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Abstract 

This research investigates the potential of 2-((2-oxo-2H-chromen-7-yl)oxy)acetic acid (CAE) 

to inhibit mild steel corrosion in 1 M hydrochloric acid using gravimetrical methods and 

scanning electron microscopy (SEM). The study explores the adsorption and inhibition 

mechanisms through weight loss analysis and density functional theory (DFT) calculations. The 

inhibitor exhibited a maximum efficacy of 87.5% at a concentration of 0.5 mM after a 10-hour 

immersion period at 303 K. Experiments conducted at different immersion times (5, 10, 24, and 

48 hours) revealed 10 hours to be the most effective duration for the chosen inhibitor 

concentrations (0.1–1.0 mM) at 303 K. Inhibition efficiency increased proportionally with 

rising inhibitor concentration and remained stable beyond 10 hours up to 48 hours. The influence 

of temperature on the inhibition process was studied for varying inhibitor concentrations. Here 

again, 10 hours emerged as the optimal immersion time. The Langmuir adsorption isotherm 

model was successfully applied to understand the inhibitor’s adsorption behavior on the mild steel 

surface. The variation in activation energy demonstrated that particular binding incidents existed 

between the inhibitor compounds and the cast mild steel surface. The DFT calculations made this 

interaction more vivid by providing more insight into them. Analysis found a slight difference in 

energy between HOMO and LUMO which proved the inhibitor effectiveness. The relevant data 

of the experiments and calculations show a good correspondence, which proves the efficacy of 

CAE as a corrosion inhibitor for mild steel in HCl environment. 
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1. Introduction 

It is known that metals are susceptible to corrosion when exposed to acidic atmospheres 

directly in a solution of hydrochloric acid, which is a compound commonly used for 

industrial purposes [1, 2]. Consequently, this effect triggers electrochemical reactions, and 

the end result is that the metal will crumble and collapse. Chloride ions form hydrochloric 

acid solutions that facilitate rust by corroding the oxide layer on the surface of the object, 

which is highly corrosive. Corrosion is a cost-consuming phenomenon in itself. This results 

in some direct costs related to items such as material replacement, maintenance and repair. 

On the other hand, there are other expenses, such as production delays and reduced operating 

efficiency, which result from unforeseen conditions and downtime [6, 7]. Global spending 

on corrosion can reach billions annually and the impact has been most significant for 

industries that rely heavily on metal facilities, such as manufacturing, aviation, and oil and 

gas [8, 9]. The use of corrosion inhibitors constitutes the first approach aimed at reducing 

the harmful consequences of corrosion [10, 11]. Over time, phosphates, chromium, etc. were 

used as dandruff inhibitors. While the environmental impact of electric vehicles on the 

environment continues to be a concern which has led to a search for more environmentally 

friendly options, during this time, legal issues still remain. Natural corrosion inhibitors that 

are mainly based on organic materials come from areas where organic materials have already 

proven effective against corrosion. Coumarins, a family of aromatic compounds of which 

plants serve as a source, are said to possess multiple beneficial corrosion-inhibiting 

properties [16–21]. The flexible structure of the proposed design will include the necessary 

changes that will improve its efficiency. Furthermore, they are less aggressive towards the 

environment since their biodegradability and inherent non-toxicity make them cleaner than 

their conventional retardant counterparts. Scientists are investigating the ability to provide 

N, O, S and P heteroatoms in organic compounds to discover more corrosion inhibitors. 

These components can be important in forming the protective layer over the metal surface, 

which plays an essential role in preventing corrosion mechanisms. DFT is responsible for 

the tremendous success in the field of theoretical studies of corrosion, due to its unique 

ability to detect not only actually existing corrosion but also explain the origin of a particular 

type of corrosion. Thus, studying corrosion mechanisms at the molecular level with an 

emphasis on the interaction between metal surfaces and their surroundings is of fundamental 

importance for the invention of effective corrosion inhibitors [27]. DFT is just one of the 

very useful tools to study inhibitor adsorption on metal surfaces. It assumes a theoretical 

model to predict the electronic behavior and properties of solid materials [28]. Thus, by 

reproducing the behavior of inhibitory molecules upon contact with metal atoms, DFT will 

provide precise thermodynamics and kinetics of inhibitor adsorption, providing significant 

assistance in identifying factors that reduce inhibitor efficiency. This approach was one of 

the determinants of the optimal properties of chemical inhibitor molecules to facilitate 

fixation on the metal surface in order to prevent the corrosion process. DFT studies predict 

the nature of inhibitor adsorption by digitizing the electronic structure and charge 
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distribution of complexes formed between the inhibitor and metals via computational 

simulations. This knowledge allows the creation of new intellectually designed inhibitors 

with better drug efficiency [30]. Furthermore, DFT calculations can shed light on the precise 

role of certain heteroatoms or functional groups within inhibitor molecules with respect to 

adsorption as well as nucleation and dissolution of aggressive elements. For example, 

besides O, N, S, and P, such interactions between inhibitor molecules and metals come in 

the form of adsorption that prevents oxidation of the metal. Also, DFT investigations will 

provide examples of the mechanisms of corrosion inhibitors by considering features of the 

reaction pathways and energetics that occur in the presence of the inhibitor. The DFT model 

can explain how inhibitors change the reactivity of metal atoms through their kinetic and 

thermodynamic interactions, hindering the formation of corrosion products [31]. More 

clearly, the goal is to better understand the inhibition process, and DFT provides essential 

knowledge of all available molecular level details. This research investigates the potential 

of a new coumarin derivative, CAE (Figure 1), as a corrosion inhibitor for mild steel in a 

1 M HCl solution. Our aim is to analyze and understand the inhibitory properties of CAE, 

thereby contributing to the development of efficient and sustainable corrosion inhibition 

strategies. This study aims to elucidate the fundamental mechanisms by which CAE inhibits 

corrosion. 

 
Figure 1. The chemical structure of CAE. 

2. Experimental Procedure  

2.1. Material preparation  

The corrosion inhibitor utilized in this study can indeed be obtained commercially from 

Sigma-Aldrich. Additionally, the compound can also be readily synthesized in the laboratory 

using the method outlined in reference [32]. Mild steel samples with the following 

composition (wt.%) were used: 0.21 C, 0.38 Si, 0.05 Mn, 0.09 P, 0.01 Al, and the balance 

Fe. The samples (4.5×1×0.5 cm) were prepared according to ASTM G1-03 guidelines. To 

achieve a smooth and reflective surface, the samples were mechanically polished with fine-

grit sandpaper, eliminating any surface imperfections. Following cleaning with acetone and 

deionized water, the samples were air-dried to minimize oxide layer formation. Finally, 

surface profiling using profilometry ensured smoothness and consistency. 
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2.2. Test solution preparation  

A 1 M hydrochloric acid (HCl) solution was prepared by diluting analytical grade HCl 

in distilled water. CAE concentrations ranging from 0.1 to 1 mM were employed in an 

electrolyte solution with a total volume of 100 mL. A blank solution containing only 1 M 

HCl served as a comparison. Different CAE concentrations were added to the 1 M HCl 

solution to assess their corrosion inhibition effectiveness. Thorough mixing ensured even 

distribution of the inhibitor within the acidic medium [33, 34]. 

2.3. Weight loss test  

This method, valued for its simplicity, was used to measure corrosion rates. Cleaned, dried, 

and weighed samples were immersed in 100 mL of HCl solution with varying CAE 

concentrations at room temperature. After specific durations (2, 5, 10, 24, and 48 hours), 

samples were removed, cleaned, and reweighed. Each sample was weighed three times 

before and after immersion for accuracy [35, 36]. The symbol ∆W (Equation 1) represents 

the average weight loss in milligrams (mg). The variable wo represents the starting weight 

of the specimen without inhibitors, while Wi represents the weight of the specimen with 

inhibitor.  

 W=W0–Wi (1) 

Corrosion rate (CR), inhibition efficiency (%IE), and surface coverage (θ) were 

calculated using relevant formulas 2–4 [37–39]. 
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Three replicates were used for each test [40–43]. 

2.4. Density functional theory (DFT) calculations  

The interaction between the inhibitor and the metal surface was investigated through density 

functional theory (DFT) simulations. Calculations were performed with the Gaussian 09 

software package employing the B3LYP functional in the gas phase, along with the 6-

31G++(d,p) basis set [44, 45]. It turned out crucial to identify the electric features of the 

inhibitor and how it reacts to the metal surface during the calculation process. The 

experiment proposed I (ionization potential) and E (electron affinity), which are two 

fundamental characteristics that can irradiate Koopmans’ theory using the highest occupied 
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molecular orbital (EHOMO) and the lowest unoccupied molecular orbital (ELUMO), 

respectively. For example, some of the most important chemical traits like electronegativity 

and degree of hardness and softness were also determined. 

Through the implementation of these formulae one could obtain qualitative concept 

about the role of the inhibitor and its interaction with the surface of the metal. The subsequent 

equations were employed for the computation of I and A: The subsequent equations were 

employed for the computation of I and A: 

 I=–EHOMO (5) 

 A=–ELUMO (6) 

Lastly, important chemical features like the electronegativity (χ), the hardness (η), and 

the softness (σ) were determined precisely with the use of the equations given in reference 

[46]. 

 χ
2

I A+
=  (7) 

 η
2

I A−
=  (8) 

 
1

σ
η

=  (9) 

This way, the more information was received about what its electrical properties are, as 

well as how it likes to interact with the metal of the surface. That is the data from which we 

can learn if the inhibitor is very strong or very weak. The real story in this environment is 

about the differentiation of electronegativity (the electron pull tendency) of the inhibitor and 

that of the metal (iron is the case). A custom equation was the Equation 2 and the specific 

features of iron were considered in the process of calculating the equation, thus deducing ΔN 

(Equation 10) [46]. With this value we can measure the penetration capability of the inhibitor 

into the metal surface and thereby the formation of the protective layer on the metal. 
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2.5. Adsorption isotherm investigations 

Adsorption isotherm was the model of choice to explain the binding process between 

inhibitor and metal surface. These models help us understand how much of the metal surface 

the inhibitor covers (coverage) and how this coverage changes depending on the surrounding 

environment (the corrosive solution in this case). One model, the Frumkin isotherm, takes 
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into account how closely packed the inhibitor molecules are on the surface. This closeness 

can affect how effectively the inhibitor forms a protective layer. The mathematical 

representation of it is denoted as [47]: 

 ( )
2

fln β
μ 2

RT n
n K

RT
= +  (12) 

where, n is the surface coverage of the inhibitor, Kf represents the Frumkin adsorption 

equilibrium constant, β donates for the lateral interaction coefficient, μ signifies the chemical 

potential, R is the constant of ideal gas, and T represents for temperature in Kelvin. 

Another model, the Temkin isotherm, considers the fact that as more inhibitor 

molecules attach to the surface, it becomes slightly less attractive for additional molecules 

to join. This reflects the decreasing interaction between the inhibitor and the metal as the 

surface gets covered. Its formula is given by: 

 ln θ
RT

A RT b
b

= +  (13) 

In this equation, b represents the Temkin isotherm constant associated with the heat of 

adsorption, A denotes the Temkin isotherm constant related to the equilibrium binding 

constant, and θ stands for the fraction of occupied surface sites. 

Finally, the Langmuir isotherm assumes a scenario where the inhibitor forms a single, 

uniform layer on the metal surface. This is a commonly used model for understanding how 

corrosion inhibitors work. It’s expressed as: 

 ads inh

ads inh

θ
1

K C

K C


=

+ 
 (14) 

Here, Kads is the Langmuir constant, Cinh denotes the concentration of tested inhibitor, and θ 

represents the surface coverage. 

In addition to these theoretical models, we conducted experiments to measure the actual 

weight loss of the metal under different inhibitor concentrations. This real-world data 

allowed us to compare it with the predictions from the models, confirming our understanding 

of how the inhibitor behaves on the metal surface [48]. 

3. Results and Discussion  

3.1. Weight loss measurements 

Figure 2 shows how effectively CAE acts as a corrosion inhibitor for mild steel in a strong 

acid solution (1 M HCl) after 5 hours of immersion. It has been assessed by the way, in 

which we weighed the metal to know the exact loss. If the level of CAE intensified, its 

corrosion rate would be lowered. Carrying out the test without any corrosion inhibitor 

(0 mM) brought about a corrosion rate as high as 521 mpy. On the other hand, a high CEA 

concentration may result in pitting corrosion which will occur at very low rates of ∼49 mpy 
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and 38 mpy. This from the fact that highest corrosion resistance was achieved when nitriding 

was performed and CAE was used as surface finish implies that as a protective layer CAE 

can successfully protect the metal from severe acidic environment [49, 50]. With addition of 

the concentration level, CAE can significantly reduce a corrosion amplitude. At a low dose 

(0.1 mM), the CAE, as measured with the inhibition of about 44.8%, is at low level. While 

at higher concentrations (0.5 mM and 1 mM) superiority in the inhibition effect can be seen 

even higher degrees like 87.5% and 91.2% respectively. This demonstrates a considerable 

decrease in corrosion, indicating the superiority of CAE as an inhibitor. Recognize the 

grammar structures such as modals, pronouns, and verb tenses that are commonly used in 

this specific language. Achieve fluency in the key sentence patterns of both spoken and 

written communication within the context of the target language. In the last instance, it can 

be concluded that the workability of CAE as an anti-corrosion material for mild steel in 

acidic conditions is very capable. The observation of a marked decline in corrosion 

magnitude and acceleration of the inhibition efficiency with the increasing CAE 

concentration implies a broad area application of the inhibitor for different industrial 

utilizations. 

 
Figure 2. Effect of inhibitor concentration on corrosion rate and inhibition efficiency of CAE 

in 1 M HCl solution. 

3.2. Effect of immersion time periods 

Figure 3 shows the effects of exposure duration on filled tube immersion time on CAE 

corrosion inhibition capacity. Process monitoring was carried out by utilizing weight loss 

measurements for measuring the influence of CAE concentration on corrosion rate. 

Incredibly, corrosion rate went down with exposure time raise in acidic surrounding for each 
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of three CAE concentrations. For instance, there is a discrepancy between corrosion rates 

(276 mpy after 0.1 mM exposure for 1 hour and 173 mpy with the same exposure for 

48 hours). This holds true not just for the lower CAE levels [52, 53] but it also for the higher 

concentrations. This implies that the French twist performed over extended time frames 

becomes more successful in the metal protection process. Inhibition efficiency, like 

corrosion rate, is better as the exposure time duration expands and concentration increases. 

At a low CAE concentration (0.1 mM), the initial inhibition is moderate (29.6%) but 

increases to 61% after 48 hours. At a higher concentration (1 mM), the initial inhibition is 

already strong (83%) and further improves to 94% after 48 hours. This indicates that CAE’s 

effectiveness increases the longer the metal is exposed to the acid, with higher concentrations 

offering even greater protection over time [54]. Overall, the results show that both the 

duration of exposure and the amount of CAE used are crucial factors in its effectiveness as 

a corrosion inhibitor. CAE’s ability to slow down corrosion and improve its protective effect 

over time suggests its potential for applications requiring long-term protection against acidic 

environments. 

 
Figure 3. Effect of immersion time on corrosion rate and inhibition efficiency of CAE in 1 M 

HCl solution. 

3.3. Effect of temperature 

Figure 4 explores the influence of temperature on the corrosion protection efficacy of CAE 

for mild steel in a strong acidic environment (1 M HCl). Weight loss measurements were 

employed to quantify this effect. The relationship between temperature and corrosion rate is 

complex and will be further discussed. At lower temperatures (303 K), higher CAE 
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concentrations lead to slower corrosion [55]. For example, with a low CAE concentration 

(0.1 mM), the corrosion rate is higher at a higher temperature (141 mpy at 333 K compared 

to 207 mpy at 303 K). This suggests CAE performs better in cooler environments. Similar 

to the corrosion rate, CAE’s ability to prevent corrosion (inhibition efficiency) is also 

affected by temperature. Lower temperatures generally favor higher inhibition. At a low 

CAE concentration (0.1 mM) and lower temperature (303 K), the initial inhibition is 

moderate (44.8%). Interestingly, at the same concentration but a higher temperature (333 K), 

the initial inhibition increases (91.2%). However, at even higher temperatures, further 

increases in CAE concentration might not significantly improve inhibition. This indicates 

that while CAE remains effective at various temperatures, extremely hot environments can 

slightly reduce its effectiveness [56]. Overall, the results highlight that temperature plays a 

role in CAE’s performance as a corrosion inhibitor. Cooler temperatures and higher CAE 

concentrations generally lead to better protection. These findings emphasize the importance 

of considering temperature variations when selecting corrosion inhibitors for industrial 

applications [57, 58]. 

 
Figure 4. Effect of temperature on corrosion rate and inhibition efficiency of CAE in 1 M HCl 

solution. 

3.4. Adsorption isotherm  

The way an inhibitor interacts with the metal surface can be analyzed through a special kind 

of graph called an “adsorption isotherm”. This graph helps us understand how much of the 

metal surface the inhibitor covers (coverage) and how this changes with the amount of 

inhibitor used (concentration). A higher starting point (intercept) on the graph generally 

indicates a stronger bond between the inhibitor and the metal. This translates to a larger area 
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of the metal surface being covered by the inhibitor [59]. The slope of the graph reflects the 

change in inhibitor coverage with increasing inhibitor concentration. A steeper slope 

indicates that adding more inhibitor has a larger impact on the coverage, while a flatter slope 

suggests smaller changes [60]. Looking at Figure 5, the Langmuir isotherm appears to best 

represent how the inhibitor molecules interact with the mild steel surface. This is because 

the data points closely follow a straight line, signifying a strong correlation between the 

amount of inhibitor used and the resulting coverage. The Langmuir adsorption constant (Kads) 

was determined according to Equation 14, derived from Equation 15 [61]: 

 
( )ads

inh

θ

1 θ
K

C
=

−
 (15) 

Another important parameter is the standard free energy of adsorption, which tells us if 

adsorption happens spontaneously. A negative value suggests that adsorption is favorable 

and happens spontaneously. The Gibbs free energy of adsorption (ΔGads) can be calculated 

based on Equation 16, [62]: 

 ( )0

ads ln 55.5G RT =  (16) 

where: R is the gas constant (8.314 J/mol·K), T is the temperature in Kelvin (assumed to be 

constant), and 55.5 is the concentration of water (in mol/L). 

 
Figure 5. Langmuir adsorption isotherm analysis of CAE on mild steel surface in 1 M HCl 

solution. 
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Our calculations show a value of –9.887 kJ/mol, indicating that CAE readily adheres 

to the mild steel surface. This spontaneous adsorption is a crucial factor for effective 

corrosion inhibition. In simpler terms, CAE sticks well to the metal, forming a protective 

layer that shields it from the corrosive environment. This “sticking” is essential because it 

prevents the corrosive agents from reaching the metal surface and causing damage. The type 

of bond formed between CAE and the metal surface is crucial. Scientists use a special graph 

called the “Langmuir adsorption isotherm” to analyze this interaction. This graph suggests 

that CAE forms physical adsorption. The specific pattern observed in the Langmuir plot 

indicates that CAE forms a single layer on the metal surface, further strengthening the 

protection [63]. 

The calculations indicate a value of –9.887 kJ/mol, which suggests a strong attraction 

between the inhibitor and the mild steel surface. The calculated value falls within the range 

characteristic of physical adsorption [64].  

3.5. Thermodynamic analysis of CAE in 1.0 M HCl solution 

The standard adsorption enthalpy (ΔH0) for the inhibition process can be calculated 

according to Van’t Hoff equation (Equation 17): 

 
0lnd K H

dT RT


=  (17) 

By rearranging Equation 17, we obtain Equation 18 [63, 64]: 

 
0

ln
H

K A
RT

−
= +  (18) 

where A is the integral constant. 

The linear correlation coefficient (R2) for CAE, as shown in Figure 6, is 0.998. From 

the slope of the straight line of lnK versus T, the values of ΔH0 are calculated and summarized 

in Table 1. 

Table 1. Thermodynamic parameters for CAE in 1.0 M HCl. 

Temperature (°C) ΔG0 (kJ/mol) ΔH0 (kJ·mol–¹) ΔS0 (J·mol–¹·K–¹) 

303 –9.887 37.46 266.87 

313 –21.63 41.26 225.59 

323 –23.26 41.27 224.60 

333 –24.55 42.84 218.33 

Based on Equation 14 and obtained K values, the free energy of adsorption (ΔG0) is 

calculated. The standard thermodynamic parameters are then compiled in Table 2. The 

positive values of ΔH0 indicate that the adsorption of the inhibitor is endothermic. 
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Interestingly, an increase in temperature correlates with an increase in inhibition efficiency, 

suggesting a potential involvement of the inhibitor in a chemical adsorption process at higher 

temperatures. Moreover, the ΔG0 value provides additional insights. When ΔG0 is larger than 

–20 kJ/mol, it signifies electrostatic interaction between the charged inhibitor and the 

charged steel, indicating physical adsorption. Between –21 kJ/mol and –25 kJ/mol (at 313 K 

to 333 K), the adsorption involves the transfer of the charged organic inhibitor onto the steel 

surface, resulting in the formation of a coordinated bond (chemical adsorption) along with 

physical bonds. Essentially, there exists no clear boundary between physical and chemical 

adsorption, as physical adsorption can be considered the initial stage of chemical adsorption. 

Furthermore, the negative ΔG0 values at the same temperature indicate strong adsorption of 

CAE on the steel surface. The positive sign of ΔS0 indicates an increase in entropy, 

suggesting enhanced chaos between reactant molecules on the metal electrode surface. This 

increase in chaos serves as an important driving force for inhibitor molecules to adsorb onto 

the metal surface [63, 64]. 

 
Figure 6. Straight line of lnK versus 1/T. 

3.6. SEM 

In order to observe the surface morphology of the metallic sample in the absence and 

presence of tested inhibitor, the mild steel coupons were analyzed by scanning electron 

microscopy (SEM) employing a scanning electron microscopy, type TM1000 Hitachi 

Tabletop Microscope at 2000× magnification was used. Before carrying out these analyses, 

the metallic samples were polished until reaching a mirror finishing and were submitted to 

immersion for 5 h in the absence and presence of 0.5 mM of tested inhibitor at 303 K. 

Figure 7 shows the surface analysis of the steel sample after its exposure to 1 M HCl in the 
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absence and presence of tested inhibitor at 303 K for 5 h by SEM. Figure 7a displays the 

blank micrograph with evident surface damage and heterogeneous morphology caused by 

Cl– and H3O+ ions, which are characteristic of the corrosive medium and by the temperature 

effect. In the presence of tested inhibitor at 0.5 mM (Figure 7b), a less damaged and more 

homogeneous morphology is observed; even some surface fractions spared by the corrosive 

attack can be seen, which reveals higher corrosion resistance originated by the adsorption of 

a CI protecting film. 

 
Figure 7. SEM micrographs of mild steel exposed to 1 M HCl at 300 K in the presence of:  

(a) 0 mM CAE, and (b) 0.5 mM of CAE. 

3.7. DFT calculations 

Imagine a powerful computer program that can act like a virtual laboratory for studying the 

building blocks of our world: molecules and materials. This is exactly what density 

functional theory (DFT) offers. DFT is a computational tool used in quantum mechanics, a 

branch of physics that deals with the very small. DFT allows us to predetermine the qualities 

of molecules and materials by using experiments without spending lot [65]. DFT helps us 

understand the arrangement and behavior of electrons within molecules and materials. This 

includes determining their energy levels, how easily they can be removed (ionization 

energy), and their attraction to other atoms (electronic affinity). DFT has become a 

cornerstone in chemistry and material research. Scientists use it to predict how molecules 
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and materials will behave under various conditions, including their susceptibility to 

corrosion (rusting). By simulating the interaction between inhibitor molecules and metal 

surfaces, DFT helps researchers develop more effective ways to prevent corrosion [66, 67]. 

This section explores the properties of the inhibitor molecule through various calculations. 

Imagine the electrons in a molecule occupy different “energy levels”. The gap between the 

highest occupied level (HOMO) and the lowest unoccupied level (LUMO) is called the 

energy gap. A larger gap (7.723 eV in this case) signifies that more energy is needed to move 

an electron from its current position (Table 2). Ionization energy refers to the energy required 

to remove an electron from the molecule entirely. A higher value (12.088 eV) indicates the 

molecule holds its electrons tightly. Electron affinity is the opposite of ionization energy. It 

represents the energy released when the molecule gains an electron. A lower value 

(4.365 eV) suggests the molecule has some capacity to accept additional electrons. 

Electronegativity reflects how strongly an atom or molecule attracts electrons. It’s calculated 

as an average of ionization energy and electron affinity (8.227 eV in this case). Hardness 

and softness terms describe how easily the molecule’s electron distribution can be altered. 

A higher global hardness (3.862 eV) indicates resistance to such changes. Conversely, 

softness (0.259) reflects the ease with which the molecule can share electrons. Electron 

transfer calculation (–0.3217) suggests that the inhibitor molecule tends to donate some 

electrons to the metal surface. This electron transfer contributes to the formation of a 

protective layer on the metal [68, 69]. 

Table 2. Electronic parameters of CAE calculated via density functional theory (DFT). 

Parameter Value  

Energy gap (ΔE) 7.723 eV 

Ionization energy (I) 12.088 eV 

Electronic affinity (A) 4.365 eV 

Electronegativity (χ) 8.227 eV 

Global hardness (η) 3.8615 eV 

Softness (σ) 0.259 eV–1 

Fraction of transferred electrons (ΔN) –0.3217 

Figure 8a shows the 3D structure of the inhibitor molecule. Figures 8b and 8c provide 

additional insights into how electrons are distributed within the molecule. Figure 8b depicts 

the delocalization of the highest occupied molecular orbital (HOMO) electrons across the 

entire molecule. This even distribution, called delocalization, signifies stability and lower 

reactivity. In the context of corrosion inhibition, a stable and evenly distributed electron 

cloud suggests a higher potential for the molecule to donate electrons. This explaining fact 

that the molecule can transfer its electrons to the metal makes this molecule develop strong 

bonds with the metal surface which would enable the molecule to act as an anti-corrosion 
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agent. The relationship between the Figures 8b and 8c reveals that electrons are distributed 

within the inhibitor in the molecular level. It is quite significant to understand the function 

of such a substance, whether it does prevent the corrosion or not. It is zone 8b where the 

molecule is easily capable to transfer and share electrons (HOMO). This way of 

classification is also an indicator of the relaxation and indicates that this molecule is more 

likely to give electrons donation. In corrosion avoiding, this skills of sharing electrons are 

very imperative to make the surface of metal strong. Figure 8c gives us the information about 

the localization of the parts (aromatic and pyrone rings) where the molecule lifts the electrons 

(LUMO). It means these regions can contain these elements or fix them to the metal. 

Together, Figures 8a, 8b, and 8c suggest that the inhibitor molecule possesses 

properties that make it effective in preventing corrosion: 

• Electron donation: The configuration of the molecule eases the process of exchanging 

electrons, thus creating a strong link with metal atoms surface. 

• Targeted interaction: Certain areas within the molecule are believed to be more able to 

accept electrons to form a bond with that of the metal, hence the complementary property 

that facilitates corrosion protection. 

 
a 

 
b 

 
c 

Figure 8. The (a) optimized structure, (b) EHOMO, and (c) ELUMO of inhibitor molecules. 

3.8. Comparison of coumarins as corrosion inhibitors 

Coumarins, a class of organic compounds containing the benzopyrone structure, have gained 

significant attention as corrosion inhibitors due to their favorable adsorption characteristics 

and chemical properties. In this section, we compare the performance of various coumarin 

derivatives as corrosion inhibitors with our studied inhibitor (Table 3), 2-((2-oxo-2H-

chromen-7-yl)oxy)acetic acid (CAE), against mild steel in acidic environments. A 

comparison of various coumarin-based corrosion inhibitors highlights their inhibition 

efficiency, advantages, and limitations, providing insights into their potential applications in 

corrosion control. PMBH demonstrates an impressive inhibition efficiency of 98.8%, 

coupled with eco-friendliness. However, its synthesis process is costly and challenging [71]. 

(2-(7-hydroxy-2-oxo-2H-chromen-4-yl)acetyl)-β-alanine with an inhibition efficiency of 

71.74%, this compound offers eco-friendly corrosion protection. Nonetheless, its synthesis 
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is expensive and complex [2]. (2-(7-Hydroxy-2-oxo-2H-chromen-4-yl)acetyl)-β-alanine 

methyl ester, (2-(7-hydroxy-2-oxo-2H-chromen-4-yl)acetyl)-β-alaninehydrazide, and (2-(7-

hydroxy-2-oxo-2H-chromen-4-yl)acetyl)-β-alanylglycine exhibit inhibition efficiencies 

ranging from 40.04% to 53.04%, providing eco-friendly corrosion protection. However, they 

show relatively lower efficiency compared to other inhibitors [72]. EFCI with a high 

inhibition efficiency of 94.7%, EFCI offers eco-friendly corrosion protection. However, its 

efficiency decreases with temperature [73]. BTMC and BTC demonstrate inhibition 

efficiencies of 93.5% and 92.1%, respectively, and are known for effective adsorption and 

suitability for acidic environments. However, they exhibit lower efficiency at high 

concentrations and specificity towards certain acids [74, 75]. 8-Piperazine-1-ylmethyl-

umbelliferone provides eco-friendly corrosion protection with an efficiency of 93.4%. 

However, its efficiency decreases with temperature [76]. 4-Hydroxy-3-(phenyldiazenyl)-

2H-chromen-2-one, 4-hydroxy-3-((4-bromophenyl)diazenyl)-2H-chromen-2-one, 4-

hydroxy-3-((4-chlorophenyl)diazenyl)-2H-chromen-2-one, and 4-hydroxy coumarin offer 

eco-friendly corrosion protection with inhibition efficiencies ranging from 60.81% to 89%. 

However, they exhibit lower efficiency at high concentrations and specificity towards certain 

acids [77, 78]. 

Table 3. Comparison of coumarins as corrosion inhibitors. 

Coumarin 
Inhibition 

Efficiency (IE%) 
Advantages Limitations Ref. 

PMBH 98.8 
Ecofriendly, high 

efficiency 

Costly, difficult 

synthesis 
[71] 

(2-(7-Hydroxy-2-oxo-

2H-chromen-4-yl)acetyl)-

β-alanine 

71.74 Ecofriendly 
Costly, difficult 

synthesis 
[72] 

(2-(7-Hydroxy-2-oxo-

2H-chromen-4-yl)acetyl)-

β-alanine methyl ester 

47.98 Ecofriendly 
Low inhibition 

efficiency 
[72] 

(2-(7-Hydroxy-2-oxo-

2H-chromen-4-yl)acetyl)-

β-alaninehydrazide 

53.04 Ecofriendly 
Low inhibition 

efficiency 
[72] 

(2-(7-Hydroxy-2-oxo-

2H-chromen-4-yl)acetyl)-

β-alanylglycine 

40.04 Ecofriendly 
Low inhibition 

efficiency 
[72] 

EFCI 94.7 
Ecofriendly, high 

efficiency 

Decreases with 

temperature 
[73] 

BTMC 93.5 Effective 

adsorption, 

Lower efficiency at high 

concentrations, acid 

specific 

[74] 
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Coumarin 
Inhibition 

Efficiency (IE%) 
Advantages Limitations Ref. 

acidic 

environments 

BTC 92.1 

Effective 

adsorption, 

acidic 

environments, 

potentially 

biodegradable 

Lower efficiency at high 

concentrations, acid 

specific 

[75] 

8-Piperazine-1-

ylmethylumbelliferone 
93.4 Ecofriendly 

Decreases with 

temperature 
[76] 

4-Hydroxy-3-

(phenyldiazenyl)-2H-

chromen-2-one 

89 Ecofriendly 

Lower efficiency at high 

concentrations, acid 

specific 

[77] 

4-Hydroxy-3-((4-

bromophenyl)diazenyl)-

2H-chromen-2-one 

83 Ecofriendly 

Lower efficiency at high 

concentrations, acid 

specific 

[77] 

4-Hydroxy-3-((4-

chlorophenyl)diazenyl)-

2H-chromen-2-one 

86 Ecofriendly 

Lower efficiency at high 

concentrations, acid 

specific 

[77] 

4-Hydroxy coumarin 60.81 Ecofriendly 

Lower efficiency at high 

concentrations, acid 

specific 

[78] 

3.9. Suggested mechanism 

This section explains how the inhibitor molecule interacts with the metal surface to prevent 

corrosion. The inhibitor molecules attach themselves to the iron atoms on the metal surface. 

Imagine this attachment as a protective layer that shields the metal from the corrosive 

environment [79–81]. This attachment involves the inhibitor molecule sharing its electrons 

with the iron atoms. This protective layer formed by the inhibitor molecules acts as a barrier, 

preventing the corrosive liquid from directly reaching the metal surface and causing damage. 

Figure 9 pictorially illustrates the proposed mechanism of how the inhibitor molecule 

prevents the metal cluster forming [82–85]. 

The inhibitor molecule’s interaction with the metal surface offers additional protection 

[86–94]. The inhibitor molecule’s interaction with the metal surface offers additional 

protection [86–94]: 

• Changing the metal’s response: Attaching itself to the metal, the inhibitor modifies 

the corrosive environment necessity, making it less active and responsive. 
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• Donating electrons: Inhibition offers up donor electrons to the metal surface which 

then undergoes reduction. The metal becomes less prone to corrosion at this point. 

The mentioned electron transfer, apart from that, consolidates the defending the 

membrane layer. 

• Building a physical barrier: Metal surface can indeed induce the reaction between the 

inhibitor and the cathode of the metal in which a dense, tightly packed layer with 

small free volume is created. This barrier layer performs the physical role ofisolating 

the stirring and corroding processes and slows them down. 

In summary, the inhibitor molecule works by:  

• Forming a protective layer: It is bonded to the metal surface, therefore it forms a 

passivation layer from which the corrosive substance is driven away. 

• Reducing metal reactivity: Instead, the alloy resists the formation of new particles 

and the cracking off of existing ones. 

• Providing a physical barrier: This layer of mucus forms a unit which gives barrier and 

is not accessible to the detrimental substances. 

 
Figure 9. Suggested mechanism. 

4. Conclusion 

The primary purpose of this research was to look at the prospect of using compound with 

the formula CAE (2-((2-oxo-2H-chromen-7-yl)oxy)acetic acid) to reduce corrosion of mild 

steel in a 1 M HCl acid. 

Effective corrosion protection: 

• Experiments showed that CAE effectively protects the metal, with the best results 

achieved under specific conditions (high concentration, longer immersion time, and lower 

temperature). 

• Increasing inhibitor concentration and immersion time generally improved protection, 

while higher temperatures showed a slight decrease in effectiveness. 



 Int. J. Corros. Scale Inhib., 2024, 13, no. 2, 1056–1083 1074 

  

 

Understanding the inhibitor: 

• Computer simulations (density functional theory) assisted in examining the features of 

CAE, thus the calculations of its molecular structure and interaction with other compounds 

enabled deep understanding. 

Protective mechanism: 

• The theory was developed on the basis that CAE molecules are bonded to the metal surface 

as an effective protection from the acidic environment. The special micron-thin sheet of 

uncoating that lays on the surface area of the metals acts as a shielding layer and modify 

the molecular property the metals to become resistant to various types of damages. 

Overall significance: 

• This research demonstrates that CAE has promising potential as a practical and eco-

friendly corrosion inhibitor for mild steel in acidic environments. 

• It contributes to the development of sustainable solutions for preventing corrosion in 

industrial applications. 

Future research: 

• Further studies are recommended to investigate the long-term performance and stability 

of CAE and similar inhibitors using computer-aided engineering tools. 

• This will help refine these inhibitors and improve their effectiveness in real-world 

corrosion protection strategies. 
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