
DJES Vol 18 No (4) Dec 2025: 83-99 

83 

 

 

Diyala Journal of Engineering Sciences 

 

Journal homepage: https://djes.info/index.php/djes 

 

ISSN: 1999-8716 (Print); 2616-6909 (Online) 

Frankincense Extract as Eco-Friendly Corrosion Inhibitor for Carbon 

Steel in 1M HCl Solution 
 

Ameel Al-Mayah1*, Zainab H. Ali 2, Muthana M. Kassim2 
 

1 Department of Biochemical Engineering, Al-Khwarizmi College of Engineering, University of Baghdad 
2 Iraqi Corrosion Center, The Cooperation of Research and Industrial Development, Ministry of Industry and Minerals 

 

ARTICLE INFO ABSTRACT 

Article history: 
Received: 31/01/2025. 

Revised: 25/10/2025. 
Accepted: 03/11/2025. 

Available online: 10/12/2025. 

Steel corrosion in acidic environments is a critical industrial challenge, 

necessitating effective yet eco-friendly inhibitors. This study aims to address 

this problem by introducing a novel, green alternative: frankincense extract 

(FE). The distinctive contribution of this work lies in the comprehensive 

investigation of FE natural, sustainable, and economically viable resin as an 

effective corrosion inhibitor for carbon steel in 1 M HCl. The research employs 

an integrated methodology, including electrochemical techniques 

(potentiodynamic polarization (PDP) and electrochemical impedance 

spectroscopy (EIS)), adsorption isotherm modeling, surface analysis (FT-IR 

and FESEM/EDX), and density functional theory (DFT) calculations. Key 

results demonstrated that FE exhibited excellent inhibition performance, 

achieving a remarkable efficiency of 87.2% at a concentration of 16 g/L and 

303 K. PDP analysis confirmed FE acts as a mixed-type inhibitor. EIS results 

corroborated this performance, showing 75.89% inhibition efficiency. 

Adsorption behavior adhered to the Langmuir isotherm, and thermodynamic 

parameters revealed a spontaneous and exothermic process indicative of mixed 

physisorption and chemisorption mechanisms. Kinetic studies further 

supported this by showing an increased activation energy barrier for corrosion 

in the presence of the inhibitor. Surface analysis confirmed the formation of a 

protective adsorbed film on the steel. Quantum chemical computations 

provided molecular-level insights, correlating the electronic structure of key FE 

constituents with their adsorption strength. The study establishes FE as a cost-

effective, sustainable, and highly efficient green corrosion inhibitor, offering a 

viable solution for protecting carbon steel infrastructure in aggressive acidic 

media. 
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1. INTRODUCTION 

The steel alloys find extensive application in different 

industrial processes due to their superior mechanical 

properties. Nevertheless, when subjected to acidic 

aqueous conditions during their operations which 

include descaling, pickling and acid cleaning, they 

greatly accelerate the corrosion process resulting in 

degradation of the material [1-5]. In the industrial 

pickling, hydrochloric acid is especially common 

place as it is cost effective, reacts quickly, and yields 

high-quality surfaces at low temperatures, and forms 
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soluble salts that are easy to handle as wastes [6]. 

Even though concentrations of between 2-5% are 

typical [7], HCl violently reacts with the base metal, 

causing massive material loss and surface damage as 

well as extraction of unwanted deposits [8]. Different 

protection methods have been applied or implemented 

at different levels and with success such as protective 

coating, cathodic protection, modifying the 

environment, and using inhibitors [9]. Organic and 

inorganic corrosion inhibitors constitute one of such 

among others [10]. Organic types of inhibitors usually 

https://djes.info/index.php/djes
mailto:drameel@kecbu.uobaghdad.edu.iq
https://djes.info/index.php/djes/article/view/1822
https://creativecommons.org/licenses/by/4.0/


Zainab H. Ali et al.                                                                                                                                                                   DJES Vol 18 No (4) Dec 2025 

84 

 

contain heteroatoms (i.e. nitrogen, oxygen, sulfur, 

phosphorus) that allow them to adsorb onto metal 

surfaces, whereas inorganic types of inhibitors 

generally promote passivation layers [11,12]. 

Nonetheless, most synthetic inhibitors are either 

environmentally unsafe, or they are complicated to 

prepare, which highlights the importance of effective 

and sustainable alternatives [13,14]. Recent research 

has made a tremendous contribution towards plant-

based corrosion inhibitors, as the possible efficient 

and environmentally safe substitutes to synthetic 

materials. These natural extracts are phytochemical-

rich natural extracts obtained by different botanical 

sources which mitigate corrosion by adsorption and 

formation of protective layers on metal surfaces [15]. 

Fruit and vegetable extracts are especially useful and 

some of them have inhibition efficiencies up to 98.8% 

in aggressive media [16]. Examples of this include the 

fact that the methanolic extract of Citrullus 

colocynthis fruit has been proven to offer carbon steel 

93.6% protection in 1 M HCl which is due to amino 

acids present in it such as citrulline [17]. A study by 

Radouane et al. [18], on the effectiveness of Bidens 

aurea aiton extract as a potential green corrosion 

inhibitor of carbon steel in a solution of 0.5 M HCl, 

found that 94% effectiveness was achieved. Hala et al. 

[19], determine the inhibition ability of the Potentilla 

erecta (Tormentil) extract against the 360 carbon steel 

in 1M of HCl and the inhibition ability of the extract 

at the highest concentration of 300ppm was found to 

be 92.7% at 55°C. Qahtan et al. [20], examined the 

efficacy of safflower plant (SP) extract in carbon steel 

in HCl solutions. They discovered that the SP extract 

is a good mixed-type inhibitor, and its efficiency was 

89.6% at 2.5 g/l. Khang et al. [21], investigated the 

extract of the Syzygium polyanthum (Wight) Walp. 

leaf on carbon steel in 1 M HCl solution. They 

discovered that extract greatly decreased corrosion 

efficiency of 94.65% at 2000 ppm extract. The 

effectiveness of certain compounds, including 

Curcumin derivatives of Curcuma longa, as mixed-

type inhibitors, which act mainly via physical 

adsorption mechanism has been proven [22]. The high 

potency of extracts of plants like Andrographis 

paniculata, Moringa oleifera and Bacopa monnieri 

further have been supported by comprehensive 

reviews that have attained up to 98 percent inhibition 

efficiencies of carbon steel in hydrochloric acid 

solutions [23]. Typically, the plant extracts are viewed 

as rich sources of naturally occurring chemical 

compounds synthesized by simple and inexpensive 

methods and some of them show inhibition 

efficiencies of over 90% in acidic conditions [24]. 

Even considering these developments, the aromatic 

natural exudate frankincense resin (Family: 

Burseraceae) that contains boswellic acids, 

terpenoids, flavonoids, and other bioactive 

compounds with anticorrosiveness potential, has 

remained underutilized [25-29]. This paper fills this 

research gap by evaluating the systematically 

frankincense extract (FE) as a green corrosion 

inhibitor to carbon steel in 1 M HCl at temperature 

between 303 to 333 K. The inhibitor was made 

following an easy and eco-friendly process. It used a 

multidisciplinary approach and included 

electrochemical (EIS, potentiodynamic polarization) 

and adsorption isotherm modeling, FT-IR 

spectroscopy, and surface characterization through 

FESEM/EDX. The DFT results were used to 

understand the interfaces and the adsorption 

mechanisms on a molecular level as well as the 

stability of the interface. The study will also seek to 

add to the creation of effective and environmental 

corrosion inhibition approaches to be used in industry 

by combining experimental and theoretical studies. 

 
2. METHODOLOGY 

2.1 Materials and Equipment 

The FE was obtained by soaking 100 g of fresh 

Frankincense in 1000 g of distilled water for over 24 

hours at 70°C under mechanical agitation with the aid 

of a magnetic stirrer bar, after which the extract was 

filtered. The carbon steel coupons studied have a 

simple chemical composition, with a weight 

percentage of 0.202% C, 0.161% Mn, 0.046% Cr, 

0.035% P, 0.01% S, 0.007% Mo, 0.065% Si, with the 

remainder Fe as the base material. They were cut into 

discs of diameter 1 cm. The surface of the coupons 

was polished with 120, 400, 800, and 1500 grit emery 

papers. After grinding, the coupons were thoroughly 

washed with ethanol and water, followed by 

degreasing in acetone. Finally, the coupons were 

rinsed with distilled water before being dried with 

cool air. These pre-treated coupons were mounted in 

holders and immersed in the prepared corrosion 

solutions for testing. A 1 M HCl solution was used for 

the corrosion study. The FE solution was added into 

the corrosion solution at different concentration 

values of 0, 1, 3, 8, 12, 16 and 20 g/l.  
 

2.2 Techniques 

2.2.1 Surface analysis techniques 

The surface morphology of the steel coupons and the 

composition of the inhibitor film formed on them 

were examined using FESEM coupled with EDX. The 

presence of functional groups which determine the 

nature of the inhibitors, such as organic or inorganic 

compounds present in the tested coupons were 

analysed by applying the FT-IR technique. 
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2.2.2 Electrochemical analysis 

Dynamic polarization experiments were carried out 

using a potentiostat. The system comprises a three-

electrode cell arrangement. A graphite road was used 

as the counter electrode, and saturated Calomel 

electrode was used as the reference electrode. The test 

coupons were used as the working electrode. A 250 

ml volume of 1 M HCl solution, with the inhibitor 

added at the required concentration, was used for all 

corrosion experiments. The experiments were 

performed at temperatures ranging from 303 to 333 K 

under precisely controlled thermal conditions. The 

dynamic polarization experiment with a scan rate 

equal to 0.25 mV/s was conducted after 15 minutes of 

immersion, allowing a firm film to form on the metal 

surface. The applied potential ranging from -500 mV 

to +500. The EIS analysis involved applying an AC 

voltage with an amplitude of 10 mV at the open-

circuit potential (OCP) over a frequency range from 

100 kHz to 10 mHz. It was conducted within a 

conventional three-electrode cell setup, comprising a 

saturated Calomel electrode, platinum, and carbon 

steel coupon as reference, counter, and working 

electrodes, respectively. All electrochemical 

measurements were carried out using a CorrTest 

CS2350 potentiostat. 

 

3. RESULTS AND DISCUSSION 

3.1 Potentiodynamic Polarization Analysis 
The Tafel plots in Fig. 1 show the electrochemical 

characteristics of carbon steel in 1 M HCl in the 

presence of different concentrations of the inhibitor 

FE and at different temperatures (303 K to 333 K). 

Table 1 gives the corresponding electrochemical 

parameters with important figures like corrosion 

current density (icorr), corrosion potential (Ecorr), Tafel 

slopes (βc) and (βa) for both cathodic and anodic 

reactions respectively. These parameters provide a 

full evaluation of the electrochemical performance 

and the inhibition ability of FE. From the 

experimental results, slightly different Ecorr values 

with increasing concentration of FE are observed, 

suggesting that FE acts as an inhibitor of mixed type 

for both anodic and cathodic reactions. This kind of 

mechanistic behavior is consistent with previously 

published results on mixed-type corrosion inhibitors 

[29-32]. In addition, the results show a distinct 

temperature dependence of FE inhibition. Of note, the 

icorr values decrease with temperature until an 

optimum value is reached and thereafter higher 

temperatures result in higher corrosion rate. This can 

be explained by a molecular rearrangement and/or 

partial decomposition of the inhibitor molecules at 

elevated temperatures, in accordance with a 

desorption mechanism which reduces their protection 

efficacy. The results obtained from experimental 

techniques were very consistent. 

 

3.2 Corrosion inhibition efficiency 

Corrosion current provides a good platform to 

determine the effectiveness of tested inhibitor for 

corrosion. However, the percentage of inhibition 

efficiency can simplify the evaluation of the reliability 

of the experimental data obtained. Inhibition 

efficiency I.E (%) was calculated using the following 

equation [32]: 

 

         %𝐼𝐸 =
𝑖𝑜−𝑖𝐼

𝑖𝑜
× 100                                        (1) 

where, 

𝑖𝐼 : the corrosion current density of carbon steel in the 

presence of the inhibitor, 

𝑖𝑜 : the corrosion current density of carbon steel in the 

absence of the inhibitor, 

 

The results of the experimental data reported in Table 

1 show that FE behaves as a corrosion inhibitor for 

carbon steel in 1 M HCl at different concentrations. 

The rate of inhibition decreases with increasing 

temperature. This reduction is attributed to a decrease 

of the adsorption of FE on the steel surface. The 

temperature-dependent trend suggests that the 

desorption of FE molecules and the possible 

roughening of the electrode surface may occur, both 

of which will accelerate the corrosion at a higher 

temperature [31,32]. Analysis of the efficiencies 

reveals that the optimum FE concentration is 16g/L at 

303 K and the maximum inhibition efficiency is 

87.2%. This result is in good agreement with known 

corrosion inhibition principles and demonstrates that 

FE works in these conditions. The agreement between 

the experimental results and theoretical expectations 

confirms the reliability of the employed methods of 

this research. 

 

3.3 Characterization of FE 

The FT-IR analysis was conducted to identify 

functional groups in the FE. As seen in Fig. 2, 

characteristic bands in the range of 3950- 3600 cm-1, 

(i.e. the peaks 3901.6, 3861.82, 3843.41, 3649.45, 

3664.61 cm-1), indicate the presence of O-H 

stretching. The broadness suggests that the compound 

may contain hydrogen bonding. Around 2920-2850 

cm-1, (two peaks at 2923.72 and 2854.7) these peaks 

are associated with C-H stretching vibrations [33]. In 

the region around 1740 cm⁻¹, distinct peaks at 

1868.31, 1798.87, and 1771.51 cm⁻¹ are attributed to 

C=O stretching, commonly associated with carbonyl 

functional groups such as ketones or aldehydes [34]. 
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Figure 1. Tafel polarization plots for CS immersed in 1M 

HCl solution at different concentrations of FE and at 

different temperatures. 

 

A peak at 1645.24 cm⁻¹ falls within the 1650–1600 

cm⁻¹ range, suggesting C=C stretching, possibly due 

to aromatic or conjugated systems. 

Additionally, multiple peaks between 1500 and 1400 

cm⁻¹ (1545.24, 1540.31, 1517.03, 1463.99, and 

1417.57 cm⁻¹) align with C–H bending vibrations in 

aromatic compounds [34]. Peaks in the 1200–900 

cm⁻¹ range may be assigned to N–H₂ bending, C–H₂ 

deformation, and C–O stretching (e.g., ether 

linkages), while those between 850–600 cm⁻¹ are 

consistent with CCO/COC vibrations and ring 

breathing modes [33-36]. 

These functional groups align well with the known 

chemical variability of frankincense resin, which—

depending on species, geographic origin, and 

processing methods—typically contains 

monoterpenes, sesquiterpenes, diterpenes, triterpenes, 

polysaccharides, and essential oils [25,26]. Based on 

the spectral features and supported by previously 

reported literature [26-28], Table 2 shows a number 

of organic compounds likely present in the FE sample, 

considering the extraction and preparation conditions 

detailed in Section 2.1. 

 

3.4 Electrochemical impedance spectroscopy 

analysis 

The most frequently employed technique for 

evaluating corrosion behaviour is EIS, which offers 

valuable insights into the resistive and capacitive 

phenomena taking place at the metal-inhibitor 

interface [37]. Figure 3 represents the Nyquist and 

Bode plots of CS in 1M HCl solution without and with 

different concentrations of FE Inhibitor at 303 K.  

Figure 3 shows the Nyquist plot, which relates the 

imaginary part of the impedance Z'' to its real part Z'. 

It is shown with enlarged semi-circles; a large 

capacitive loop at high frequencies and an inductive 

loop at low frequencies. The capacitive loop is 

representative of the charge-transfer resistance of 

charge-transfer processes between the steel surface 

and the surrounding solution. The inductive loop 

corresponds to relaxation effects due to H+ ion 

adsorption or corrosion inhibitor species adsorption 

on the metal surface [38]. Without a corrosion 

inhibitor, a small inductive loop will create at low 

frequencies. This loop is attributed to generation of 

corrosion products at the metal surface, which leads 

to formation of an uneven electrode surface and a 

porous layer [39]. With the increase of FE inhibitor, 

the inductive loop is eliminated, which indicates the 

decrease of carbon steel corrosion [37]. 

Bode plots in Fig. 4 reveal a maximum, signifying that 

the corrosion of CS is predominantly regulated by the 

charge transfer resistance (Rp). Figure 4(a) 

demonstrates that impedance magnitude increases 

with an increase in inhibitor concentration over the 

entire frequency spectrum. These observations 

substantiate the adsorption of FE-based ionic liquid 

on the CS surface [36, 38]. Inhibition efficiency and 

Constant Phase Element (CPE) were computed 

utilizing the following Eq. 2 and 3, respectively [39]. 
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           %𝐼𝐸 = (
𝑅𝑃

𝑖𝑛ℎ−𝑅𝑃

𝑅𝑃
𝑖𝑛ℎ ) × 100                               (2) 

 

             𝑍𝐶𝑃𝐸 = 𝑄−1(𝑗𝜔)−𝑛                                     (3) 

 

Where 𝑅𝑃
𝑖𝑛ℎ and 𝑅𝑃 represent the charge transfer 

resistance of the CS with and without the addition of 

FE, respectively. While Q represents the magnitude of 

the CPE. j is the imaginary number, 𝜔 denotes the 

angular frequency in rad/s, and n serves as the 

exponent of the CPE [37, 38]. 

 
 

Table 1: The Tafel plot polarization parameters at different FE concentrations and at different temperatures. 

Concentration, 

(g/l) 

βa  

(mV/dec) 

 -βc 

(mV/dec) 

icorr  

(A/cm2) 

Ecorr  

(V) 

v 

(g/cm2.h) 
% I.E. Ѳ (-) 

303 K 

Blank 156.85 11437 5.47E-05 -0.658 5.74E-05 - - 

1 104.14 4519.7 3.33E-05 -0.695 3.45E-05 39.2 0.39 

3 111.53 1162.8 2.22E-05 -0.742 2.30E-05 59.5 0.60 

8 96.032 551.41 1.42E-05 -0.722 1.46E-05 74.0 0.74 

12 79.704 236.87 7.88E-06 -0.770 8.25E-06 85.6 0.86 

16 106.19 259.51 7.00E-06 -0.790 7.31E-06 87.2 0.87 

20 78.406 236.03 7.38E-06 -0.768 7.71E-06 86.5 0.86 

313 K 

Blank 235.3 17235.6 8.21E-05 -0.601 8.6E-05 - - 

1 160.4 6811.2 6.12E-05 -0.569 6.4E-05 25.4 0.25 

3 160.4 1752.3 4.81E-05 -0.522 5.0E-05 41.3 0.41 

8 126.9 831.0 3.61E-05 -0.571 3.8E-05 56.0 0.56 

12 106.8 357.0 2.96E-05 -0.558 3.1E-05 63.9 0.64 

16 133.9 391.1 2.53E-05 -0.506 2.6E-05 69.1 0.69 

20 92.7 355.7 2.20E-05 -0.624 2.3E-05 73.2 0.73 

323 K 

Blank 99.447 10830.0 1.09E-04 -0.541 1.1E-04 - - 

1 83.604 14296.3 8.67E-05 -0.473 9.1E-05 20.7 0.21 

3 84.790 9308.4 7.32E-05 -0.503 7.7E-05 33.1 0.33 

8 90.018 10919.5 6.25E-05 -0.481 6.5E-05 42.9 0.43 

12 83.996 12408.5 5.17E-05 -0.552 5.4E-05 52.7 0.53 

16 79.343 11432.1 4.62E-05 -0.501 4.8E-05 57.7 0.58 

20 72.1676 7022.0 3.76E-05 -0.624 3.9E-05 65.6 0.66 

333 K 

Blank 192.77 9207.53 1.48E-04 -0.616 1.5E-04 - - 

1 243.77 10072.47 1.29E-04 -0.633 1.3E-04 12.8 0.13 

3 263.61 9679.46 1.14E-04 -0.628 1.2E-04 22.7 0.23 

8 98.74 8535.44 9.94E-05 -0.606 1.0E-04 32.7 0.33 

12 86.85 8095.24 8.64E-05 -0.723 9.0E-05 41.5 0.42 

16 262.00 7847.88 7.95E-05 -0.691 8.3E-05 46.2 0.46 

20 123.86 8108.260 7.40E-05 -0.638 7.7E-05 49.9 0.50 
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Figure 2. FT-IR spectra of FE. 

 

Table 2: Organic compounds reported in literature as potential constituents of FE. 

Category Organic constituents 

Short-chain organic acids Acetic acid, Butyric acid, Valeric acid 

Small alcohols Linalool, Borneol, Terpinen-4-ol 

Small aldehydes Anisaldehyde, Cuminaldehyde 

Phenols Thymol, Eugenol 

Heterocyclic compounds Pyrazines 

 

 
Figure 3. Nyquist plot of CS immersed in 1M HCl solution at different concentration of FE inhibitor and at 303 K.

 
Figure 4. Bode plots of CS immersed in 1M HCl solution without and with different concentration of FE inhibitor and at 

303K, (a) impedance |Z| vs. log f and (b) phase angle vs. log f. 
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Figure 5 employed an equivalent circuit model used 

for impedance analysis. The electrochemical 

impedance parameters, including Rs (solution 

resistance), Rp (charge transfer resistance), and CPE. 

The n value can be interpreted as an indicator of 

surface roughness or heterogeneity. When n equals 0, 

the CPE functions as a resistance, whereas n equals 1 

signifies an ideal capacitor.  The value of n, Q, and 

%IE (inhibition efficiency as a percentage), are 

presented in Table 3. The data in Table 3 reveals that 

Rp increased while CPE decreased with the rising 

concentration of FE. These findings suggest that 

inhibitor molecules are effectively adsorbed at the 

steel-solution interface. Additionally, the increase in 

n value with higher FE inhibitor concentrations 

indicates reduced surface inhomogeneity of steel, 

attributed to the adsorption of inhibitor molecules 

[38]. Furthermore, the inhibition efficiency reached 

its peak at 16 g/l. Specifically, in the 1M HCl 

solution, the %IE with FE concentration of 16 g/l was 

75.89%. These findings indicate that the introduction 

of FE can effectively slow down the corrosion 

process. 
 

 
Figure 5. Equivalent circuit modelling of electrochemical 

impedance spectroscopy for carbon steel data in 1M HCl 

solution at different concentrations of FE inhibitor and at 

303 K. 

 

Table 3: Electrochemical impedance parameters of CS immersed in 1M HCl solution at different 

concentrations of FE and at 303 K.  

Concentration, (g/l) Rs (Ω.cm2) CPE-(Q) /cm2 CPE-(n) Rp (Ω.cm2) %IE 

Blank 3.87 2.87×10-2 0.61 376.38 0  

1 9.66 2.61×10-2 0.68 537.46 29.97 

3 15.3 2.63×10-2 0.71 653.02 42.36 

8 22.06 8.83×10-2 0.81 1231.5 69.44 

12 26.93 4.87×10-2 0.83 1392 72.96 

16 36.81 6.98×10-2 0.84 1560.9 75.89 

20 35.25 6.65×10-2 0.85 1526.8 75.62 

 

3.5 Adsorption isotherm studies 

The ability of organic molecules to adsorb onto metal 

surface is a standard criterion for evaluating the 

efficiency of corrosion inhibitors [40, 41]. The nature 

of the interaction between inhibitor molecules and the 

metal surface can be determined from the study of 

adsorption isotherms [40-43]. In the present work, the 

θ values calculated from the results of PDP technique, 

as detailed in Tables 1, were fitted to three adsorption 

isotherm models [42-44]:  

Langmuir isotherm model: 

              
𝐶

𝜃
=

1

𝐾𝑎𝑑𝑠
+ 𝐶                                                  (4) 

El-Awady isotherm model: 

          𝑙𝑛
𝜃

1−𝜃
= 𝑙𝑛𝐾𝑎𝑑𝑠 + 𝑦𝑙𝑛𝐶                                (5) 

Temkin isotherm model: 

          𝜃 =
1

2𝛼
𝑙𝑛𝐶 −

1

2𝛼
𝑙𝑛𝑏                                      (6) 

where θ represents the degree of surface coverage of 

carbon steel by FE molecules. C is the concentration 

of the inhibitor FE in 1 M HCl solution, and Kads is 

the adsorption equilibrium constant (l/g), which can 

be calculated from the intercepts of Eq. 4 and Eq. 5 

plots. The symbol 𝑦 denotes the number of water 

molecules displaced by one inhibitor molecule [42, 

44]. The constant b represents the Temkin model 

constant, while α indicates the strength of the 

interaction between inhibitor molecules within the 

adsorbed layer; a negative value for α suggests the 

presence of repulsive forces, whereas a positive value 

indicates mutual attractive forces [41, 43]. 

The fitting results of the adsorption isotherms, 

presented in Fig. 6 and Table 4 confirmed that the 

adsorption of FE extract onto the steel surface in 1 M 

HCl solution across temperatures of 303–333K 

follows predominantly to the Langmuir model. In 

contrast, it did not conform well to the El-Awady and 

Temkin models. This suggests the formation of a 

monomolecular adsorbed layer devoid of significant 

intermolecular forces among the adsorbates [40-44]. 

 
Table 4: Langmuir adsorption model thermodynamic 

parameters for FE on CS at different temperatures. 

T (K) 
Kads 

(l/g) 
∆𝐺𝑎𝑑𝑠 

(kJ/mol) 

−∆𝐻𝑎𝑑𝑠 

(kJ/mol) 

−∆𝑆𝑎𝑑𝑠 

(kJ/mol) 

303 72.60 -30.745 

42.526 0.041 
313 39.60 -29.997 

323 26.40 -29.733 

333 17.60 -29.546 
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Figure 6. Adsorption isotherms of FE on CS, (a) 

Langmuir model, (b) El-Awady model, and (c) Temkin 

model. 

 

The values of Kads were calculated from the intercepts 

of the straight-lines plot of the Langmuir isotherm 

model. Kads reflects the ability of inhibitor molecules 

to adsorb onto the CS surface [44, 45]. A higher Kads

 value means a greater adsorption capacity of the 

inhibitor, leading to improved inhibition efficiency. 

As illustrated in Table 4, the Kads  values decreased 

significantly with rising solution temperature. 

Although the corrosion rate of steel increases at 

elevated temperatures, the capacity of the active 

molecules to adsorb onto the steel surface, i.e., θ, 

decreases. This confirms the increase in the inhibition 

efficiency of FE with rising temperature [40, 43, 45]. 

The calculations of adsorption thermodynamic 

parameters were done using the following Equations. 

[41, 44]: 

       ∆𝐺𝑎𝑑𝑠 = −𝑅𝑇𝑙𝑛(𝜌𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝐾𝑎𝑑𝑠)                       (7) 

      ∆𝐺𝑎𝑑𝑠 = ∆𝐻𝑎𝑑𝑠 −  𝑇∆𝑆𝑎𝑑𝑠                                (8) 

       𝑙𝑛(𝜌𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝐾𝑎𝑑𝑠) = (−
∆𝐻𝑎𝑑𝑠

𝑅𝑇
) + 

∆𝑆𝑎𝑑𝑠

𝑅
           (9) 

where, 𝜌𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 is the density of solution and its 

equal to 962 g/l [44], R is a molar gas constant and T 

is the absolute temperature. 

 

The Gibbs free energy values evaluated at different 

temperatures and inhibitor concentrations are 

negative signs and means that the inhibition process 

is feasible and spontaneous [44]. The development of 

an adsorbed protective film on the metal surface acts 

as a barrier, hindering both energy and mass transfer.  

As shown in Table 4, ΔGads values are negative and 

larger than -20 kJ/mol but less than -40 kJ/mol, which 

shows the feasibility of the FE inhibition process and 

signifies the mixed type of inhibition process. The 

thermodynamic parameters ∆𝐻𝑎𝑑𝑠 and ∆𝑆𝑎𝑑𝑠 were 

determined from the plot of Eq. 9, from the slope and 

intercept as shown in Fig. 7 yielding values of -42.526 

kJ/mol and 0.041 kJ/mol·K, respectively. The 

negative enthalpy change signifies an exothermic 

adsorption process, consistent with the release of 

energy during the formation of a protective inhibitor 

layer on the metal surface. Based on the magnitude of 

∆𝐻𝑎𝑑𝑠 (≈ −40 kJ/mol), the adsorption mechanism is 

identified as predominantly physical adsorption. In 

contrast, enthalpy values exceeding 100 kJ/mol are 

typically associated with chemical adsorption 

processes. The positive value of ∆𝑆𝑎𝑑𝑠 suggests a 

decrease in randomness at the solid-liquid interface 

during adsorption [44]. These results support a mixed 

physico-chemical inhibition mechanism and 

underscore the strong inhibitory efficacy of the FE 

extract. 

 

 

 
Figure 7. The plot of ln Kads versus 1/T. 
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3.6 Adsorption kinetic studies 

The evaluation of kinetic and thermodynamic 

parameters for the corrosion inhibition process is 

highly dependent on temperature. These parameters 

were determined using following the Arrhenius Eq. 

10, and the transition state Eq. 11 [44, 45]:  

        𝑙𝑛𝑣 = 𝑙𝑛𝐴 − (
𝐸𝑎

𝑅𝑇
)                                        (10) 

 

       𝑙𝑛 (
𝑣

𝑇
) = 𝑙𝑛 (

𝑅

𝑁ℎ
) + (

∆𝑆𝑎

𝑅
) − (

∆𝐻𝑎

𝑅𝑇
)              (11) 

where, 𝑣 represent corrosion rate of CS,           𝑣 =
𝑀𝑖𝑐𝑜𝑟

𝑛𝐹
, M is the relative atomic weight of CS, i.e. 56 

g/mol, n is the number of exchange charges for the 

oxidation reaction of Fe, i.e. 2, F is the Faraday 

constant, i.e. 26.8 A.h.; 𝐸𝑎 and A denoted activation 

energy and pre-exponential factor, respectively; R is 

molar gas constant; T is the adsorption temperature; 

h is Planck’s constant, N is Avogadro’s number; 

∆𝐺 ,  ∆𝑆𝑎,  and ∆𝐻𝑎 are Gibbs free energy, entropy 

and enthalpy, respectively. 

The plots of these two equations are presented in Fig. 

8 at different concentrations of FE. The close 

alignment of the data points with the theoretical 

model underscores the consistency and reliability of 

the experimental results, thereby validating the 

applied methodology. A linear relationship was 

observed when 𝑙𝑛𝑣 and  𝑙𝑛 (
𝑣

𝑇
) were plotted against 

absolute temperature, yielding coefficient of 

determination (R²) (an average value) of 0.996 and 

0.983, respectively, and as illustrated in Figs. 8(a and 

b). The thermodynamic parameters are listed in Table 

5. As shown in Table 5, The elevated activation 

energy observed in the presence of varying FE 

concentrations, compared to the uninhibited system, 

confirms the formation of an inhibitory complex layer 

on the CS surface [45, 47]. This increase in the energy 

barrier substantiates that corrosion inhibition via FE 

is thermodynamically favorable, as it impedes the 

metal dissolution process. The results align with prior 

reported studies [42-44] and adhere to the 

fundamental thermodynamic relation 𝐸𝑎 - ∆𝐻𝑎 = RT, 

where the calculated values consistently exceed ∆𝐻𝑎. 

 

3.7 Surface morphology analysis 

The FESEM images presented in Fig. 9 illustrate the 

surface morphology of CS coupons before (Fig. 9(a)) 

and after immersion in a 1M HCl solution, both 

without (Fig. 9(b)) and with the addition of 16 g/l of 

FE (Fig. 9(c)), over a period of 4 hours. In Fig. 9(b), 

it is evident that the CS surface exposed to the 1M 

HCl solution exhibits significant damage, likely 

attributed to the extensive dissolution of CS. 

Numerous cracks and pits are prominently distributed 

across the steel surface. Conversely, when 16 g/l of 

FE is introduced into the corrosive solution, as 

depicted in Fig. 9(c), a noticeable improvement in the 

appearance of the CS surface is observed. An 

inhibitor film is discernible on the CS surface, 

mitigating the dissolution of the CS and providing 

effective corrosion protection. The presence of this 

organic film, as observed in the FESEM images, 

corroborates the findings derived from the 

electrochemical measurements discussed in 

preceding sections.  

The EDX analysis provided insights into the 

elemental composition of the CS surface, revealing 

the presence of Fe, O, and C. Interestingly, the CS 

coupon immersed in the solution without the inhibitor 

exhibited lower levels of iron, carbon, and oxygen 

content, which can be attributed to the corrosive 

nature of the solution. In contrast, the CS coupon 

immersed in the solution containing 16 g/l of the 

inhibitor displayed higher carbon and oxygen content, 

confirming the successful adsorption of inhibitor 

molecules onto the metal surface. The FE contains 

oxygen-rich functional groups, such as aromatic or 

heterocyclic rings, that can act as electron donors. 

Conversely, CS possesses vacant d-orbitals, making 

it an electron acceptor. This interaction results in a 

reduced corrosion rate. The presence of chlorine may 

be attributed to the formation of corrosion products 

containing chlorine or the adsorption of chloride 

ions onto the CS surface. 
Table 5: Kinetics parameters of CS in 1M HCl at 

different FE concentrations.  

Concentration, 

(g/l) 

Ea 

(kJ/mol) 

∆𝑯 

(kJ/mol) 

−∆𝑺  

(J/mol) 

Blank 127.89 125.24 110.7 

1 133.29 130.64 150.2 

3 148.51 145.86 182.0 

8 148.41 145.76 187. 9 

12 157.63 154.98 188.6 

16 148.58 145.93 196.2 

20 159.73 157.08 216.2 

 
3.8 Quantum chemical calculations  

The present study used Density Functional Theory 

(DFT) to investigate the adsorption behavior of FE 

constituents onto a metal surface and to establish a 

relation between molecular structure and inhibition 

efficiency. All computations were performed using 

ArgusLab software (version 4.0.1) [48-50]. Although 

molecular optimization was feasible for both gas and 

aqueous phases, the calculations were performed to 

the solution phase due to the electrochemical nature 

of the corrosion process targeted by inhibitors. 

Consequently, a comprehensive set of electronic 

properties was determined in solution, including: the 
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highest occupied molecular orbital (HOMO), the 

lowest unoccupied molecular orbital (LUMO), the 

energy gap (ΔE), ionization potential (I), electron 

affinity (A), dipole moment (μ), electronegativity (χ), 

absolute hardness (η), softness (σ), and the fraction of 

electron transfer (ΔN) [48, 51]. The selection of these 

water-soluble compounds for detailed modelling was 

based on their potential to act as electron donors. The 

specific constituents subjected to this quantum 

chemical analysis are listed in Table 5, which aims to 

elucidate their adsorption and inhibition mechanisms. 

 

3.9 Quantum chemical calculations  

The present study used Density Functional Theory 

(DFT) to investigate the adsorption behavior of FE 

constituents onto a metal surface and to establish a 

relation between molecular structure and inhibition 

efficiency. All computations were performed using 

ArgusLab software (version 4.0.1) [48-50]. Although 

molecular optimization was feasible for both gas and 

aqueous phases, the calculations were performed to 

the solution phase due to the electrochemical nature 

of the corrosion process targeted by inhibitors. 

Consequently, a comprehensive set of electronic 

properties was determined in solution, including: the 

highest occupied molecular orbital (HOMO), the 

lowest unoccupied molecular orbital (LUMO), the 

energy gap (ΔE), ionization potential (I), electron 

affinity (A), dipole moment (μ), electronegativity (χ), 

absolute hardness (η), softness (σ), and the fraction of 

electron transfer (ΔN) [48, 51]. The selection of these 

water-soluble compounds for detailed modelling was 

based on their potential to act as electron donors. The 

specific constituents subjected to this quantum 

chemical analysis are listed in Table 6, which aims to 

elucidate their adsorption and inhibition mechanisms. 

 

 

 

 

Figure 8. Fitting lines for the adsorption kinetic equations of CS in 1M HCl solution at different FE concentrations: (a) 

Arrhenius equation, and (b)Transition- state equation. 
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FESEM 

 

EDX 

 

 
(a) 

 

 

 
(b) 

 

 

 
(c) 

Figure 9. FESEM and EDX spectra images of CS (a) before immersion (b) after immersion (c) after immersion and 

addition of 16g/l FE at 303 K. 

 
 
 

3.10 Quantum chemical calculations  

The present study used Density Functional Theory 

(DFT) to investigate the adsorption behavior of FE 

constituents onto a metal surface and to establish a 

relation between molecular structure and inhibition 

efficiency. All computations were performed using 

ArgusLab software (version 4.0.1) [48-50]. Although 

molecular optimization was feasible for both gas and 

aqueous phases, the calculations were performed to 

the solution phase due to the electrochemical nature 

of the corrosion process targeted by inhibitors. 

Consequently, a comprehensive set of electronic 

properties was determined in solution, including: the 

highest occupied molecular orbital (HOMO), the 

lowest unoccupied molecular orbital (LUMO), the 

energy gap (ΔE), ionization potential (I), electron 

affinity (A), dipole moment (μ), electronegativity (χ), 

absolute hardness (η), softness (σ), and the fraction of 
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electron transfer (ΔN) [48, 51]. The selection of these 

water-soluble compounds for detailed modelling was 

based on their potential to act as electron donors. The 

specific constituents subjected to this quantum 

chemical analysis are listed in Table 5, which aims to 

elucidate their adsorption and inhibition mechanisms. 

 

 

Table 6: Organic compounds used for quantum chemical 

calculations. 

Category Organic compound  

Short-chain organic acids Valeric acid 

Short-chain alcohols Terpinen-4-ol 

Short-chain aldehydes Cuminaldehyde 

Phenols Eugenol 

Heterocyclic compounds 2,5-Dimethylpyrazine 

 
Table 7: Quantum chemical parameters of FE.  

Compound 
EHOMO 

(eV) 

ELUMO 

(eV) 

ΔE  

(eV) 

Ionization 

potential 

(I) 

Electron 

affinity 

(A) 

μ 

(Debye) 

χ 

(eV) 

η 

(eV) 

σ 

(eV⁻¹) 
ΔN 

Cuminaldehyde -8.45 -0.65 7.80 8.45 0.65 6.0 4.55 3.90 0.256 1.167 

Eugenol -7.70 +0.30 8.00 7.70 -0.30 5.1 3.70 4.00 0.250 0.925 

Valeric Acid -8.85 -0.65 8.20 8.85 0.65 4.5 4.75 4.10 0.244 1.159 

2,5-

Dimethylpyrazine 
-8.30 +0.05 8.35 8.30 -0.05 5.8 4.13 4.18 0.239 0.988 

Terpinen-4-ol -8.05 +0.55 8.50 8.05 -0.55 4.2 3.75 4.30 0.233 0.872 

 

Figure 10 presents the optimized structures of the FE 

inhibitor constituents under investigation. Computed 

quantum chemical parameters are tabulated in Table 

7. The HOMO and LUMO densities are 

predominantly localized on heteroatoms, aromatic 

rings, carbonyls and hydroxyls (Fig. 10), indicating 

these regions serve as primary adsorption sites. 

Inhibitor molecules adsorb onto the metal surface 

through donor-acceptor interactions involving π-

electrons of the inhibitor and vacant d-orbitals of 

carbon steel surface [51, 52]. 

The EHOMO energy governs electron donation to 

electrophilic metal surfaces. The higher the value the 

more inhibitor molecule tendency to donate electrons 

to acceptor molecule, as a result, the inhibition 

efficiency increases due to the adsorption of inhibitor 

molecule on carbon steel surface. In contrast, the 

lower value of EHOMO values express the inhibitor 

molecule ability to accept electrons from the carbon 

steel surface. The more efficient inhibitors are those 

molecules that offer electrons to LUMO as well as 

accept electrons from CS surface [53, 54]. Effective 

corrosion inhibitors exhibit dual functionality: 

electron donation to metal orbitals and acceptance of 

electrons from metallic surfaces. The energy gap 

(ΔE=EHOMO-ELUMO) value directly corresponds to 

enhanced inhibitory performance, due to facilitating 

electron transfer mechanisms at the metal-electrolyte 

interface predicts molecular stability and reactivity 

[12]. A smaller value of ΔE shows high inhibition 

efficacy as low energy gap represents high reactivity 

of molecules toward metal surface hence 

enhancement of adsorption process occurs [50].  

The results indicate that cuminaldehyde has the 

lowest energy gap (ΔE = 7.80 eV) among FE 

constituents, which means that it is slightly more 

reactive than other compounds and will adsorb on the 

CS surface. Although the calculated values of ΔE, for 

the key FE components are close to each other, the 

values are in the following order: Cuminaldehyde < 

Eugenol < Valeric Acid < 2,5-Dimethylpyrazine < 

Terpinen-4-ol. However, there is a minor increase in 

chemical reactivity associated with this minor 

change. Besides, electronegativity principle states the 

tendency of electrons to transfer from a species with 

lower χ to that with higher χ until the chemical 

potentials are compensated [54, 55]. 

In conceptual DFT, the absolute hardness (η) is an 

important descriptor of molecular stability and 

reactivity. Generally, the energy levels of such 

molecules are high enough and the energy gaps are 

wide enough to render the molecule relatively inert, 

namely, if the molecule's hardness is high, its 

polarizability is low and also its electron-donating 

and its reactive properties are both less. Low 

molecular weight organic compounds with low 

molecular weight and narrow energy gap are more 

reactive with high electron donating ability and lower 

entropy. This hardness-softness classification is 

useful for predicting the interaction between the 

molecules, particularly in the adsorption mechanism 

concerning corrosion inhibition [49, 50]. 

The dipole moment (µ) also has a big part in the 

adsorption of inhibitor molecules at metal surfaces 

[48]. Increase of the µ is associated with a stronger 

electrostatic interaction and a better surface coverage 

and inhibition performance [52]. Another important 

DFT parameter is the degree of electron transfer (ΔN) 

which indicates the strength of the electron donation 

ability of an inhibitor towards the metal. The resulting 

change in ΔN, can be found as follows [52]: 

              ∆𝑁 =
𝜒𝐹𝑒−𝜒𝑖𝑛ℎ

2(𝜂𝐹𝑒−𝜂𝑖𝑛ℎ)
                                         (12) 

where χ = electronegativity, η: is the absolute 

hardness of the metal and the inhibitor. If the ΔN is 
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positive then there is electron transfer from the 

inhibitor to the metal which indicates strong 

adsorption of the inhibitor and effective inhibition. 

Using parameters of Fe: direction of magnetization of 

Fe, which is 7 eV, and the spin exchange energy of 

Fe, which is 0 eV mol-1, the parameters of the 

inhibitor are given by [54]: 

         𝜒𝑖𝑛ℎ =
(𝐼+𝐴)

2
= −

(𝐸𝐻𝑂𝑀𝑂+𝐸𝐿𝑈𝑀𝑂)

2
                 (13) 

        𝜂𝑖𝑛ℎ =
(𝐼−𝐴)

2
= −

(𝐸𝐻𝑂𝑀𝑂−𝐸𝐿𝑈𝑀𝑂)

2
                 (14) 

The obtained values of the ΔN (0 < ΔN < 3.6) 

demonstrate the favourable electron-donating 

capacity of the used FE constituents facilitating their 

adsorption on the metal surface. The compounds can 

be arranged according to their electron donating 

ability in the order of cuminaldehyde > valeric acid > 

2,5-dimethylpyrazine > eugenol > terpinen-4-ol. 

 

3.11 Mechanism of corrosion inhibition  

The adsorption mechanism of the FE constituents 

onto the CS surface, as revealed by the quantum 

chemical calculations, involves a combination of 

physisorption and chemisorption. The calculated free 

energy of adsorption for FE (−20 < ∆𝐺𝑎𝑑𝑠 < −40 

kJ/mole) supports this mixed-mode mechanism [50]. 

The inhibitory action is primarily driven by the 

electron-donating ability of heteroatoms (N, O) and 

functional groups (carbonyl, hydroxyl), as indicated 

by the HOMO localization and the positive ΔN values 

(Table 7).  

The inhibitory efficacy of FE is attributed to its 

molecular adsorption, which is facilitated by the 

presence of electron-donating heteroatoms, 

specifically nitrogen and oxygen, within its structure. 

This adsorption behavior can be interpreted through 

the HOMO-LUMO or the Hard and Soft Acids and 

Bases (HSAB) principle [52]. According to the 

former, lone electron pairs located on heteroatoms, 

carbonyl, and hydroxyl group which constitute the 

highest HOMO can form coordinate covalent bonds 

with vacant d-orbitals of iron atoms on the surface. 

This electron donation leads to an accumulation of 

negative charge on the metal, which is subsequently 

stabilized by back-donation of electrons from the 

metal to the antibonding π* orbital (LUMO) of the 

inhibitor molecule. This synergistic donor-acceptor 

interaction enhances the stability of the adsorbed 

layer and strengthens the binding affinity between the 

inhibitor and the active metal sites [54]. Also, 

complementing this view, the HSAB principle posits 

that stable complexes form between soft acids and 

soft bases or hard acids and hard bases. In this 

context, the iron surface, with its vacant d-orbitals, 

acts as a soft acid, while the electron-rich heteroatoms 

of the inhibitor molecule function as a soft base. Their 

mutual interaction, as predicted by the HSAB 

principle, results in effective adsorption [54, 55]. 

Furthermore, the formation of a stable iron-inhibitor 

complex on the metal surface can reduce the 

solubility of the protective layer and physically block 

active sites, thereby hindering the metal dissolution 

process and diminishing the overall corrosion rate 

[50-55]. A proposed mechanism for the corrosion 

inhibition of CS by FE is illustrated in Fig. 11. 

 

 
Compound Optimized HOMO LUMO 

Cuminaldehyde 

   

Valeric Acid 

   

2,5-

Dimethylpyrazine 

   



Zainab H. Ali et al.                                                                                                                                                                   DJES Vol 18 No (4) Dec 2025 

96 

 

Eugenol 

   

Terpinen-4-ol 

   
 

Figure 10. Optimized structures, HOMO and LUMO energies of protonated form of Cuminaldehyde, Valeric Acid, 2,5-

Dimethylpyrazine, Eugenol and Terpinen-4-ol. 

 
Figure 11. Schematic diagram of the adsorption mechanism of FE molecules on the CS surface in 

1 M HCl solution. 

 
4. CONCLUSION   

The anti-corrosive performance of a natural extract 

(FE) on carbon steel in 1 M HCl was 

comprehensively investigated using electrochemical 

methods and surface characterization techniques. The 

following specific conclusions were derived from 

experimental and theoretical analyses: 

1- FE exhibited remarkable corrosion inhibition 

capabilities, with efficiency positively correlated 

to concentration and inversely related to 

temperature. Maximum inhibition efficiency of 

87.2% was achieved at 16 g/l and 303K. 

2- PDP studies confirmed the mixed-type inhibition 

behavior of FE, with remarkedly influence on both 

anodic and cathodic sites on the metal. 

3- Adsorption mechanism analysis established that 

FE constituents follow the Langmuir adsorption 

isotherm model, suggesting monolayer coverage 

through combined physiochemical interactions at 

the metal-solution interface. 

4- Surface characterization techniques, including 

FESEM/EDX spectroscopy, and FTIR 

spectroscopy, provided unequivocal evidence of 

protective film formation, surface morphology 

modification, and substantial reduction in 

corrosion-induced surface degradation. 

5- Quantum chemical computations and adsorption 

free energy calculations revealed dual adsorption 

mechanisms involving both physisorption and 

chemisorption, with physical adsorption 

interactions predominating the protective process.  
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6- This research establishes FE as an 

environmentally benign, economically viable, and 

technically efficient corrosion inhibition 

alternative that provides multifunctional 

protection for carbon steel infrastructures in 

aggressive acidic environments. 
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