

the mean of the three repeats and (±) corresponds to standard deviations.  
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(mV) 
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(mpy) 

η 
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Blank 70±12 96±7 264±43 –464±12 0.5±0.3 121±20 – 

200 74±6 94±9 59±8 –481±9 3±1 27±4 77.56 

400 64±1 86±1 48±5 –477±3 2±0 22±2 81.64 

600 63±3 89±1 33±1 –474±3 3±1 15±0 87.49 

800 69±4 91±12 20±4 –474±5 8±6 9±2 92.35 

It is clear from Figure 2 and Table 2 that in the presence of C. siliqua pulp extract, the 

current density decreased, which may arise from covering the inhibitor molecules on the 
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mild steel surface. These results suggested that the addition of inhibitors reduces the anodic 

dissolution and delays the hydrogen evaluation reactions. Furthermore, a slight shift was 

observed in the values of cathodic and anodic Tafel slopes with the presence of C. siliqua 

pulp extract, which indicates that the inhibitor act as an efficient corrosion inhibitor of the 

mild steel in 1 M HCl. This is because the inhibitor molecules are getting adsorbed on the 

mild steel surface, resulting in blocking the active sites without changing the corrosion 

reaction mechanisms. Thus, both anodic dissolution and hydrogen evaluation reactions are 

suppressed. In addition, the displacements in the Ecorr value were less than 85 mV with 

respect to the blank mild steel sample this result indicates that the C. siliqua pulp extract act 

as a mixed-type inhibitor, and the cathodic impact is predominant [27]. The increase in Rp 

values with the addition of C. siliqua pulp extract in 1 M HCl suggests effective inhibition 

performance in the presence of C. siliqua pulp extract molecules that act to enhance the 

polarization process at the metallic acid interface by adsorption of the inhibitor on the metal 

surface and blocking the active sites [28]. 

3.2. Weight loss test  

3.2.1. Effect of concentrations  

The spontaneous dissolution of the mild steel in 1 M HCl in the presence of C. siliqua pulp 

extract as a corrosion inhibitor was studied by weight loss test at room temperature after 

2 hours of immersion time. The corrosion parameters such as corrosion rate (CR), Inhibition 

efficiency (%I.E.), and the degree of the surface coverage (θ) are calculated by equations 2, 

3, and 4 respectively, listed in Table 3, and presented graphically in Figures 3 and 4.  

Table 3. Corrosion parameters for the mild steel in 1 M HCl solution with and without different 

concentrations of C. siliqua pulp extract from the weight loss test after 2 hours of immersing time at room 

temperature. Values are the mean of the three repeats and (±) corresponds to standard deviations.  

Concentration 

(ppm) 

Weight loss 

(mg) 

Corrosion rate 

(mpy) 

Inhibition 

Efficiency 

(%I.E.) 

Degree of the surface 

coverage 

(θ) 

0 46±19 1.7×103±0.7×103   

200 37±4 1.4×103±0.2×103 19% 0.19 

400 25±3 0.9×103±0.1×103 46% 0.46 

600 21±2 0.8×103±0.1×103 52% 0.55 

800 18±1 0.7×103±0.1×103 61% 0.61 

It is evident from Table 3, Figures 3, and 4 that the mild steel corrosion rate decreased 

with the increase in the concentration of C. siliqua pulp extract. Accordingly, the values of 

the inhibition efficiency of C. siliqua pulp extract increased with increasing concentration 

which reached 59.65% at 800 ppm. This inhibition behaviour can be explained by the 
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adsorption of the C. siliqua pulp extract molecules at high concentrations on the mild steel 

surface. This leads to wider surface coverage and the formation of a productive film. 

Furthermore, the metal substrate’s surface coverage (θ) gradually increases whenever the 

inhibitor concentration increases. This is because the inhibitor acts as an adsorbent, the metal 

surface acts as an adsorbate, and it forms a barrier layer over the mild steel surface. Thus, 

blocking the reaction sites, and protecting the surface from corrosion attacks and dissolution 

in the acidic media. Hence, the inhibition efficiency increased and the corrosion rate 

decreased as the adsorbed molecules covering the mild steel surface increased [4, 29]. 

 

Figure 3. Change of the mild steel corrosion rate as calculated from the weight loss test with 

different concentrations of C. siliqua pulp extract in 1 M HCl at room temperature.  

 

Figure 4. Change of the inhibition efficiency Inhibition efficiency (%I.E.) of the mild steel in 

various concentrations of C. siliqua pulp extract as calculated from the weight loss test in 

1 M HCl at room temperature.  
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3.2.2. Effect of immersion time 

Immersion time is another important parameter in assessing the inhibitor’s behavior, 

inhibition efficiency, and corrosion rate for a prolonged immersion period. The inhibition 

efficiency (%I.E.) values and the corrosion rate that was obtained from the weight loss test 

at different concentrations of C. siliqua pulp extract in 1 M HCl and at different immersion 

times 4, 6, 24 and 48 hours at room temperature are listed in Table 4 and 5 and graphically 

presented in Figure 5.  

Table 4. Corrosion rate (mpy) values for the mild steel in 1 M HCl solution in the absence and presence of 

different concentrations of C. siliqua pulp extract from the weight loss measurements after different 

immersion times at room temperature. Values are the mean of the three replicates and (±) corresponds to 

standard deviations. 

Time (h) 

Corrosion Rate (mpy) ×103 

Concentration (ppm) 

Blank 200 (ppm) 400 (ppm) 600 (ppm) 800 (ppm) 

2 1.7±0.7 1.4±0.2 0.9±0.1 0.8±0.1 0.7±0.1 

4 1.7±0.3 1.1±0.1 0.7±0.1 0.7±0.1 0.5±0.0 

6 1.7±0.4 1.0±0.1 0.7±0.1 0.6±0.1 0.4±0.0 

24 1.9±0.1 1.1±0.0 0.7±0.1 0.5±0.0 0.4±0.0 

48 2.1±0.2 1.0±0.0 0.7±0.1 0.4±0.1 0.3±0.0 

Table 5. The corrosion inhibition efficiency (%I.E.) values for the mild steel in 1 M HCl solution in the 

absence and presence of different concentrations of C. siliqua pulp extract from the weight loss 

measurements after different immersion times at room temperature. 

Time (h) 

The Inhibition Efficiency (%I.E.) 

Concentration (ppm) 

200 (ppm) 400 (ppm) 600 (ppm) 800 (ppm) 

2 19% 46% 55% 61% 

4 33% 58% 62% 70% 

6 40% 62% 67% 75% 

24 45% 66% 75% 81% 

48 50% 69% 79% 86% 

It is clear from Tables 4 and 5 and Figure 5 that for all examined concentration of C. 

siliqua pulp extract, the maximum inhibition efficiency and the minimum corrosion rate was 
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recorded after 48 hours of immersion time. The inhibition efficiency (%I.E.) increases and 

the corrosion rate (CR) decreases with the immersion time. This is because at relatively low 

concentrations considerable time is required for sufficient adsorption of the inhibitor 

molecules on the metal surfaces to take place [30]. Furthermore, this indicates the stability 

and persistence of C. siliqua pulp extract films on the mild steel surface in acidic solutions 

which could remain for quite a long time [31]. Moreover, the inhibition efficiency (%I.E.) 

increased with time due to the formation of inhibitor complexes over the metal surface and 

the construction of strong bonds with the substrate atoms. Apparently, as time increased, 

these complexes’ production rates increased, resulting in higher efficiency and more 

restrictions on the corrosive electrolyte to reach the metal surfaces [32]. This leads to a 

broader surface cover. Thus, blocking the reaction sites, and protecting the metal surfaces 

from corrosion attack and dissolution in acidic media [4]. These results are consistent with 

the results reported in the literature. It should be mentioned that the inhibition efficiency 

obtained from the weight loss test is lower than the corresponding values attained from the 

potentiodynamic polarization test at the same concentration level. This difference can be 

explained by the weight loss test gives an average corrosion rate, whereas the 

potentiodynamic polarization test gives an instantaneous corrosion rate. The difference in 

time required to form an adsorbed layer of inhibitors on the metal surface is in charge of 

these differences [33].  

 
Figure 5. Variation of corrosion inhibition efficiency (%I.E.) values for the mild steel in 

1 M HCl solution in the absence and presence of different concentrations of C. siliqua pulp 

extract from the weight loss measurements after different immersion times at room 

temperature. 

3.3. Adsorption isotherm  

Adsorption isotherms provide information about the behavior of adsorption and the nature 
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relationship between the surface coverage and the inhibitor concentrations. However, many 

isotherms’ models are mentioned in the literature, but Langmuir, Temkin, and Frumkin are 

the most widely used. The selection of the isotherm model should be based on a thorough 

analysis of the experimental data. One commonly used technique is to fit multiple isometric 

models to the data and compare the goodness of fit using statistical measures, such as the 

correlation coefficient (R²). Ultimately, the best isothermal model for a given system 

provides the best fit to the experimental data, accurately describes the underlying adsorption 

mechanism and is practical to implement. However, these models are used in the 

investigation of the adsorption mechanism of the corrosion inhibitors, which can be 

calculated by the following equations [25]: 

Langmuir: 
ads

1

θ

c
c

k
= +  (7) 

Temkin: exp( f·)=kads·c (8) 

Frumkin: 
ads

θ
exp( 2 )

1 θ
f k c− = 

−
 (9) 

where c – inhibitor concentrations 50, 200, 500, and 800 ppm, θ – the degree of the surface 

coverage, which is evaluated according to Equation 4, f – corrosion inhibitor interaction 

parameter, kads – the adsorption equilibrium constant (which represents the degree of 

adsorption, i.e., the higher value of kads indicates that the inhibitor is strongly adsorbed on 

the surface of the metal).  

Figures 6, 7, and 8 show the plots obtained from Equations 7, 8, and 9. The correlation 

coefficients R2 values, and slope of the fitting line for each model were used to determine 

the most suitable model and are presented in Table 6.  

 

Figure 6. Plot for the Langmuir isotherm for adsorption of C. siliqua pulp extract on the mild 

steel surface in 1 M HCl at room temperature.  
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Figure 7. Plot for the Temkin isotherm for adsorption of C. siliqua pulp extract on the mild 

steel surface in 1 M HCl at room temperature. 

 
Figure 8. Plot for the Frumkin isotherm for adsorption of C. siliqua pulp extract on the mild 

steel surface in 1 M HCl at room temperature. 

Table 6. R2 values and the slopes for Langmuir, Temkin, and Frumkin isotherms for C. silique pulp extract.  

C. silique pulp extract Langmuir Temkin Frumkin 

R2 0.997 0.903 0.032 

Slope 1.011 0.089 0.575 

From the plots’ observations, the graphic relation between the C/θ vs. C is presented in 

Figure 6. Through the observations, the Langmuir adsorptions calculated by Equation 7 were 

found to be consistent with the data of the potentiodynamic polarization test. Straight lines 

with almost unity slopes (1.015) and a correlation coefficient R2 is 0.997 are obtained as 

represented in Table 6 which are better than the slope and correlation coefficients for Temkin 

and Frumkin isotherms in Figure 7 and Figure 8. These results indicate that adsorption of 
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the C. siliqua pulp extract organic matter obeys Langmuir isotherm. Langmuir isotherms 

assume that the adsorption of each molecule on the surface is independent of the other 

molecules and that the adsorbed surface is homogeneous and has a finite number of 

adsorption sites [34].  

3.4. Determination of adsorption mechanisms  

The standard adsorption-free energy 0
ads

G  was used to investigate the mechanism of the 

adsorption of the inhibitors. However, the values 0
ads

G  were calculated according to the 

following Equation 10 to determine the adsorption mechanism:  

 ( )0
ads ads

ln 55.5G RT k =−  (10) 

where R – gas constant 8.314 J/mol, T – absolute temperature, 298 K, 55.5 is the molar 

concentration of water (factor 55.5 mol·L–1 was substituted with 1000 g·L–1 to meet the 

units of Kads [4]), kads is the adsorption equilibrium constant (L·g–1).  

Generally, the negative values of the 0
ads

G  indicate that the adsorption process of the 

extracted inhibitor is spontaneous and stable. Moreover, as reported in the literature, the 

absolute value of 0
ads

G ≤20 kJ/mol is regarded as a physisorption mechanism related to an 

electrostatic interaction between the positive charge molecules of the extracted inhibitor and 

the negative charge of the metal surface. On the other hand, the absolute values of  
0
ads

G ≥40 kJ/mol was regarded as a chemisorption mechanism, which involved forming a 

chemical bonding between the extracted inhibitor molecules and the metal surface through 

electron transfer or sharing Moreover, the values of 0
ads

G  between these ranges are usually 

attributed to a mixed mechanism, which is sometimes called physiochemiosorption [35, 36]. 

The 0
ads

G  values in this work was (–23.958 kJ/mol) for C. siliqua pulp extract, manifesting 

the adsorption of C. siliqua pulp extract on the surface of mild steel is related to physical 

adsorption.  

4. Conclusions 

The inhibition performance, as well as the related mechanism of C. siliqua pulp extract for 

mild steel protection in 1 M HCl, have been studied, and the following are major 

conclusions: 

1. C. siliqua pulp extract is an effective corrosion inhibitor for mild steel with carbon content 

(C: 0.08–0.12) in 1 M HCl. The maximum inhibition efficiency obtained was 92.35% at 

a concentration of 800 ppm at room temperature. Therefore, the efficiency of the pulp 

extracts is comparable to that obtained by other researchers from seed extracts for steel 

with a carbon content of 0.157% which was approximately 95% at 100 mg/L [18]. 

2. Potentiodynamic polarization tests suggest that C. siliqua pulp extract acts as a mixed-

type inhibitor, and the cathodic impact is predominated.  
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3. The weight loss test results demonstrate that C. siliqua pulp extract efficiency increase 

with concentration and immersion time.  

4. The adsorption mechanism for C. siliqua pulp extract on the mild steel surface follows the 

Langmuir adsorption isotherm.  

5. The 0
ads

G  values indicate that the C. siliqua pulp extract adsorption process is 

spontaneous and stable, and it is adsorbed on the mild steel surface by physical adsorption.  
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