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Abstract 

This study explores the effectiveness of geranium essential oil (GEO) as an environmentally 

sustainable corrosion inhibitor for XC48 carbon steel in a 1 M HCl solution. The chemical 

composition of GEO, characterized by GC/FID, identified geraniol (19.53%) and β-citronellol 

(17.25%) as the main components. Electrochemical analyses, including potentiodynamic 

polarization (PDP) and electrochemical impedance spectroscopy (EIS), indicated that GEO 

functions as a mixed-type inhibitor, achieving a maximum inhibition efficiency of 89.82% at a 

concentration of 2.0 g/L. Gravimetric analysis further showed a significant decrease in 

corrosion rate with increasing GEO concentration, though inhibition efficiency declined at 

elevated temperatures (298–328 K), likely due to the desorption of inhibitor molecules from 

the steel surface. Activation energy (Ea) values increased with GEO concentration, suggesting 

the formation of a physical adsorption layer that hinders corrosion. Positive activation 

enthalpy (ΔH*) values confirmed the endothermic nature of the steel dissolution process, 

while increased entropy (ΔS*) with GEO concentration pointed to enhanced system disorder 

due to water displacement on the surface. Computational modeling provided additional 

insights, with quantum chemical calculations pointing to (E)-citral and citronellyl tiglate as 

particularly reactive constituents based on favorable electronic properties. Monte Carlo 

simulations corroborated these findings by highlighting strong interactions between specific 

GEO molecules, such as β-citronellol and α-costol, and the steel surface. The results confirm 

that GEO offers a promising eco-friendly alternative to conventional corrosion inhibitors. 
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1. Introduction 

Steel is widely used in various industries due to its exceptional properties and high 

resistance in different environments. However, in certain industrial processes involving 

acidic conditions, carbon steel is susceptible to corrosion. To mitigate this problem, 

effective protection strategies must be implemented. There are several methods of 

preventing corrosion, but many of them are very costly. Among these, the use of corrosion 

inhibitors is a cost-effective and efficient solution for minimizing corrosion damage. 

In recent years, plant extracts have received particular attention as environmentally-

friendly corrosion inhibitors for metals in a variety of environments [1–4]. These natural 

extracts contain bioactive compounds, which can adsorb onto metal surfaces, forming a 

protective layer that reduces corrosion [5, 6]. Extensive research has demonstrated the 

effectiveness of plant-based inhibitors in various corrosive environments, making them a 

promising alternative to synthetic inhibitors, which are often associated with 

environmental concerns and high production costs [7–9]. According to the literature, the 

corrosion-inhibiting properties of plant derivatives are mainly attributed to their rich 

composition of bioactive molecules. Compounds such as saponins, phenolic components, 

polysaccharides, proteins and various organic molecules containing heterocyclic structures 

or electronegative atoms such as nitrogen (N), oxygen (O) and sulfur (S) play a crucial role 

in metal protection. These components, which possess π-electrons and functional groups 

capable of interacting with metal surfaces, facilitate the formation of an adsorbed 

protective layer. This adsorption mechanism significantly reduces metal degradation in 

corrosive environments, reinforcing the potential of plant-based inhibitors as a durable and 

effective solution for corrosion control. 

The aim of this research is to investigate the efficacy of GEO as a green corrosion 

inhibitor for XC48 carbon steel in acidic environments. The study combines 

electrochemical methods with computational modeling to evaluate the inhibitory properties 

of the essential oil on the corrosion process. By analyzing the interaction between the 

bioactive compounds in the essential oil and the steel surface, both experimentally and 

theoretically, we aim to understand the mechanisms involved and assess its potential as an 

eco-friendly alternative to conventional chemical inhibitors. 

2. Materials and Methods  

2.1. Steel composition and aggressive solution 

In this study, the working electrode was made from XC48 carbon steel with the chemical 

composition presented in Table 1. The cylindrical electrode was covered with Teflon, 

leaving a surface area of 0.5 cm2 exposed to the test solution for electrochemical 

measurements. Rectangular carbon steel coupons (25×10×10 mm3) were used for 

gravimetric tests. All experiments were carried out in triplicate in aerated, stagnant 

solutions at the desired temperature. Before each measurement, the carbon steel electrode 
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was polished with Sic paper up to 1500 grit, washed with distilled water and dried. The 

1 M HCl solution was prepared by diluting reagent-grade concentrated HCl (37%) with 

double-distilled water. 

Table 1. Chemical constituents of XC48 carbon steel. 

Elements C Si Mn Ni Cr P S Mo Fe 

Percentage 0.46 0.23 0.64 0.19 0.09 0.014 0.010 0.02 98.346 

2.2. Characterization of the GEO 

The GEO was analyzed using gas chromatography on a Clarus 580 PerkinElmer GC 

system, coupled with a flame ionization detector (FID). A RESTEK column (60 m, 

0.25 mm ID, 0.25 µm) was used for the analysis.  

2.3. Electrochemical measurements 

The electrochemical behavior of XC48 carbon steel in the hydrochloric acid was studied 

using potentiodynamic polarization (PDP) and electrochemical impedance spectroscopy 

(EIS). A conventional three-electrode configuration was employed, with a saturated calomel 

electrode (SCE) serving as the reference electrode, a platinum plate as the counter electrode, 

and the XC48 carbon steel as the working electrode. The experiments were performed using 

a PGZ100 potentiostat/galvanostat controlled by Voltamaster 4. Before each test, the XC48 

steel electrode was immersed in the test solution for 30 minutes to allow stabilization of the 

open circuit potential (OCP) at a temperature of 298 K. PDP measurements were taken at a 

scan rate of 1 mV/s, within a potential range of –800 to –200 mV. EIS tests were conducted 

with a frequency range of 100 kHz to 10 mHz and a signal amplitude of 10 mV. The EIS 

data were adjusted and analyzed using EC-LAB software. 

2.4. Weight loss measurements 

The XC48 steel samples with dimensions of 25×10×10 mm3 were weighed and 

immersed in hydrochloric acid for 24 hours, both with and without varying 

concentrations of GEO. The experiments were conducted across a temperature range of 

298–328 K. After 24 hours of exposure, the samples were removed from the test 

solutions, and corrosion products were carefully removed using a sharp brush. The 

samples were then washed with distilled water and acetone, dried, and reweighed using a 

precision balance to assess the corrosion rate. 

2.5. Computational considerations  

2.5.1. Molecular quantum descriptor 

All calculations were conducted using the 2020 version of Materials Studio Software [10]. 

The computational study began with the optimization of the molecules using Density 
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Functional Theory (DFT). To better understand the molecular mechanisms underlying 

corrosion inhibition, various quantum parameters of the constituents in GEO were 

calculated. These parameters included the energies of the Highest Occupied Molecular 

Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO), the electronic 

energy gap (Δε), as well as absolute electronegativity (χ), hardness (η), and softness (σ). 

The calculations were performed based on Koopmans’ theorem via the following 

relationships as previously reported in literature [11–13]. 

Table 2. Quantum parameters.  

The quantum parameters Calculation equation 

The highest occupied molecular orbital HOMOεI = −  

The lowest unoccupied molecular orbital LUMOεA = −  

The electronic gap LUMO HOMOε ε ε = −  

The absolute electronegativity 
LUMO HOMO

i

ε ε
χ μ

2

+ 
= − = − 

 
 

The absolute hardness 
LUMO HOMOε ε

η
2

−
=  

The softness 
LUMO HOMO

1 2
σ

η ε ε
= =

−
 

The fraction of electrons transferred N in the 

interaction of mild steel and the GEO 
( )

Fe inh

Fe inh

χ χ

2 η η
N

−
 =

+
 

where Fe = 7 eV·mol–1 and Fe = 0 eV·mol–1 [14] 

The electrophilicity index expresses the ability of 

an electrophile to acquire an electronic charge 

2χ
ω

2η
=  

2.5.2. Monte Carlo simulations 

Monte Carlo simulation can efficiently predict the adsorption behavior under different 

environmental conditions, thereby helping to understand the inhibitor’s effectiveness in 

preventing corrosion [15]. This technique is particularly useful for identifying how factors 

like molecular structure and surface properties influence the interaction between the 

inhibitor and the metal, leading to more accurate predictions of corrosion inhibition 

performance. In the present work, we perform a geometric optimization, for each molecule 

contained in GEO, using the Forcite module in Materials Studio software [10]. 

Subsequently, the adsorption energy of the interaction between all molecules and the iron 

surface, specifically the Fe (110) surface, is calculated using the adsorption Locator 
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module. The Fe (110) surface was selected for its stability [16] during the simulation in the 

gas phase. For the aqueous phase, a water molecule is introduced into the simulation 

through the adsorption Locator module. 

3. Results and Discussions  

3.1. Chemical composition of the GEO 

The results of the characterization of GEO by GC/FID are summarized in Table 3. 

Table 3. Chemical composition of the GEO. 

Molecule 
2D structure 

of compound 

Percentage 

% 
Molecule 

2D structure 

of compound 

Percentage 

% 

α-pinene 

C10H16 

 

1.62 
Germacrene D 

C15H24 

 

0.24 

Linalol 

C10H18O 
 

9.01 
Viridiflore 

C15H27NO4 

 

0.62 

Cis-rose 

oxide 

C10H18O 
 

0.3 
α-muurolene 

C15H24 

 

0.5 

Trans-rose 

oxide 

C10H18O 
 

3.13 

Geranyl 

butyrate 

C14H24O2  

0.12 

Iso-

Menthone 

C10H18O 
 

8.63 

Trans-

caryophyllene 

C15H24 
 

0.38 

β-citronellol 

C10H20O 

 

17.25 

Geranyl 

propionate 

C13H22O2  

0.39 
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Molecule 
2D structure 

of compound 

Percentage 

% 
Molecule 

2D structure 

of compound 

Percentage 

% 

α-Terpineol 

C10H18O 

 

1.61 
γ-cadinene 

C15H24 

 

2.98 

Citronellol 

C10H20O 
 

8.27 

10-epi-g-

eudesmol 

C15H26O 
 

6.56 

Geraniol 

C10H18O 
 

19.53 

Citronellyl 

acetate 

C12H22O2  

0.22 

(E)-citral 

C10H16O 
 

0.53 
α-Costol 

C15H24O 

 

0.14 

Neryl 

formate 

C11H18O2 
 

0.24 

2-phenethyl 

tiglate 

C13H16O2 
 

0.36 

Nerol 

C10H18O 

 

2.09 
α-Selinene 

C15H24 

 

0.75 

Citronellyl 

formate 

C11H20O2  

7.67 

Citronellyl 

tiglate 

C15H26O2 
 

0.26 

β-

bourbonene 

C15H24 
 

1.74 
Geranyl tiglate 

C15H24O2 

 

0.87 

Geranyl 

formate 

C11H18O2  

3.21 
Citronellyl ester 

C11H20O2 

 

0.39 
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The GEO characterization reveals a complex mixture of components with varying 

concentrations. Geraniol (19.53%) and β-citronellol (17.25%) are the dominant 

constituents, which are well-known for their beneficial properties and significant roles in 

the oil’s overall effectiveness. These major components are likely to be the primary 

contributors to the oil’s potential as a corrosion inhibitor, given their known interactions 

with metal surfaces [17]. Additionally, compounds like citronellol (8.27%), iso-menthone 

(8.63%), 10-epi-g-eudesmol (6.56%) and citronellyl formate (7.67%) also can play a 

significant role in the oil's efficacy. Although many compounds are present in smaller 

quantities, such as α-pinene (1.62%) and α-terpineol (1.61%), their cumulative effect 

should not be overlooked as they may contribute to the overall inhibitory action. In order to 

explore the effect of this complex mixture of molecules on the corrosion of XC48 steel, we 

are carrying out an electrochemical study which will be confirmed by a computational 

study. 

3.2. Electrochemical measurements 

a. Potentiodynamic polarization (PDP) 

The potentiodynamic polarization technique is a valuable tool for calculating 

electrochemical parameters [17–18]. It enables oxidation or reduction reactions at the 

metal surface by generating sufficient current, as demonstrated by the polarization curves 

of the test electrode over a wide potential range. Figure 1 illustrates the semi-logarithmic 

polarization curves for mild steel in 1 M HCl solution, both with and without GEO at 

varying concentrations. These curves provide critical insights into the electrochemical 

behavior of mild steel and the corrosion inhibition properties of GEO. 

Generally, the dissolution of iron in HCl solution is primarily influenced by the 

adsorbed intermediate species (FeCl)ads, as outlined in the following reaction mechanism: 

( )
ads

Fe Cl FeCl− −+  

( ) ( ) ( )
ads adsads

FeCl FeCl FeCl FeCle e− − + −+ → +  

2FeCl Fe Cle+ − + −+ → +  

The cathodic reaction involved in this process is the generation of hydrogen gas, 

which occurs through the reduction of hydrogen ions: 

( )
ads

Fe H FeH+ ++  

( ) ( )
adsads

FeH FeHe+ −+  

( ) 2ads
FeH H Fe He+ −+ + → +  
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It is clear from Figure 1 that the carbon steel in the blank solution exhibits a corrosion 

potential (Ecorr) of –487.1 mV versus the SCE reference electrode. Both anodic and 

cathodic current densities increase due to activation mechanisms driven by overpotentials. 

Besides, the Tafel slopes reveal that anodic dissolution is increasingly suppressed with 

higher concentrations of GEO, while the cathodic hydrogen evolution reaction is also 

impacted, particularly at 1.0 g/L, where a notable change in the cathodic slope (βc) occurs 

[19, 20]. 

As the inhibitor concentration rises, its suppressive effect on both anodic and cathodic 

processes becomes more pronounced, indicating that inhibitor molecules adsorb onto 

active sites on the mild steel surface, preventing further reactions [21]. 

It is widely recognized that inhibitor molecules adsorb onto a metal surface by 

displacing one or more previously adsorbed water molecules. This process can be 

described as follows: 

2 2sol ads ads ads
Inh H O Inh H Ox x+  +  

In the above equation, Inhsol refers to the inhibitor present in the solution, whereas 

Inhads denotes the inhibitor that has adsorbed onto the surface. 

Consequently, the inhibitor molecules interact with the Fe²⁺ ions generated on the 

steel surface, forming a complex between the metal and the inhibitor. 

2Fe Fe 2e+ −→ +  

( )
2+2

ads ads
Fe Inh Fe Inh+ + → −  

Table 4 presents the electrochemical parameters derived from the PDP curves, 

including corrosion potential (Ecorr), corrosion current density (icorr), and inhibition 

efficiency (IE%). The table highlights the enhanced corrosion resistance of the system, 

demonstrating the effectiveness of GEO in reducing corrosion. The inhibition efficiency is 

calculated using the following formula [22]: 

 corr inh
PDP

corr

100
i i

E
i

−
=   (4) 

where icorr and iinh represent the corrosion current density values in the absence and 

presence of the inhibitor, respectively, both determined by extrapolating the cathodic Tafel 

lines to the corrosion potential. 

Inspection of the results presented in Table 4 shows that the corrosion potential of 

XC48 steel shifts slightly towards more negative values compared to the blank sample, 

with a displacement of less than 85 mV, confirming GEO as a mixed-type inhibitor [2–12]. 

Moreover, the corrosion current density decreases from 1.09 mA/cm2 (without inhibitor) to 

0.11 mA/cm2 at 2 g/L GEO, indicating a lower corrosion rate [4]. The inhibition efficiency 

EPDP increases significantly with concentration, reaching approximately 90% at 2 g/L [23]. 

This behavior is attributed to the molecular structure of the inhibitor and donor-acceptor 
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interactions between the empty d-orbitals of Fe atoms and the essential oil components 

[24]. However, these findings should be further validated using complementary techniques 

like Electrochemical Impedance Spectroscopy (EIS) and weight loss measurements to 

confirm the inhibitor’s performance. 

Table 4. Electrochemical parameters of XC48 steel at different concentrations of the GEO in 1.0 M HCl 

and corresponding inhibition efficiencies. 

Concentration of GEO, 

g/l 
Ecorr, mV icorr, mA/cm2 βa, mV/dec βc, mV/dec EPDP, % 

0.0 –487.1±1.7 1.090±0.008 163.3±1.2 –110.0±3.6 – 

0.5 –503.2±1.9 0.395±0.012 109.3±1.8 –122.4±2.7 63.76±0.13 

1.0 –487.5±1.7 0.346±0.005 121.4±2.2 –240.2±1.4 68.26±0.04 

1.5 –555.3±1.2 0.221±0.011 142.7±0.8 –111.7±2.8 79.72±0.13 

2.0 –535.1±0.5 0.111±0.004 103.5±0.9 –119.9±0.9 89.82±0.03 

 
Figure 1. Potentiodynamic curves for XC48 steel in 1.0 M HCl in the presence of the GEO at 

different concentrations.  

b. Electrochemical impedance spectroscopy 

EIS is a widely used, non-destructive technique that provides critical insights into the 

physical and electronic properties of electrochemical systems. In corrosion inhibition 

studies, it enables detailed analysis of the metal/solution interface. The Nyquist plots in 

this study were used to evaluate the impedance and conductivity of XC48 carbon steel in 

1 M HCl, offering valuable information about the corrosion rate and the metal’s resistance 

to corrosion [25]. Figure 2 shows the Nyquist plots, which display a single capacitive loop, 

indicating that the charge transfer process predominantly controls the corrosion mechanism 
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[26]. The consistent shape of the spectra across all concentrations suggests that the 

essential oil does not alter the corrosion mechanism of mild steel [27]. As the essential oil 

concentration increases, the surface coverage improves, leading to a larger semicircle 

diameter. Additionally, Figure 3 presents Bode plots for XC48 steel in 1.0 M HCl at 298 K, 

with and without GEO at different concentrations. The log(z) values increase progressively, 

indicating enhanced corrosion resistance. This improvement is attributed to the formation 

of a protective layer on the metal surface, where the adsorbed essential oil acts as a barrier 

against the corrosive medium [28]. The single-phase peak in the Bode phase diagrams 

suggests the presence of only one time constant, associated with the double-layer behavior 

and charge transfer process during carbon steel corrosion [2]. 

The experimental data were analyzed using the EC-Lab software and the electrical 

equivalent circuits (EEC) depicted in Figure 5. The EEC comprises key components, 

including Rs (solution resistance), Rct (charge transfer resistance), Qdl (constant phase 

element associated with the double-layer capacitance). During the fitting process, the ideal 

capacitor (Cdl) was replaced with CPE to account for the non-ideal capacitive behavior of 

the electrode, which arises from surface inhomogeneity. 

The impedance of the CPE is described by the following equation, which depends on 

Q and n parameters [29]. 

1( ω)n

CPEZ Q j−=  

Herein, Q represents the CPE constant, ω is the angular frequency, j is an imaginary 

number, n is the CPE exponent, which serves as an indicator of surface roughness of the 

metal. 

The use of the equivalent circuit allows us to determine the concerned electrochemical 

parameters as well as IE, which are listed in Table 5. The chi-square (χ2) values obtained 

after fitting are below 10–3, indicating that the difference between the fitted values and the 

experimental data is minimal, which reinforces the reliability of the selected equivalent 

circuit. 

The inhibition efficiency of GEO (EEIS) was calculated based on the charge transfer 

resistance using the following equation [30]. 

 ct,0ct,inh
EIS

ct,inh

100
R R

E
R

−
=   (5) 

where Rct,inh and Rct,0 represent the charge transfer resistance in the presence and the 

absence of the GEO. 

As the concentration of the GEO increases, there is a significant rise in charge transfer 

resistance (Rct), from 17.11 Ω·cm2 for the blank sample to 148.19 Ω·cm2 at a concentration 

of 2.0 g/L. Additionally, the double-layer capacitance (Cdl) decreases notably, from 89.63 

to 11.47 μF·cm2, which can be explained by a reduction in the local dielectric constant 

and/or an increase in the thickness of the double layer. This suggests that the essential oil 
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likely adsorbs onto the surface of the steel submerged in 1.0 M HCl [31]. Also, the slight 

deviation of the n value from unity is attributed to the constant phase element (CPE) 

deviating from ideal capacitive behavior, likely due to surface irregularities caused by the 

formation of a porous layer on the metal surface [32]. Moreover, the inhibition efficiency 

(EEIS) increases with higher GEO concentrations, reaching a maximum value of 88.45% at 

2.0 g/L. The EIS results confirm the findings obtained using PDP, demonstrating that GEO 

exhibits effective inhibitory properties. 

 
Figure 2. Nyquist plots of XC48 carbon steel in 1 M HCl for different concentrations of GEO 

at 294 K. 

 
Figure 3. Bode diagrams for XC48 steel in 1 M HCl without and with the inhibitor at various 

concentrations. 
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Figure 4. Scheme of the equivalent circuit used to fit EIS data of GEO in 1 M HCl. 

The inhibition efficiency of GEO (IEEIS%) was calculated based on the charge transfer 

resistance using the following equation [24]. 

 ct,0ct,inh
EIS

ct,inh

100
R R

E
R

−
=   (6) 

where Rct,inh and Rct,0 represent the charge transfer resistance in the presence and the 

absence of the GEO. 

Table 5. Electrochemical impedance parameters and IEeis% for XC48 carbon steel corrosion in 1 M HCl 

without and with various concentrations of GEO at 294 K. 

Concentration 

of GEO, g/l 
Rs, Ω·cm2 Rct, Ω·cm2 Cdl, μF/cm2 n χ2·10–3 EEIS, % 

0.0 1.73 17.11±0.50 89.63±0.66 0.81 0.22 – 

0.5 3.24 66.15±1.14 26.04±1.52 0.79 1.45 74.13±0.30 

1.0 3.95 83.93±1.22 20.39±0.89 0.84 0.89 79.61±0.29 

1.5 2.08 104.30±0.98 14.17±0.15 0.87 1.02 83.59±0.27 

2.0 2.22 148.19±1.36 11.47±0.21 0.81 0.73 88.45±0.23 

3.3. Weight loss 

Weight loss measurement is a widely employed technique for assessing corrosion and 

evaluating the effectiveness of corrosion inhibitors in various materials [33]. This method 

offers key insights into the corrosion rate and the performance of inhibitors by determining 

the reduction in mass of a sample due to corrosion. In the present study, weight loss 

analysis was conducted after immersing the carbon steel samples in a 1 M HCl solution for 

24 hours. The inhibition efficiency of GEO (EW) was calculated as follows [34]:  

 0 inh
W

inh

100
W W

E
W

−
=   (7) 

 ab
R 100

W W
C

At

−
=   (8) 
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where W0 and Winh correspond to the corrosion weight losses of the mild steel in the 

absence and presence of the inhibitor. The variables Wb and Wa represent the weight of the 

specimen before and after immersion in the test solution, respectively. A is the total surface 

area of the carbon steel specimen (in cm2), and t present the exposure time (in hours). The 

obtained results are calculated and presented in Table 6.  

The data presented in Table 6 show that GEO exhibited exceptional inhibition 

efficiency in protecting XC48 steel from corrosion in this environment. The untreated steel 

samples, represented in the blank column, had a corrosion rate (CR) of 1.542 mg/(cm2·h). 

However, the inhibited samples by GEO at concentrations ranging from 0.5 to 2 g/l 

displayed a marked reduction in corrosion rates, with the lowest CR observed at 2 g/l, 

reaching 0.242 mg/(cm2·h). 

As the inhibitor concentration increased, the inhibition efficiency (IEW) improved 

significantly, rising from 69.19% at 0.5 g/l to 84.31% at 2 g/l. This indicates that GEO is 

effective in mitigating the corrosion of XC48 steel in a 1 M HCl medium. Moreover, 

surface coverage (θ) increased with higher inhibitor concentrations, suggesting that the 

inhibitor molecules adsorb onto the metal surface, forming a protective layer that slows 

down the corrosion process [35]. These results highlight the potential of GEO as an 

efficient corrosion inhibitor for carbon steel in acidic environments. 

Table 6. Corrosion parameters values for XC48 carbon steel in 1 M HCl in the absence and the presence 

of different concentrations of GEO, after 24 h immersion period at 294 K. 

Concentration, g/l CR, mg/(cm2·h) EW, % θ 

Blank 1.542±0.045 – – 

0.5 0.475±0.016 69.19±0.13 0.6920 

1.0 0.374±0.026 75.74±0.95 0.7575 

1.5 0.291±0.011 81.13±0.16 0.8113 

2.0 0.242±0.021 84.31±0.88 0.8431 

3.4. Temperature effect and activation parameters 

Corrosion inhibitors and substrates often display varying behavior in aggressive media, 

especially at elevated temperatures. Figure 5. represents the effect of temperature on 

corrosion inhibition in the absence and the presence of different concentration of the GEO. 
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Figure 5. Effect of temperature on corrosion inhibition. 

As the temperature increases, GEO molecules become more soluble and tend to 

desorb from the metallic surface. This leads to a reduction in steel's corrosion resistance 

with rising temperatures [36]. In this study, gravimetric analysis was carried out at three 

additional temperatures (308 K, 318 K and 328 K) using varying concentrations of GEO 

(0.5–2.0 g/l) to evaluate the effect of temperature on the inhibition efficiency (IE%) of 

GEO. The results, presented in Table 7, highlight how different concentrations of the 

essential oil influence corrosion rates across these temperature conditions.  

Table 7. Corrosion parameters values for XC48 carbon steel in 1 M HCl in the absence and the presence 

of different concentrations of GEO, after 24 h immersion period, at 298 K, 308 K, 318 K and 328 K. 

Conc., 

g/l 

298 K 308 K 318 K 328 K 

CR, 

mg/(cm2·h) 
EW, % 

CR, 

mg/(cm2·h) 
EW, % 

CR, 

mg/(cm2·h) 
EW, % 

CR, 

mg/(cm2·h) 
EW, % 

Blank 1.542 – 2.347 – 4.139 – 5.436 – 

0.5 0.475 69.19 0.785 66.55 1.891 54.31 3.085 43.25 

1.0 0.374 75.74 0.655 72.09 1.586 61.68 2.713 50.09 

1.5 0.291 81.13 0.589 74.90 1.322 68.06 2.463 54.69 

2.0 0.242 84.31 0.459 80.44 1.194 71.15 2.226 59.05 

Across all temperatures, the inhibition efficiency (E%) increased as the concentration 

of GEO increased, indicating that the inhibitor progressively adsorbed onto the steel 

surface. However, as the temperature rose from 298 K to 328 K, the E% decreased 

significantly (from 84.31% to 59.05%), while the corrosion rate increased (from 0.242 to 

2.226 mg/(cm2·h)) at the highest concentration of GEO. This suggests that at higher 

temperatures, the inhibitor is more prone to desorption from the steel surface [37]. The 
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adsorption of GEO is likely facilitated by the presence of numerous electrons within the 

molecular structure of its components, particularly π electrons. These characteristics 

enhance its ability to bind effectively to the metal surface, improving its performance as a 

corrosion inhibitor [25]. 

To further understand this temperature dependence, kinetic parameters such as 

activation energy (Ea), activation enthalpy (ΔH*), and activation entropy (ΔS*) were 

evaluated. These parameters provide deeper insight into the corrosion inhibition 

mechanism. By applying the Arrhenius and transition state equations (Equations 6 and 7), 

these kinetic parameters were determined based on the weight loss data obtained at 

different temperatures. This analysis offers a clearer understanding of how the GEO 

interacts with the steel surface across varying temperatures [26]. 

 a
Rlog log

2.303

E
C A

RT

−
= +  (9) 

 a a
R exp exp

S HRT
C

Nh R RT

   
   

  

 
= −  (10) 

where CR stand for the corrosion rate the studied metal, A is the Arrhenius pre-exponential 

factor, R represents the gas constant, N is Avogadro’s number, T is the absolute 

temperature, and h is Planck’s constant. 

Arrhenius plots for the dissolution of XC48 carbon steel in 1 M HCl, both with and 

without the presence of GEO as an inhibitor, are presented in Figure 6. 

 
Figure 6. Arrhenius plots for the dissolution of XC48 carbon steel in 1 M HCl, both with and 

without the presence of GEO. 

The corresponding activation parameters, including activation energy (Ea), activation 

enthalpy (ΔH*), and activation entropy (ΔS*), are summarized in Table 8. 
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Table 8. Activation parameters values for XC48 carbon steel in 1 M HCl in the absence and the presence 

of different concentration of GEO.  

Concentration, g/l Ea, kJ/mol ΔH* ΔS* 

Blank 7.05 14.24 –187.91 

0.5 22.90 21.77 –167.08 

1.0 24.09 22.96 –163.92 

1.5 25.47 24.34 –160.09 

2.0 26.85 25.73 –156.23 

As shown in Table 8, the activation energy (Ea) for carbon steel corrosion in blank 

1 M HCl is 7.05 kJ/mol. However, when GEO is introduced at varying concentrations, the 

Ea values increase significantly. This increase indicates that the corrosion process becomes 

more difficult in the presence of the GEO [38]. At the highest concentration of 2 g/l, the 

activation energy reaches 26.85 kJ/mol. This shift in activation energies suggests that the 

inhibitor forms an electrostatic barrier between the carbon steel surface and the corrosive 

medium, effectively reducing corrosion [39]. Additionally, the fact that the maximum Ea 

remains below the threshold for chemical adsorption (80 kJ/mol) implies that the 

adsorption of GEO onto the steel surface is primarily physical [4]. This physical adsorption 

likely forms a protective layer, preventing direct contact between the metal and the 

corrosive environment, thereby improving the inhibition efficiency. The positive values of 

ΔH* (activation enthalpy) observed both with and without the essential oil confirm that the 

dissolution process of carbon steel is endothermic [40]. Similarly, the trend in activation 

entropy (ΔS*) reflects changes in Ea, increasing with higher concentrations of GEO. This 

increase in ΔS* is attributed to the desorption of water molecules from the metal surface as 

essential oil molecules adsorb, leading to an increase in the overall entropy of the system 

[41]. 

3.5. Computational study of the inhibition behavior of GEO  

a. Quantum parameters  

The optimized geometric structures, along with the HOMO and LUMO orbitals of all the 

molecules of the GEO, are presented in Table 9. The quantum parameters of the all of 

molecules included in GEO, obtained using DFT calculations in the Dmol3 module of 

Materials Studio Software, are summarized in Table 10.  
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Table 9. The optimized geometric structures, along with the HOMO and LUMO orbitals of all the molecules included in GEO. 

Molecule HOMO LUMO Molecule HOMO LUMO Molecule HOMO LUMO Molecule HOMO LUMO 

α-Pinene 
  

Geraniol 
  

Germacrene D 

  

10-epi-g-

Eudesmol   

Linalool 
  

(E)-Citral 
  

Viridiflore 
  

Citronellyl 

acetate   

cis-Rose 

oxide 
  

Neryl 

formate 
  

α-Muurolene 
  

α-Costol 
  

trans-Rose 

oxide   
Nerol 

  

Geranyl 

butyrate 
  

2-Phenethyl 

tiglate 
  

iso-

Menthone 
  

Citronellyl 

formate   

trans-

Caryophyllene 
  

α-Selinene 
  

β-

Citronellol   

β-

Bourbonene 
  

Geranyl 

propionate 
  

Citronellyl 

tiglate 
  

α-Terpineol 
  

Geranyl 

formate 
  

γ-Cadinene 

  

Geranyl 

tiglate   

Citronellol 
  

Citronellyl 

ester   
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Table 10. The Quantum parameters of all of the all of molecules of the GEO obtained by Dmol3/DFT 

calculation.  

Parameter EHOMO, eV ELUMO, eV ∆E χ, eV η, eV σ, eV–1  eV 

α-pinene –5.823 1.13 6.953 2.347 3.477 0.288 0.792 

Linalool –6.1 0.36 6.46 2.870 3.230 0.310 1.275 

cis-rose oxide –6.118 0.996 7.114 2.561 3.557 0.281 0.922 

Trans-rose oxide –5.992 1.091 7.083 2.451 3.542 0.282 0.848 

Iso-Menthone –6.272 –0.471 5.801 3.372 2.901 0.345 1.959 

β-citronellol –6.165 0.987 7.152 2.589 3.576 0.280 0.937 

α-Terpineol –5.82 1.449 7.269 2.186 3.635 0.275 0.657 

Citronellol –6.164 0.985 7.149 2.590 3.575 0.280 0.938 

Geraniol –5.973 0.728 6.701 2.623 3.351 0.298 1.026 

(E)-citral –6.402 –1.454 4.948 3.928 2.474 0.404 3.118 

Neryl formate –6.119 –0.148 5.971 3.134 2.986 0.335 1.644 

Nerol –6.285 0.656 6.941 2.815 3.471 0.288 1.141 

Citronellyl formate –6.177 –0.28 5.897 3.229 2.949 0.339 1.768 

β-bourbonene –6.163 0.838 7.001 2.663 3.501 0.286 1.013 

Geranyl formate –6.151 –0.269 5.882 3.210 2.941 0.340 1.752 

Citronellyl ester –6.177 –0.28 5.897 3.229 2.949 0.339 1.768 

Germacrene D –5.294 0.241 5.535 2.527 2.768 0.361 1.153 

Viridiflore –5.197 –0.504 4.693 2.851 2.347 0.426 1.731 

α-muurolene –5.93 1.115 7.045 2.408 3.523 0.284 0.823 

Geranyl butyrate –5.874 0.078 5.952 2.898 2.976 0.336 1.411 

trans-

caryophyllene 
–5.808 0.86 6.668 2.474 3.334 0.300 0.918 

Geranyl propionate –5.992 0.1 6.092 2.946 3.046 0.328 1.425 

γ-cadinene –5.673 1.194 6.867 2.240 3.434 0.291 0.730 

10-epi-g-eudesmol –5.674 1.219 6.893 2.228 3.447 0.290 0.720 

Citronellyl acetate –6.15 –0.017 6.133 3.084 3.067 0.326 1.550 

α-Costol –5.958 0.381 6.339 2.789 3.170 0.316 1.227 

2-phenethyl tiglate –6.421 –0.915 5.506 3.668 2.753 0.363 2.444 

α-Selinene –5.962 1.114 7.076 2.424 3.538 0.283 0.830 

Citronellyl tiglate –6.036 –0.869 5.167 3.453 2.584 0.387 2.307 

Geranyl tiglate –6.027 –0.789 5.238 3.408 2.619 0.382 2.217 
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The quantum parameters reveal important insights into the corrosion inhibition 

potential of the molecules in GEO. Molecules with higher EHOMO values, such as 

Germacrene D and Viridiflore, are better electron donors, facilitating stronger adsorption 

on the steel surface [41]. A smaller energy gap (∆ε), as seen in (E)-citral and Citronellyl 

tiglate, indicates higher reactivity and enhanced inhibition efficiency [42]. Higher 

electronegativity (χ), as observed in (E)-citral and Citronellyl tiglate, suggests better 

electron-accepting ability, promoting their interaction with the metal [43]. Softer molecules 

(higher σ), like (E)-citral and Viridiflore, are more reactive and interact better with the 

steel surface, while higher electrophilicity (ω) in molecules like (E)-citral and 2-phenethyl 

tiglate further enhances their inhibition efficiency [44, 15]. Overall, we can conclude that 

(E)-citral and Citronellyl tiglate emerge as highly effective inhibitors due to their favorable 

quantum parameters, while molecules like α-Terpineol and β-citronellol may be less 

efficient. 

b. Monte Carlo simulation  

The energies obtained from the Monte Carlo simulation in both aqueous and gas phases are 

shown in Table 11. In this analysis, the adsorption energy refers to the energy released or 

absorbed when the adsorbate, in its relaxed and unrelaxed forms, adheres to the substrate. 

The deformation energy refers to the energy released when the adsorbed component of the 

adsorbate undergoes relaxation on the substrate surface [45]. 

Table 11. The results of the Monte Carlo simulation of the molecules constituting GEO in gas and 

aqueous phases 

Molecule Phases 

Total 

energy, 

kcal/mol 

Adsorption 

energy, 

kJ/mol 

Rigid 

adsorption 

energy 

kJ/mol 

Deformation 

energy, 

kJ/mol 

dEad/ 

dENi 

Iron (110) +  

-pinene 

Gas phase –79.477 –79.224 –80.116 0.892 –79.224 

Aqueous phase –4638.905 –4638.905 –4937.800 298.894 –69.115 

Iron (110) + 

Linalool 

Gas phase –130.946 –91.577 –97.710 6.133 –91.577 

Aqueous phase –4764.988 –4764.988 –5038.292 273.303 –127.632 

Iron (110) +  

-Terpineol 

Gas phase –132.761 –87.158 –91.030 3.871 –87.158 

Aqueous phase –4227.559 –4227.559 –4501.095 273.535 –108.562 

Iron (110) + 

Germacrene D 

Gas phase –111.955 –104.494 –106.483 1.989 –104.494 

Aqueous phase –3998.261 –3998.261 –4338.014 339.752 –90.463 

Iron (110) +  

cis-rose oxide 

Gas phase –125.697 –92.720 –98.607 5.886 –92.720 

Aqueous phase –337.227 –337.27 –404.494 67.267 0.239 
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Molecule Phases 

Total 

energy, 

kcal/mol 

Adsorption 

energy, 

kJ/mol 

Rigid 

adsorption 

energy 

kJ/mol 

Deformation 

energy, 

kJ/mol 

dEad/ 

dENi 

Iron (110) +  

trans-rose 

oxide 

Gas phase –118.812 –87.164 –91.264 4.099 –87.164 

Aqueous phase –3489.582 –3489.582 –3778.204 288.621 –24.034 

Iron (110) +  

iso-Menthone 

Gas phase –96.870 –83.954 –84.875 0.920 –83.954 

Aqueous phase –3322.344 –3322.344 –3571.947 249.602 –46.023 

Iron (110) + 

Beta-

Citronellol 

Gas phase –114.542 –91.136 –95.024 3.887 –91.136 

Aqueous phase –3323.379 –3323.379 –3717.755 394.376 –62.498 

Iron (110) + 

Citronellol 

Gas phase –113.182 –89.775 –91.045 1.269 –89.775 

Aqueous phase –3695.501 –3695.501 –3945.843 250.341 –60.126 

Iron (110) + 

Geraniol 

Gas phase –111.445 –92.446 –96.378 3.932 –92.446 

Aqueous phase –3746.951 –3746.953 –4018.790 271.837 –70.828 

Iron (110) +  

E-Citral 

Gas phase –149.885 –86.457 –90.692 4.234 –86.4579 

Aqueous phase –4120.914 –4120.916 –4397.395 276.479 –89.409 

Iron (110) + 

Neryl Formate 

Gas phase –118.223 –99.769 –106.011 6.241 –99.769 

Aqueous phase –4063.505 –4063.505 –4417.916 354.410 –119.308 

Iron (110) + 

Nerol 

Gas phase –116.454 –93.396 –95.438 2.042 –93.396 

Aqueous phase –3609.054 –3609.054 –3840.253 231.199 –88.902 

Iron (110) + 

Citronellyl 

formate 

Gas phase –127.835 –108.231 –110.928 2.697 –108.231 

Aqueous phase –3213.830 –3213.830 –3562.169 348.338 –71.033 

Iron (110) +  

-bourbonene 

Gas phase –116.463 –103.019 –106.055 3.036 –103.019 

Aqueous phase –2883.143 –2883.143 –3177.316 294.173 –64.426 

Iron (110) + 

Geranyl 

formate 

Gas phase –132.627 –114.947 –117.721 2.774 –114.947 

Aqueous phase –3162.985 –3162.985 –3485.409 322.423 –59.473 

Iron (110) + 

Viridiflorine 

Gas phase –148.110 -168.049 –175.027 6.978 –168.049 

Aqueous phase –2750.257 –2750.257 –3012.203 261.945 –54.049 

Iron (110) +  

α-muurolene 

Gas phase –139.046 –109.676 –111.370 1.693 –109.676 

Aqueous phase –3082.864 –3082.864 –3366.598 283.733 –63.137 
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Molecule Phases 

Total 

energy, 

kcal/mol 

Adsorption 

energy, 

kJ/mol 

Rigid 

adsorption 

energy 

kJ/mol 

Deformation 

energy, 

kJ/mol 

dEad/ 

dENi 

Iron (110) + 

Geranyl 

butyrate 

Gas phase –157.655 –133.507 –139.983 6.475 –133.507 

Aqueous phase –3268.122 –3268.122 –3541.974 273.852 –63.898 

Iron (110) +  

trans-

caryophyllene 

Gas phase –121.589 –109.409 –111.754 2.344 –109.409 

Aqueous phase –2938.206 –2938.206 –3219.879 281.673 –68.121 

Iron (110) + 

Geranyl 

propionate 

Gas phase –137.581 –120.806 –123.342 2.536 –120.806 

Aqueous phase –3168.737 –3168.737 –3417.985 249.247 –86.707 

Iron (110) +  

-Cardinene 

Gas phase –132.243 –107.080 –109.841 2.760 –107.080 

Aqueous phase –2772.333 –2772.333 –3024.590 252.257 –53.085 

Iron (110) + 

10-epi-g-

eudesmol 

Gas phase –164.837 –116.270 –118.558 2.288 –116.270 

Aqueous phase –3278.423 –3278.423 –3516.875 238.452 –71.105 

Iron (110) + 

Citronellyl 

acetate 

Gas phase –152.225 –116.789 -121.619 4.829 –116.789 

Aqueous phase –2867.846 –2867.846 –3156.170 288.324 –63.624 

Iron (110) + α-

Costol 

Gas phase –139.222 –121.099 –125.177 4.078 –121.099 

Aqueous phase –3269.685 –3269.685 –3695.077 425.391 –83.799 

Iron (110) + 2-

phenethyl 

tiglate 

Gas phase –142.935 –119.471 –121.960 2.489 –119.471 

Aqueous phase –3562.149 –3562.149 –3832.524 270.374 –69.430 

Iron (110) + 

alpha-Selinene 

Gas phase –141.413 –108.237 –111.442 3.204 –108.237 

Aqueous phase –3086.285 –3086.285 –3337.419 251.133 –85.057 

Iron (110) + 

Citronellyl 

tiglate 

Gas phase –183.622 –139.092 –145.530 6.437 –139.092 

Aqueous phase –3070.615 -3070.615 –3298.513 227.897 –69.292 

Iron (110) + 

Geranyl tiglate 

Gas phase –176.757 –136.456 –141.513 5.056 –136.456 

Aqueous phase –3131.545 –3131.545 –3447.440 315.895 –73.549 

Iron (110) + 

Citronellyl 

ester 

Gas phase –144.762 –109.326 –112.951 3.624 –109.326 

Aqueous phase –3059.700 –3059.700 –3319.748 260.048 –55.372 

According to the results presented in Table 11, the Monte Carlo simulation results 

reveal that GEO molecules generally demonstrate higher adsorption energies and stronger 
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affinities to the Fe (110) surface in aqueous environments than in the gas phase, indicating 

enhanced inhibition potential in the presence of water. Notably, molecules such as α-costol, 

citronellyl tiglate, E-citral, and geranyl tiglate exhibit high adsorption and total energies, 

forming stable, resilient complexes with iron that contribute to their effectiveness as 

corrosion inhibitors. High deformation energies in molecules like α-costol 

(425.391 kJ/mol) suggest structural flexibility, allowing them to conform closely to the 

metal surface and establish an adaptable protective barrier. 

Additionally, molecules with high dEad/dENi values, such as geraniol and β-

citronellol, exhibit significant interaction strengths, supporting their potential for stable 

adsorption layer formation. Conversely, molecules with lower adsorption and deformation 

energies, such as iso-menthone (0.920 kJ/mol in the gas phase), may provide more rigid 

but less adaptable protection. 

Differences in isomer structure, such as between cis- and trans-rose oxide, underscore 

how molecular geometry can affect adsorption characteristics. For instance, cis-rose 

oxide’s lower rigid adsorption energy (–404.494 kJ/mol in the aqueous phase) could make 

it especially suited for stable barrier formation under certain conditions. Overall, molecules 

like α-costol, citronellyl tiglate, and geranyl tiglate emerge as particularly effective 

constituents for corrosion inhibition on iron surfaces, leveraging their high adsorption 

energy, adaptability, and robust surface interactions in aqueous environments. 

In the Table 12, we present the optimal configurations of simulations for the various 

molecules of GEO in gas and aqueous phases obtained by Monte Carlo. 

4. Conclusion  

This study demonstrates that GEO is an effective green corrosion inhibitor for XC48 

carbon steel in 1 M HCl. The major components, geraniol (19.53%) and β-citronellol 

(17.25%), contribute significantly to its inhibitory performance through adsorption on the 

steel surface, forming a protective layer. Electrochemical analyses confirm GEO as a 

mixed-type inhibitor, with inhibition efficiency reaching 89.82% at 2.0 g/L. EIS results 

support this by showing increased charge transfer resistance and decreased double-layer 

capacitance. Weight loss measurements further validate the reduction in corrosion rate with 

increasing GEO concentration. Regarding temperature effects, the studies reveal that 

inhibition efficiency decreases at higher temperatures due to the desorption of GEO 

molecules, indicating a physically dominant adsorption mechanism. Quantum chemical 

calculations and Monte Carlo simulations highlight the effectiveness of key molecules like 

(E)-citral, citronellyl tiglate, linalool, and α-pinene, which exhibit strong adsorption 

energies and favorable electronic properties for forming a protective barrier. GEO shows 

great promise as an eco-friendly corrosion inhibitor, presenting an effective alternative to 

synthetic inhibitors, especially in acidic environments.  
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Table 12. The optimal configurations of simulations for the various molecules in gas and aqueous phases obtained by Monte Carlo. 

Geraniol Geranyl formate Germacrene D Geranyl propionate iso-Menthone -Pinene 

            

β-Citronellol trans-Rose oxide α-Terpineol Neryl formate Geranyl butyrate Citronellyl acetate 

            

Citronellyl formate Nerol α-Muurolene α-Selinene Citronellol β-Bourbonene 

            

Linalool γ-Cadinene Viridiflore Citronellyl tiglate (E)-Citral Geranyl tiglate 

            

10-epi-g-Eudesmol cis-Rose oxide trans-Caryophyllene Citronellyl ester α-Costol 2-Phenethyl tiglate 
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