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Abstract 

This study explores the inhibitory properties of Schinus Terebinthifolius fruits essential oil 

(STFEO) on the corrosion of E24 carbon steel in a 1 M hydrochloric acid solution. Essential oil 

extracted from the fruits of Schinus Terebinthifolius (STF), underwent testing at various 

concentrations and temperatures through a range of methods, including utilizing weight loss 

measurements and electrochemical techniques, adsorption isotherms, and scanning electron 

microscopy (SEM). An inhibition efficiency of 90.64%, 88.36%, and 86.33% was attained when 

employing 1 g/L of STFEO in weight loss assessments, polarization experiments, and EIS 

evaluations, respectively. Observations indicated that elevating the inhibitor concentration 

improved its inhibitory effectiveness while raising the temperature diminished its inhibitory 

performance. The findings indicate that STFEO functions as a mixed-type inhibitor with a 

preference for the anodic effect. The STFEO adsorption adhered to the Langmuir model, and 

the free energy of adsorption data registered a value of –33.70 kJ/mol, signifying a physical and 

chemical adsorption process. Examination of the metal surface of E24 steel via SEM/EDS 

reveals the development of an inhibitory film acting as a protective barrier against corrosion, in 

a 1 M HCl acid solution. 
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1. Introduction 

E24 carbon steel is a widely used material due to its high availability, resistance to metallic 

degradation, and cost-effectiveness [1, 2]. It can be found in various everyday items and is 
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extensively used in industrial applications. However, like all metals, E24 steel is susceptible 

to corrosion, particularly in acidic environments like hydrochloric acid [3–6]. Consequently, 

corrosion poses a significant challenge in most industrialized nations [7, 8], resulting in 

annual economic losses amounting to hundreds of billions of dollars [9]. The substantial 

economic impact of corrosion has motivated scientists to develop corrosion inhibitors for 

acidic environments to mitigate or delay the corrosive effects on metals  

[10–15]. Many organic acid inhibitors are known to be effective for a range of metals and 

alloys [16–20]. However, these inhibitors often have adverse effects on both human health 

and the environment, highlighting the importance of exploring environmentally friendly 

alternatives. 

Over the past decade, researchers have been increasingly focusing on the potential use 

of green inhibitors [21, 23]. These inhibitors’ anti-corrosion properties attributed to their 

various active components, such as essential oils, exhibit moderate to high inhibitory 

efficiencies, ranging from 55% to over 90%, in acidic environments [24–27]. 

Schinus Terebinthifolius (STF) is a compact tree, typically standing between 3 to 

10 meters in height, although occasionally it can reach up to 15 meters, with a trunk diameter 

ranging from 10 to 30 centimeters, and in some cases, as wide as 60 centimeters. This tree 

belongs to the Anacardiaceae family and is just one of the 873 species spread across 

81 genera within this family. Native to regions including Brazil, Argentina, Paraguay, and 

Uruguay, STF has now established itself in various other countries, often thriving in open 

areas. It’s commonly found along the edges of forests and on the banks of rivers. The tree 

produces small flowers, and its fruits often exhibit eccentric styles, with many of them being 

somewhat flattened and containing a single seed, known as drupes [28]. 

STF is sensitive to frost and thrives in tropical or subtropical climates, where it prefers 

moist conditions. Remarkably, it demonstrates a reasonable tolerance for both shade and 

drought [29]. 

In the context of environmental protection and the use of Moroccan flora, this study 

examines the potential of essential oil extracted from the STF tree to protect E24 steel from 

corrosion in a 1 M HCl (hydrochloric acid) environment, using weight loss measurements, 

electrochemical techniques, adsorption isotherms and scanning electron microscopy (SEM). 

2. Material and Methods 

2.1. Plant material 

The STF was harvested from the region of Rabat (34°01′53.34″) in the period of February–

March. Afterward, these fruits were dried at room temperature for several days. 

2.2. Extraction of essential oil 

The essential oil used in this research was obtained from the STF through an extraction 

process employing a Clevenger-type apparatus [30]. Initially, 100 grams of STF were 

crushed and deposited into a 1 L flask. This latter was then subjected to heating for 6 hours 
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to ensure the complete collection of the essential oil. The resulting mixture, comprised of 

essential oil and water, was subsequently dehydrated and preserved in opaque bottles. The 

yield of the obtained essential oil was 2.14±0.04%. 

2.3. Electrodes and chemicals and test solution 

Corrosion testing procedures involved electrochemical measurements conducted on E24 

carbon steel sheet electrodes, each possessing a surface area of 0.78 cm² and a chemical 

composition specified by weight percentage as follows in Table 1. 

Table 1. The chemical composition of E24 steel. 

C% Si% P% S% Ti% Co % Cr% Mn% Fe% 

0.11 0.24 0.021 0.16 0.011 0.009 0.077 0.47 99.046 

The experiments were conducted in a corrosive hydrochloric acid medium, prepared by 

diluting 37% HCl with distilled water. The essential oil concentrations employed in this 

study ranged from 0.25, 0.5, 0.75, to 1 g/L. Additionally, the temperature was varied within 

the range of 293 to 323 K. For each experiment, E24 steel specimens were accurately 

weighed and immersed in beakers containing 50 mL of acid solutions. These solutions were 

prepared both without and with varying concentrations of STFEO, and the temperature was 

meticulously maintained using a water thermostat throughout a 5-hour immersion period. 

After each experiment, the E24 steel samples were polished to achieve a smooth surface. 

This polishing process involved the use of different grades of emery paper, namely 600, 800, 

1500, and 2000. 

2.4. Mass loss 

The gravimetric measurements were conducted within a double-walled glass cell that 

featured a thermostatically controlled condenser. The E24 carbon steel samples employed in 

these experiments were square, measuring 1×1×0.2 cm. They underwent abrasion using 

different grades of emery paper (600-800-1500-2000) and were subsequently thoroughly 

cleaned with both distilled water and acetone. Following precise weighing, these samples 

were immersed for a 24-hour duration at 293 K and maintained through the use of a water 

thermostat. They were placed in beakers containing 100 mL of acid solutions, both without 

and with varying quantities of STFEO. This gravimetric testing procedure was repeated three 

times under identical conditions. 

The corrosion rates (CR) of the E24 steel and the inhibition efficiency (IECR%) were 

calculated from the measured mass loss using the following equations [31]: 

 
W

CR
S t





 (1) 
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where the weight loss (W) is measured in grams, immersion time (t) is recorded in hours, 

while S is the exposed area of the sample in cm2. The corrosion rates in the absence and 

presence of the STFEO are represented by 0
corrCR  and inh

corrCR , respectively. 

2.5. Electrochemical measurements 

At room temperature, EIS measurements were carried out in both blank solutions and 

inhibited test solutions containing various concentrations of STFEO bases, which were also 

utilized for weight loss measurements. The experiments were conducted over a frequency 

range spanning from 10 kHz to 0.01 Hz, utilizing a signal amplitude of 10 mV peak to peak, 

all at the corrosion potential. Z-view software automatically managed the experimental 

measurements, and Nyquist plots were used to display the impedance figures (Zreal vs. Zimg), 

Bode Modulus, and Phase Angle plots. Double-layer capacitance (Cdl) and charge transfer 

resistance (Rct) have been determined using data from Z-view software. Inhibition 

efficiencies were calculated by the following Equation [32]; 

 
inh 0
p p

RP inh
p

% 100
R R

IE
R


   (3) 

where inh
pR  and 0

pR  exhibit the charge transfer resistance in the existence and non-existence 

of STFEO, respectively. 

Potentiodynamic polarization measurements were conducted followed by 

electrochemical impedance spectroscopy (EIS) studies. The same instrument setup was 

employed for both polarization measurements, and a scan rate of 1 mV/s was applied.  

Polarization curves were generated by altering the electrode potential within the range 

of –800 to –100 mV (SCE vs. OCP). Various corrosion kinetic parameters, including 

corrosion potential (Ecorr), corrosion current density (icorr), as well as the anodic and cathodic 

Tafel slopes (ba and bc, respectively), were determined by extrapolating the linear Tafel 

segment to Ecorr from the Tafel polarization curve. the Equation 4 was used to calculate the 

inhibition efficiencies [33]: 

 
0 inh
corr corr

PDP 0
corr

% 100
i i

IE
i


   (4) 

where inh
corri  and 0

corri  represent the corrosion current density with and without STFEO, 

respectively.  

2.6. Surface analysis by scanning electron microscope 

A Quanta 200 FEI Company scanning electron microscope was used to examine the surface 

of E24 carbon steel samples in both the absence and presence of STFEO. The employed 
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accelerating beam has a 20 kV energy. The equipment is outfitted with a backscattered 

electron detector and an entire X-ray microanalysis system (EDS detector). 

3. Results and Discussion  

3.1. Mass loss 

The effect of different STFEO concentrations on E24 carbon steel corrosion in 1 M HCl 

solution was evaluated using weight loss measurements at 293 K after 24 hours of 

immersion, and the results are shown in Table 2. The corrosion inhibition efficiency (IECR) 

was then calculated from the obtained corrosion rate (CR) values using Equation 1. 

Table 2. Corrosion parameters obtained from weight loss measurements of E24 steel at various 

concentrations of STFEO in 1 M HCl at 293 K. 

STFEO, g/L CR, mg/cm2·h IECR, % 

0 1.78 – 

0.25 0.41 77.23 

0.5 0.29 83.84 

0.75 0.20 88.92 

1 0.17 90.64 

Table 2 illustrates the quantitative data, showing a remarkable increase in inhibition 

efficiency with increasing STFEO concentration at 293 K. In the absence of an inhibitor, the 

CR of E24 steel was 1.78 mg/cm2·h. At 1 g/L of STFEO, the CR is equal to 0.17 mg/cm2·h, 

a significant decrease in corrosion rate was observed. This concentration-dependent decrease 

in weight loss underlines the inhibitory effect of STFEO on mild steel corrosion in 

hydrochloric acid. The experimental results show that STFEO inhibits corrosion, reduces the 

corrosion rate, and increases the inhibition efficiency [34–37]. Notably, STFEO exhibited a 

remarkable inhibition efficiency, reaching 90.64% at a concentration of 1 g/L over a 24-hour 

exposure period. 

3.2. Polarization results 

3.2.1. OCP 

Figure 1 illustrates the changes in the open circuit potential (E) over a 60-minute immersion 

period of E24 steel in a 1 M HCl acid solution at 293 K. These changes are observed in both 

the presence and the absence of various concentrations of STFEO. 
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Figure 1. Evolution of the open circuit potential (OCP) as a function of exposure time of E24 

steel in a 1 M HCl solution in the presence and absence of different concentrations of STFEO 

at 293 K. 

The results indicate that as the inhibitor concentration increases, the potential decreases. 

The presence of the STFEO in the solution causes a shift in the curve towards the negative 

potential direction. This shift signifies that the inhibitor influences cathodic reaction, and it’s 

noteworthy that the value of the corrosion potential (Ecorr) remains relatively stable over time. 

In summary, Figure 1 demonstrates that the inhibitor has a noticeable impact on the 

cathodic corrosion process, leading to a decrease in the potential and suggesting its 

effectiveness in mitigating corrosion in the studied environment. Additionally, the stability 

of the corrosion potential over time suggests the inhibitor’s enduring protective effects. 

3.2.2. Concentration effect  

Figure 2 depicts the catholic and anodic polarization curves of E24 steel produced in 1 M 

HCl solution in the presence and absence of different concentrations of STFEO, at 293 K. 

These measurements serve to elucidate how STFEO affects the corrosion behavior of 

E24 steel in the studied 1 M HCl solution. The inhibitory efficiency IEPDP% was estimated 

using Equation 4. 

The addition of STFEO at varied doses marginally shifts the corrosion potential (Ecorr) 

towards anodic potentials, demonstrating the mixed nature of the inhibitors examined. The 

values of the limiting current density are lower for anodic potentials than those predicted by 

the inhibitor-free solution. However, increasing the concentration of inhibitor causes a 

considerable decrease in current density in the cathodic domain. This shows that STFEO had 

an effective protective effect against metal corrosion. Its extent is proportional to the 

concentration of the inhibitor, indicating that as the concentration grows, the protective 

characteristics of the produced film improve. 
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Figure 2. Potentiodynamic polarization curves of E24 steel in 1 M HCl in the presence and 

absence of different concentrations of STFEO at 293 K. 

Table 3 provides comprehensive data, including corrosion potential (Ecorr), corrosion 

current densities (icorr), and inhibition efficiencies (IEPDP). 

Table 3 demonstrates how adding the inhibitor to the investigated medium reduces 

corrosion current densities (icorr), which will be equal to 20.35 μA/cm2 for a concentration of 

the inhibitor of 1 g/L, which suggested an increase in inhibition efficiency to 88.36%. This 

finding implies that the STFEO can successfully prevent the electrode from dissolving in a 

1 M HCl solution [38, 39]. 

Table 3. Electrochemical parameters of E24 steel at 293 K and different concentrations of STFEO in 1 M 

HCl. 

STFEO, g/L Ecorr, mV/SCE icorr, μA/cm2 IEPDP, % 

0 –488 174.8 – 

0.25 –477 43.14 75.32 

0.5 –471 30.63 82.48 

0.75 –461 23.63 86.29 

1 –454 20.35 88.36 

3.2.3. Temperature effect 

Figure 3 depicts polarization curves for steel E24 at various temperatures in the presence and 

absence of 1 g/L of STFEO. 

Analysis of this figure reveals that while the temperature increase does not affect the 

overall appearance of the anodic and cathodic curves, it does cause a shift in the corrosion 

potential towards more negative values and an increase in the corresponding corrosion 

current density. 
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Figure 3. Polarization curves relating to the behavior of E24 steel at different temperatures 

without and with a 1 g/L of STFEO concentration. 

Table 4 shows the effect of temperature on the electrochemical parameters that 

characterize the behavior of E24 steel in a 1 M HCl solution without and with 1 g STFEO, 

as calculated from the polarization curves. 

We discovered that the corrosion current density increases with increasing temperature, 

whereas the inhibition efficacy reduces when the temperature rises from 293 to 323 K. 

Table 4. Evolution of the electrochemical parameters of steel E24 as a function of the temperature in the 

absence and the presence of 1 g at STFEO. 

STFEO, g/L T, K Ecorr, mV/SCE icorr, μA/cm2 IE, % 

0 

293 –488 174.8 – 

303 –476 234.7 – 

313 –473 341.7 – 

323 –466 735.6 – 

1 

293 –454 20.35 88.36 

303 –455 40.72 82.65 

313 –466 69.74 79.59 

323 –474 190.37 74.12 

The thermodynamic analysis demonstrates the calculation of thermodynamic 

parameters and evaluates the efficacy of corrosion inhibition. Figure 4a and b show 

Arrhenius plots and ln(icorr/T) versus 1000/T of E24 steel in a 1 M HCl solution without and 

with 1 g/L of STFEO at 293–323 K.  
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Table 5 shows the thermodynamic results for the activation activity as well as the 

predicted values of the standard activation energy (Ea), entropy (ΔHa), and enthalpy (ΔSa), 

which were calculated using the equations: 

 a
corrln( ) ln

E
i A

RT
    (5) 

 a a
corr exp( )exp( )

S HRT
i

Nh R RT

 
   (6) 

where R is the gas constant; A is the Arrhenius pre-exponential factor, N is the Avogadro 

number, T is the absolute temperature and h is the Plank constant.  

 
Figure 4. Arrhenius (a) and ln(icorr/T) (b) plots as a function of 1000/T in a 1 M HCl solution 

in the absence and the presence of 1 g/L of STFEO at different temperatures. 

Table 5. Activation parameters for the E24 steel dissolution in 1 M HCl in the absence and the presence of 

1 g/L STFEO. 

System Ea, kJ/mol ΔHa, kJ/mol ΔSa, kJ/mol 

Blank 36.61 34.05 -86.53 

1 g/L STFEO 56.82 54.26 -35.06 

Table 5 illustrates that the Ea values for the blank solution and STFEO (1 g/L) are 36.61 

and 56.82 kJ/mol, respectively. This observation can be attributed to the formation of a 

protective layer on the metal surface [40]. Furthermore, the endothermic nature of the 

dissolution process is indicated by the positive sign of the activated enthalpy, represented by 

ΔHa (i.e., blank solution = 34.05 kJ/mol and STFEO 1 g/L = 54.26 kJ/mol). As Table 5 

shows, this process slows down steadily when STFEO is added. Similarly, in the presence 

of STFEO, the ΔSa value is negative (–35.06 kJ/mol). This indicates that the mobility of our 

compound within the inhibited solution is reduced [41]. It is important to note that the 

activated complex in the rate-determining phase indicates an association rather than a 

dissociation step, resulting in the fixation of the disorder. These predicted thermodynamic 
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properties indicate that the adsorption of BTMS onto the E24 steel surface occurs 

spontaneously. 

3.3. Electrochemical impedance spectroscopy (EIS) 

3.3.1. Concentration effect 

Figure 5 depicts the graphs for Nyquist, Bode modulus, and Phase Angle for E24 carbon 

steel in a 1 M HCl solution at 293 K, both in the absence and presence of STFEO at various 

concentrations. These impedance spectra display a common feature of a single depressed 

semicircle (single loop), indicating a connection between the charge transfer mechanism and 

the corrosion process [24, 25]. The depression observed in the Nyquist semicircles may 

result from factors such as frequency dispersion, surface inhomogeneities and roughness, 

and the transport phenomena of substances [26, 27]. 

The Nyquist diagrams reveal similar patterns in both the presence and the absence of 

the inhibitor, implying that the introduction of STFEO does not alter the corrosion 

mechanism significantly. However, it’s noteworthy that the semicircle diameters are notably 

larger in the presence of STFEO compared to the uninhibited solution, and this enlargement 

is more pronounced with increasing inhibitor concentration. The occurrence can be ascribed 

to the development of a protective film on the exterior (surface) of the E24 steel, leading to 

a reduced corrosion rate [28]. 

 

 
Figure 5. Nyquist, Bode modulus, and phase angle plots of E24 steel in 1 M HCl solution in 

the absence and presence of different concentrations of STFEO at 293 K. 
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Figure 6. Electrical equivalent circuit used to simulate EIS data for the E24 steel corrosion in 

1 M HCl solution: without (a) and with STFEO (b). 

The spectra obtained without the inhibitor were matched by an equivalent electrical 

diagram including a Rct – CPEdl circuit [42] (Figure 6a), however, the presence of the STFEO 

required the addition of a second Rf – Cf (Figure 6b) to model the acquired results [43]. In 

these equivalent electric circuits, constant phase elements (CPEs) are used instead of pure 

capacitors to account for the deviations of experimental EIS semicircles caused by surface 

inhomogeneity caused by surface roughness and impurities, inhibitor adsorption and 

electrode discontinuity, and so on [44]. The impedance of the CPE is described by the 

Equation 5 [45]: 

 CPE
0

1

( )
Z

y jw   (7) 

where w represents the angular frequency and j represents the imaginary root. 

The following Equation is used to determine the double-layer capacitance using 

parameters acquired by fitting EIS spectra [46]: 

  
1/

1
p0dl

n
nC y R   (8) 

Table 6 lists the various impedance parameters determined by the Nyquist plots. The 

efficacy of inhibition (IEEIS%) is calculated using the Equation 3. 

Table 6. Parameters associated with E24 steel impedance diagrams in 1 M HCl at different concentrations 

of STFEO. 

STFEO, 

g/L 
Rs, Ω·cm2 Rf, Ω·cm2 Cf, µF/cm2 Rct, Ω·cm2 Cdl, µF/cm2 IEEIS, %  

0 1.92 – – 31.14 511.08 – – 

0.25 1.95 – – 126.7 125.6 74.20 0.7420 

0.5 1.86 21.13 7.531 143.11 11.2 78.24 0.7824 

0.75 1.66 26.69 5.962 167.91 94.8 81.45 0.8145 

1 1.57 30.76 5.173 220.54 72.2 86.33 0.8633 
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From the results shown in Table 6, it can be deduced that increasing the inhibitor 

concentration tested results in a decrease in Cdl, which is connected to the adsorption of 

STFEO molecules, increasing the thickness of the film, formed on the surface of the working 

electrode and therefore a decrease in the degradation of the metal as well as a delay in the 

release of hydrogen evolution [33]. 

In the presence of STFEO, the resistance values of the film rise with increasing inhibitor 

concentration, from 21.13 Ω·cm2 (0.5 g of STFEO) to 30.76 Ω·cm2 (1 g of STFEO). 

Capacity values, on the other hand, fall from 7.53 to 5.17 µF/cm2. They are too tiny and are 

mostly due to the creation of an inhibitory layer on the metal’s surface. At low frequencies, 

the transfer resistance rises to 220.54 Ω·cm2 for a 1 g concentration of STFEO. 

The efficacy of inhibition rises as the concentration of the inhibitor rises. It is equivalent 

to 86.33% for 1 g of STFEO. This result is comparable to what be achieved using 

potentiodynamic measurements. 

3.3.2. Adsorption isotherm 

The adsorption isotherm can give fundamental details about how the inhibitor interacts with 

the E24 carbon steel surface. The Langmuir model is the most suitable and, thus, the best 

descriptor for the adsorption of STFEO on the E24 steel surface [38]. 

 inh
inh

ads

1

θ

C
C

K
   (9) 

Cinh represents the inhibitor concentration, while Kads is the adsorption process’s 

equilibrium constant. The following equation [34] describes how Kads relate to the standard 

free energy of adsorption. 

 0
ads ads

ln( 999)G RT K     (10) 

where T is the absolute temperature and R is the gas constant. The value of 999 is the 

concentration of water in solution in g/L. 

 
Figure 7. Langmuir’s isotherm adsorption model of STFEO on the E24 steel surface in 1 M 

HCl at 293 K. 
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From Table 7, the negative value of the free enthalpy of adsorption 0
ads

G  indicates that 

the tested inhibitor adsorbs spontaneously on the metal surface; thus, the value of 0
ads

G  

equals –33.70 kJ/mol, indicating that the STFEO adsorption mechanism on E24 steel in 1 M 

HC1 solution is both physisorption and chemisorption with a chemical [47]. 

Table 7. Adsorption coefficient values K and 0

adsG  for different concentrations of STFEO in 1 M HCl. 

Inhibitor K R2 
0

ads
G , kJ/mol 

STFEO 0.144·105 0.99 –33.70 

3.3.3. Immersion time 

Figure 8 illustrates the progression of the electrochemical impedance diagrams at the 

corrosion potential for 1 g/L of STFEO with respect to the duration of immersion in a 1 M 

HCl solution, while Table 8 summarizes the electrochemical parameters determined from 

the EIS curves. The electrochemical impedance diagrams exhibit an identical shape to those 

derived from the STFEO concentration effect, as shown in the figure. The charge transfer 

resistance rises with immersion time, peaking at 445.07 Ω·cm2 after 24 hours. These 

findings suggest that the inhibitory property of STFEO stems from the creation of an 

extraordinarily resistant protective barrier on the E24 carbon steel surface, which prevents 

corrosion. 

 

 
Figure 8. Nyquist, Bode modulus, and phase angle plots of E24 steel in 1 M HCl solution 

containing an optimal concentration of STEFEO at various immersion times at 293 K. 
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Table 8. Impedance parameters for E24 steel in 1 M HCl with 1 g/L of STFEO depending on the duration 

of immersion. 

Time, h Rs, Ω·cm2 Rf, Ω·cm2 Cf, µF/cm2 Rct, Ω·cm2 Cdl, µF/cm2 

0.5 1.985 26.41 6.026 155.89 137.9 

2 1.655 39.12 4.067 283.68 88.64 

4 1.439 41.69 3.817 383.81 65.52 

24 1.269 55.63 2.860 445.07 56.50 

4. SEM/EDX Surface Study 

Figure 9 shows the surface condition of the E24 carbon steel, observed by SEM analysis, 

after 24 hours of immersion in 1 M HCl solution alone (a) and with 1 g/L of STFEO (b). The 

existence of rust on the surface of the E24 steel (a kind of sting) clearly shows that the 

electrode has undergone corrosion. In contrast, in the presence of STFEO, the surface of the 

E24 steel immersed in HCl 1 M, has been covered by a protective film that shields it from 

corrosion, confirming the inhibitor’s potential to prevent E24 deterioration. 

  
Figure 9. Micrographs showing E24 steel without inhibitor (a) and with 1 g STFEO (b) after 

24 hours of immersion in 1 M HCl solution. 

The EDX spectrum in 1 M HCl reveals typical peaks of certain chemical elements (iron, 

oxygen, and chlorine), implying the development of iron oxide/hydroxide on the metal 

surface. Because of the adsorbed inhibitor layer covering the E24 surface, the presence of 

the STFEO inhibitor implies an increase in oxygen levels. 
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Figure 10. EDX spectra of E24 steel without inhibitor (a) and with inhibitor 1 g/L of 

STFEO (b) in 1 M HCl solution after 24 hours of immersion. 

5. Conclusion 

The key findings of this study can be summarized as follows: 

1. The STFEO shows promising potential as an environmentally friendly, 

biodegradable inhibitor for mitigating E24 carbon steel corrosion in 1 M 

hydrochloric acid solutions. As confirmed by all experimental evaluations, its 

inhibition efficiency increases with concentration, reaching 88% at a 

concentration of 1 g/L. 

2. Potentiodynamic polarization findings indicate that an increase in temperature 

leads to a decrease in inhibition efficiency and the curves suggest that STFEO 

primarily functions as a mixed-type inhibitor with a predominant anodic effect. 

3. The EIS findings demonstrate that the inclusion of STFEO leads to a decrease in 

the Cdl value and Ecorr an increase in the Rct value, suggesting its adsorption at the 

interface between the metal and electrolyte. 

4. The negative 0
ads

G  value confirms the spontaneous nature of the adsorption 

process and the stability of the adsorbed double layer on the metal surface and its 

absolute value underscores that the interactions between the inhibitor and the 

metal surface are physicochemical, indicating mixed adsorption. 

5. Electrochemical impedance spectroscopy (EIS) studies reveal that STFEO reduces 

the corrosion rate by enhancing the charge transfer resistance within the system. 

The equivalent circuit model effectively fits the EIS data and incorporates a 

constant phase element. 
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6. The consistency observed between gravimetric, potentiodynamic polarization, and 

EIS measurements strengthens the reliability of these conclusions. 

7. The adsorption of STFEO molecules follows the Langmuir adsorption isotherm 

model. Additionally, SEM examination confirms the presence of a protective film 

adsorbed on the metal surface. 

These findings collectively underscore the potential of STFEO as a sustainable and 

effective corrosion inhibitor for E24 steel in hydrochloric acid environments. 
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