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Abstract 

Low carbon steel is an important construction material utilized in various industries mostly for 

its outstanding mechanical characteristics and its rather low cost compared to other materials. 

The current investigation studies the ability of N-(2,4-dihydroxytolueneylidene)-4-

methylpyridin-2-amine (N-MDA), a Schiff base, on low-carbon steel corrosion inhibition in 

1 M HCl environment utilizing weight loss techniques under the effect of different 

methodological restrictions. Experimental findings showed that (N-MDA) is an efficient 

inhibitor and inhibitive efficacy increased with increasing N-MDA concentration; reaching the 

highest rate of 93.7% at a N-MDA concentration of 0.0005 M. The effect of temperature of N-

(2,4-dihydroxytolueneylidene)-4-methylpyridin-2-amine on the corrosion of low carbon steel in 

1 M HCl solution was also investigated by weight loss experiments at temperatures ranging 

from 303 to 333 K. The adsorption of the N-MDA molecules on the low-carbon steel surface 

followed the Langmuir isotherm model with the adsorption free energy ( 0
adsG ) of 

−38.9 kJ∙mol–1. Density function theory (DFT) has been used to perform quantitative 

calculations to correlate the structural and electronic properties of the investigated N-MDA 

molecules with the evaluation of the inhibitory activity. Electronic factors such as the Highest 

Occupied Molecular Orbital (HOMO), the Lowest Unoccupied Molecular Orbital (LUMO), the 

energy gap (ΔE), hardness, softness and electronegativity were calculated and discussed. The 

conclusions reached from the weight loss measurements and quantum chemical calculations are 

in good agreement. 
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1. Introduction 

In general, corrosion inhibitors have been extensively investigated in various applications to 

reduce the corrosion rate of alloy surfaces in corrosive solutions [1–3]. Corrosive 

environments are commonly used in various industrial processes, such as pickling, acid 

cleaning, acid descaling, acidification, oil and gas operations, etc. [4]. Among acidic 

environments, hydrochloric acid is used most commonly for acidification and for this reason 

the main focus is on this acid. The application of corrosion inhibitors is one of the various 

effective techniques for the protection of low-carbon steel versus corrosion, particularly in 

hydrochloric acid environments to prevent steel decay and damage [5]. Low-carbon steel in 

a hydrochloric acid environment is extensively utilized in different manufacturers and low-

carbon steel corrosion is known to happen in this solution. Generally, the most efficient 

technique to inhibit corrosion is the usage of natural/synthesized organic inhibitor molecules 

[6]. Several scientific techniques have been applied to address the corrosion problem of low 

carbon steels in corrosive solutions [7]. The most effective natural inhibitors utilized have 

heteroatoms such as phosphorous, sulfur, oxygen, and nitrogen in addition to double and 

triple bonds in the molecular structure of tested inhibitors through which these inhibitors are 

adsorbed on the surface of tested alloy [8, 9]. It can be noted that adsorption processes 

depend essentially on specific physicochemical characteristics of the structural molecular 

composition of inhibitor molecules including the active sites, electron density, pi-bonds, and 

the electronic system [10]. Laboratory routines are extremely useful in the understanding of 

the mechanism of corrosion inhibition however experimental techniques are commonly 

costly. With the growth of computer performance and programming, DFT (density 

functional theory) [11, 12] quantum chemical calculation techniques have become active and 

important instruments in the past years for understanding the inhibition mechanism and 

predict inhibition efficiency of organic inhibitors [13–18]. The quantum factors including 

hardness [19, 20], softness [21], electronegativity [22], proton affinity [23], electrophilicity 

[24] and nucleophilicity are granted in the understanding of stability. Koopmans Theorem 

[25] gives excellent abilities to chemical or physical programmer. Based on Koopmans 

Theorem theory, the values of ionization potential and electron affinity of organic molecules 

are connected with energy values of frontier molecular orbitals (MOs) which are named 

the HOMO and the LUMO (HOMO is Highest Occupied MO, the highest-energy MO that 

has electrons in it. LUMO is Lowest Unoccupied MO, the lowest-energy MO that doesn’t 

have any electrons in it. Frontier MOs are very important for reactivity). The purpose of the 

current research is to assess the inhibition efficiency of a new corrosion inhibitor namely “N-

(2,4-dihydroxytolueneylidene)-4-methylpyridin-2-amine (N-MDA)” on the low-carbon 

steel in 1 M hydrochloric acid environment. The corrosive inhibitive achievement was 

investigated utilizing weight loss techniques. The effects of concentrations, temperature, and 

exposure time on the corrosion inhibition of low-carbon steel in 1 M HCl solution was 

studied also. Thus, N-MDA is a nitrogen and oxygen-containing molecule and excellent 

donor of electrons that improves the process of adsorption on the low-carbon surface and 
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increases the required abilities. The chemical molecular structure of N-MDA molecule 

examined in this investigation is presented in Figure 1. 

 
Figure 1. The chemical structure of N-MDA molecule. 

2. Experimental  

2.1. Materials and Material Preparation 

The chemical composition of the low-carbon steel used to make the  specimens (Metal 

Samples Company) is presented in Table 1. 

Table 1. Elemental analysis for low-carbon steel. 

Low carbon steel samples with the measurements (2.0×1.0×0.05 cm) were cut from 

low-carbon steel strips. Specimens were polished utilizing silicon carbide emery papers, 

soaked in ethyl alcohol, then degreased with acetone, ethyl alcohol, and subsequently with 

deionized water. Eventually, they were dried utilizing an oven. The HCl environment with 

a concentration of 1 M was prepared by dilution of 37% hydrochloric acid analytical grades 

utilizing deionized water.  

2.2. Weight loss techniques 

Gravimetric techniques have been conducted based on the ASTM G31-72 standard method 

[26]. The specimens were soaked in 1.0 M HCl medium in the absence and presence of 

various concentrations (0.0001, 0.0002, 0.0003, 0.0004, and 0.0005 M) of tested inhibitor 

for 1, 5, 10, and 24 h at 303 K. Following that, the specimens were taken out, fully soaked 

in distilled water and ethyl alcohol, and next dried in the oven following the corrosion 

experiments. The loss in mass was evaluated utilizing an electrical balance and 

measurements were conducted triplicate. Moreover, the mean value was accepted in 

estimations. The measurements were also conducted medium in the absence and presence of 

various concentrations of tested inhibitor for 5 h at 303, 313, 323, and 333 K. 

Elements Carbon Phosphorus Manganese Silicon Aluminum Sulfur Iron 

Composition 0.21% 0.09% 0.05% 0.038% 0.01% 0.050% Balance % 

https://link.springer.com/article/10.1007/s40090-015-0070-8#Fig1
https://www.nature.com/articles/s41598-019-40149-w#Tab1
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2.3. Density Function Theory (DFT) calculations 

DFT calculations have been conducted applying DFT techniques, using the current Becke’s 

three-parameter hybrid functional (B3LYP) theory level with the basis set 6-31 G through 

the Gaussian 03 programs series. The associated DFT chemical factors were evaluated and 

studied. 

3. Results and discussion 

3.1. Chemistry of the inhibitor 

Schiff bases are traditionally prepared by the condensation reaction of a primary amine (4-

methylpyridin-2-amine) and an aldehyde (2,4-dihydroxybenzaldehyde) which involves the 

use of ethanol as an organic solvent (Figure 2). 
 

 

Figure 2. The synthetic pathway to N-MDA molecule. 

3.2. Weight loss techniques: Effect of concentration 

The corrosion rate (CR) and inhibition efficiency (IE%) derived from the weight loss 

analyses in the absence and presence of various concentrations of N-MDA for low-carbon 

steel in 1.0 M HCl are demonstrated in Figure 3. CR and IE% were calculated according to 

ASTM G31-72 standard, utilizing the equations (1 and 2) at various immersion time:  

 R

87600W
C

STD
=   (1) 

 
0
R R

0
R

% 100
C C

IE
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−
=    (2) 

where W is the specimen weight loss (g), S is the surface area (cm2), T represent the exposure 

period (h), D refers to the low-carbon steel density (g∙cm–3), CR is the corrosion rate in the 

absence of the tested inhibitor, and 0
RC  represents the corrosion rate in the presence of the 

tested inhibitor. 
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Figure 3. Weight loss effects of low-carbon steel in 1.0 M HCl with various concentrations of 

N-MDA at various immersing time. 

From Figure 3, it is obvious that the rate of corrosion of low-carbon steel reduced 

significantly and the corrosion inhibition efficacy increased with the increase in the 

concentration of N-MDA. The increase in inhibition efficacy can be imputed to the increase 

in surface coverage due to the inhibitor molecules’ adsorption on the surface of low-carbon 

steel [27]. Then, the adsorption layer may prevent the active sites and separate the low-

carbon steel surface from the corrosive environment. In order to compare the recent 

investigations on Schiff bases as corrosion inhibitors, N-MDA showed more excellent 

inhibition performance as presented in Table 2. This event is linked to the presence of 

nitrogen and oxygen atoms, heterocyclic and benzene rings, and resonance effect on the 

whole inhibitor molecules in addition to the low effect of steric hindrance. 
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Table 2. Comparison of the inhibitive efficacy of N-MDA with the reported data as inhibitors for alloy in 

corrosive environment. 

Inhibitor Concentration Inhibition 

Efficiency 

Reference 

N-MDA 0.0005 M 93.7 Current study 

N-(4-(dimethylamino)benzylidene)benzothiazol-2-amine 10 mmol/L 88.8 [28] 

N-(4-(dimethylamino)benzyl)benzothiazole-2-amine 10 mmol/L 96.7 [28] 

4,4′-((((Ethane-1,2-diylbis(oxy))bis(4,1-

phenylene))bis(methaneylylidene))bis(azaneylylidene))-

bisferrocene 

100 ppm 
88.00 

 
[29] 

4,4′-((((Ethane-1,2-diylbis(oxy))bis(2-methoxy-1,4-

phenylene))bis(methaneylylidene))bis(azaneylylidene))-

bisferrocene 

100 ppm 92.00 [29] 

4,4′-((((Ethane-1,2-diylbis(oxy))bis(2-ethoxy-1,4-

phenylene))bis(methaneylylidene))bis(azaneylylidene))-

bisferrocene 

100 ppm 97.60 [29] 

N-[(Z)-1-Phenylemethyleidene]-N-{2-[(2-{[(Z)-1- 

phenylmethylidene]amino}phenyl)disulfanyl]phenyl} 

amine 

1 M 96.1 [30] 

2-[({2-[(2-{[(Z)-1-(2-

Hydroxyphenyl)methylidene]amino} 

phenyl)disulfanyl]phenyl}imino)methyl]phenol 

1 M 93.5 [30] 

N-[(Z)-1-(4-Methylphenyl)methylidene]-N-{2-[(2-{[(Z)-

1-(4methylphenyl)methylidene]amino}phenyl)disulfanyl] 

phenyl}amine 

1 M 94.1 [30] 

Benzyl 2-(1-(5-methyl-1-(p-tolyl)-1H-1,2,3-triazole-4-

yl)-ethylidene) hydrazine-1-carbodithioate 
0.5 mM 93.4 [31] 

Methyl 2-(1-(5-methyl-1-(p-tolyl)-1H-1,2,3-triazol-4-

yl)ethylidene)hydrazinecarbodithioate 
0.5 mM 95.1 [32] 

2-((6-Methyl-2-ketoquinoline-3-yl)methylene) 

hydrazinecarbothioamide 
0.005 M 95.84 

[33] 

 

1-Phenyl-2-(1-phenylethylidene)hydrazine 0.005 M 83.8 [34] 

1-(1-(4-Methoxyphenyl)ethylidene)-2-phenylhydrazine 0.005 M 95.1 [34] 

2-(2,4-Dimethoxybenzylidene)-N-

phenylhydrazinecarbothioamide 
0.005 M 94.8 [35] 

5-((4-Fluorobenzylidene)amino)-1,3,4-thiadiazole-2-thiol 0.5 mM 91 [36] 

N′-(1-phenylethylidene)-4-(1H-pyrrol-1-

yl)benzohydrazide 
500 ppm 94.5 [37] 
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3.3. Weight loss techniques: Effect of temperature 

Generally, the temperature effect on the inhibited acid-steel reaction was extremely difficult 

to determine due to various differences that happened on the alloy surface, including 

accelerated etching and desorption of inhibitor molecules. Moreover, to improve adsorption 

efficiency, the inhibitor may undergo hydrolysis, rearrangement, or chemical modifications 

[38]. To examine the impact of temperature on the inhibitive effect of the studied N-MDA 

inhibitor, gravimetric measurements were conducted at various temperatures (303–333 K) 

as described in Figure 4. The inhibition efficiency, on the other hand, remained nearly 

unchanged, which may be imputed to chemical alterations in the tested inhibitor molecules. 

From the above, it can be said that N-MDA showed great inhibitory efficiency at different 

temperatures. 

 
Figure 4. Weight loss effects of low-carbon steel in 1.0 M HCl with various concentrations of 

N-MDA at various temperatures for 5 h exposure time. 

3.4. Adsorption isotherm 

The competitive process of adsorption that occurs at the inhibitor/solution interface 

(electrode/electrolyte) is controlled by a semi-substitution process. Various adsorption 
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isotherm types including Temkin, Langmuir and Frumkin are applied to fit the relationship 

between the concentration of tested inhibitor (Cinh) and the surface coverage (θ). According 

to the high correlation coefficient (R2), the most fitted one obeyed the Langmuir isotherm as 

presented in Figure 5, which represents the process of adsorption faultlessly as per in 

Equation 3 [39,40]. 

 
ads

1

θ

C
C

K
= +  (3) 

where θ refers to the surface coverage, Kads represents the adsorption constant, and C is the 

concentration of the tested inhibitor.  

The free adsorption energy (ΔGads) of inhibitor molecules was determined from the 

adsorption constant (Kads) value as per in Equation 4, 

 ads
ads

exp
1

55.5

K
G

RT

  
  

   

−
 =   (4) 

where the value 55.5 is the water molar concentration (M), T is the temperature and R is the 

universal gas constant. 

 
Figure 5. Langmuir adsorption isotherm of N-MDA on low-carbon steel surface in 1 M HCl 

at 303 K. 

The ΔGads value is calculated and it was equal to −38.9 kJ∙mol–1. The Kads with 

significant value shows the power of adsorption of the tested inhibitor molecules, and ΔGads 

with negative symbol value refers to that the process of adsorption is spontaneity. The ΔGads 

with a high-value point to that the chemisorption process, which is done when the electron 

pairs transfer from high inhibitor molecules active sites to the unoccupied d-orbital of iron 

atoms on the surface of low-carbon steel, producing coordination bonds. 
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3.5. DFT calculations 

The inhibition efficiency is affected by the electronic characteristics and the structure of the 

inhibitor molecules. In the HCl solution, the investigated inhibitor molecules could exist in 

the equilibrium form of protonated and non-protonated (N-MDA). In aforementioned 

opinion, the HOMO and LUMO distributions of non-protonated N-MDA were studied, as 

demonstrated in Figure 6. The quantum characteristics are presented in Table 3. 

 
Figure 6. HOMO and LUMO distributions of the non-protonated N-MDA. 

Table 3. Quantum chemical characteristics for tested inhibitor molecules. 

Inhibitor EHOMO (eV) ELUMO (eV) μ (D) ΔN110 (e) 

N-MDA –9.823 –4.453 3.11 0.17 

Based on DFT calculations, molecular reactivity can be investigated through the study 

the HOMO stands for ”Highest Occupied Molecular Orbital”, and LUMO stands 

for ”Lowest Unoccupied Molecular Orbital” distributions. The energy of HOMO represents 

the ability of electron-donating of an inhibitor molecule, whereas the energy of LUMO 

indicates the ability of electron-accepting of an inhibitor molecule [41]. From Figure 6, it 

can be noticed that the Highest Occupied Molecular Orbital distribution is distributed mainly 

over the heterocyclic ring and isomethine which represent the structure of the isomethine in 

the inhibitor molecules, whereas the Lowest Unoccupied Molecular Orbital is chiefly spread 

on the whole molecule. Therefore, the isomethine group and heterocyclic ring section are 

the general adsorption center which functions as the principal sites for giving electrons to 

the empty d-orbital of the Fe atoms on the surface of low-carbon steel to form coordination 

bond. Furthermore, the entire inhibitor molecule can receive electrons from the Fe-atom with 

its anti-bonding orbitals to form another kind of bonds via a feedback mechanism. The dipole 

moment (μ) is a different significant electronic factor reflected in corrosion investigations. 

The value of dipole moment of the studied inhibitor was 3.11 as in Table 3, and the low 

value of dipole moment choosing a significant increase of inhibitor molecules on the surface 

of low-carbon steel [42]. Besides the assistant of the finite variation technique, the 

electronegativity (χ) and hardness (γ) can be approximated according to the potential of 

ionization (I) and electron affinity (A) [43]. Regarding Koopman’s theorem [25], the values 

https://pubs.rsc.org/en/content/articlelanding/2017/ra/c7ra08170g#fig12
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of ionization potential and electron affinity are determined as I=−the energy of HOMO and 

A=−the energy of LUMO. Hence, electronegativity (χ) and hardness (γ) can be evaluated 

according to the relations χ=–0.5(HOMO+LUMO) and γ=0.5(−HOMO+LUMO). The 

metal surface work function () is a suitable analysis technique of the ΔN (fraction of 

electrons) and electronegativity. ΔN can be evaluated according to the Equation 5: 

 
Fe in

h

h

in

2(γ γ

χ

)
N

−


+


=  (5) 

where χinh, γFe (γFe≈0 eV) and γinh refer to the electronegativity of the inhibitor, and the 

hardness of iron and the inhibitor molecule, respectively. If the ΔN value >0, it clearly 

suggests that the transfer of electrons occurs from the inhibitor onto the metal surface. In the 

current investigation, it was obvious that the ΔN value was positive for the interactions of 

tested inhibitor molecules with iron atoms on the surface of low-carbon steel. Hence, the 

tested inhibitor molecules behave as if they were an electron donor, supporting an absorption 

layer on the surface of the low carbon steel. From above theoretical conclusions herein we 

can postulate a mechanism of action between N-MDA molecules and metal surface as in 

Figure 7. 

 

Figure 7. The suggested inhibition mechanism. 

Conclusions 

New Schiff base inhibitor, namely N-(2,4-dihydroxytolueneylidene)-4-methylpyridin-2-

amine (N-MDA), was synthesized and investigated for its corrosive inhibitive characteristics 

on low-carbon steel in 1.0 M hydrochloric acid solution. The following conclusions were 

drawn from the experimental and DFT results obtained: 

1. N-MDA shows excellent inhibitory properties toward low carbon steel in a corrosive 

environment, and the demonstrated inhibitory effectiveness is 93.7%. 

2. The corrosive inhibitive performance of the tested inhibitor increases significantly with 

increasing concentration and decreases with increasing temperature. 

3. The adsorption of N-MDA follows the Langmuir isotherm. 
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4. The significant inhibition efficacy of the synthesized inhibitor was confirmed by the 

experimental findings and DFT calculations. The experimental and theoretical data are in 

good agreement. 
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