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combined experimental and theoretical study investigated the corrosion 

inhibition potential of 2-dimethylaminopropionamidoanti-pyrine 

(DMAPAAP) on mild steel in 1 M hydrochloric acid (HCl) solution. The 

weight loss method was used to determine the corrosion rate of mild steel in HCl 

solution both in the absence and presence of different concentrations of 

DMAPAAP. The effect of exposure time and temperature on the corrosion 

inhibition efficiency of DMAPAAP was also investigated. The results showed that 

DMAPAAP exhibited good inhibitory properties against the corrosion of mild steel 

in an HCl solution. The corrosion rate of mild steel increased with increasing 

inhibitor concentration, exposure time, and temperature. The highest inhibition 

efficiency of 91.9 % was achieved at 5 mM concentration of DMAPAAP after 5 

hours of exposure time at 333 K. Density functional theory (DFT) calculations 

were carried out to support the experimental results and understand the inhibition 

process's mechanism. The adsorption of DMAPAAP on the mild steel surface was 

found to be both chemisorption and physisorption and followed the Langmuir 

adsorption isotherm. The inhibition efficiency increased with increasing electron-

donating groups in the molecule, which was attributed to forming a protective film 

on the metal surface. Overall, the combined experimental and theoretical study 

provides a deeper understanding of the corrosion inhibition mechanism of 

DMAPAAP on mild steel in HCl solution and demonstrates its potential as an 

effective corrosion inhibitor for mild steel in industrial applications. Prog. Color 

Colorants Coat. 17 (2024), 1-10© Institute for Color Science and Technology. 
 

 

 

 

 

 

 

1. Introduction 

Corrosion is a natural process in many industries and 

causes significant economic losses and safety and 

environmental hazards [1, 2]. One material that is 

particularly susceptible to corrosion is mild steel. In 

industries such as oil and gas, mild steel is widely used 

for its good mechanical properties and low cost. 

However, acidic solutions like hydrochloric acid (HCl) 

A 
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can lead to severe, mild steel corrosion, limiting 

practical applications. Therefore, developing effective 

corrosion inhibitors for mild steel in acidic 

environments has become an important research area in 

materials science [3, 4]. The problem of corrosion of 

mild steel in acidic solutions, such as HCl, has been a 

major concern in many industries, especially in the oil 

and gas industry [5]. The presence of HCl in oil and 

gas production can cause significant corrosion of mild 

steel equipment and pipelines, resulting in equipment 

failure, leaks, and environmental contamination. In 

addition, using strong acids like HCl for cleaning and 

descaling operations can also lead to the corrosion of 

mild steel surfaces [6, 7]. To address this problem, 

many researchers have focused on developing effective 

corrosion inhibitors for mild steel in acidic 

environments [8]. In recent years, organic corrosion 

inhibitors have gained increasing attention due to their 

relative safety, environmental friendliness, and cost-

effectiveness compared to traditional inorganic 

inhibitors [9]. These organic inhibitors can form a 

protective film on the metal surface, which prevents the 

corrosive species from attacking the metal and reduces 

the corrosion rate [10-17]. Several organic inhibitors 

have been studied for their potential to inhibit mild 

steel corrosion in acidic solutions. For example, 

heterocyclic compounds containing nitrogen, oxygen, 

or sulfur atoms in their structures have been found to 

exhibit good inhibitory properties [18-21]. Antipyrine 

derivatives have shown promising inhibitory properties 

against mild steel corrosion in acidic solutions. 

Antipyrine derivatives can form complexes with metal 

ions and create a protective layer on the metal surface, 

which reduces the corrosion rate. Antipyrine 

derivatives are a class of heterocyclic compounds 

reported to exhibit good inhibitory properties against 

corrosion in acidic environments. For instance, N-

substituted antipyrines, such as N-phenyl and N-methyl 

derivatives, are effective inhibitors for mild steel 

corrosion in HCl solution due to their ability to form 

complexes with metal ions and to create a protective 

layer on the metal surface [21, 22]. 

In addition to experimental studies, computational 

methods, such as DFT calculations, have also been 

used to investigate the inhibitory mechanism of organic 

compounds on metal corrosion. DFT calculations can 

provide insights into the electronic structure and 

adsorption behavior of inhibitors on metal surfaces, 

which can aid in designing and optimizing new 

corrosion inhibitors [23, 24]. 

In summary, developing effective and 

environmentally friendly corrosion inhibitors for mild 

steel in acidic solutions is very important. DMAPAAP, 

a new type of antipyrine derivative, has shown 

promising inhibitory properties and warrants further 

investigation using experimental and theoretical 

methods. In this study, the inhibitory properties of 

DMAPAAP on the corrosion of mild steel in an HCl 

solution were investigated using experimental and 

theoretical methods. The weight loss method was used 

to evaluate the corrosion rate of mild steel in the 

absence and presence of DMAPAAP at different 

concentrations, exposure times, and temperatures. 

Density functional theory (DFT) calculations were also 

performed to elucidate the inhibition mechanism and 

provide insights into the adsorption behavior of 

DMAPAAP (Figure 1) on the mild steel surface. 

 

Figure 1: The chemical structure of DMAPAAP. 

 

2. Experimental 

All chemicals were of analytical grade purity and were 

procured from reputable suppliers. 

 

2.1. Weight loss measurements  

In the present study, X-ray fluorescence spectrometry 

was used to determine the chemical composition of the 

mild steel samples. The samples were prepared 

according to ASTM G1-03 [25] and polished using 

silicon carbide series plates. Before immersion, the 

mild steel coupons were rinsed in double-distilled 

water and acetone and dried in an oven. To simulate 

the corrosive media used in the experiments, 1 M HCl 

solution was prepared by diluting analytical grade  

37 % HCl solution with double-distilled water. The 

inhibitor concentrations (0.1, 0.2, 0.3, 0.4, 0.5, and 1.0 

mM) were obtained by diluting the inhibitor in 1 M 

HCl solution. The mild steel samples were weighed 

and immersed in 500 mL glass beakers containing  

400 mL of 1 M HCl solution without and with different 
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inhibitor concentrations. The experiments were 

performed at 303 K using a water bath following 

NACE TM0169/G31 [26]. The samples were exposed 

for various periods (1, 5, 10, 24, and 48 hours), and the 

corrosion products were wiped off the surface before 

drying and weighing the coupons. The difference in 

weight was documented, and the mass variation at the 

estimated time and original mass of the metallic sample 

represented the weight loss that was attained [27]. To 

determine the effect of temperature, mild steel coupons 

were immersed in corrosive media (1 M HCl) 

containing different concentrations of the inhibitor 

(0.1, 0.2, 0.3, 0.4, 0.5, and 1 mM) at 303, 313, 323, and 

333 K using a water bath. The average corrosion rate 

was calculated after exposure in triplicate, and the 

corrosion rate was calculated using equation 1 [28]. 
 

    
 

 dt
      (1) 

 

The inhibition efficiency can be calculated using 

equation 2, where   represents the weight loss (mg) of 

the tested sample; a denotes the surface area of mild 

steel (cm
2
);   refers to the density of the mild steel 

coupon (g/cm
3
), and   represents the exposure time (h) 

[29]. 

      -
   i 

   

        (2) 

 

The rates of corrosion in uninhibited and inhibited 

solutions were denoted as    
 and    i , respectively. 

The coverage area ( ) for both uninhibited and 

inhibited solutions was determined using equation 3 

[30]. 
 

    
     

   

   (3) 

 

2.2. Adsorption model 

To obtain more information about the properties of the 

investigated molecules, it is important to use different 

types of adsorption isotherms such as Frumkin, 

Temkin, and Langmuir. By using these isotherms, the 

degree of surface coverage of the inhibitor can be 

determined. Hence, in the present study, the degree of 

surface coverage of the inhibitor was determined for 

various concentrations in corrosive media using weight 

loss measurements [31]. 

 

2.3. Theoretical calculations 

The quantum chemical calculations were performed 

using Gaussian 09 software [16]. The optimization of 

the inhibitor structure in the gaseous state was carried 

out using the B3LYP method and the basis set "6-

31G
++

 (d,p)". The ionization potential (I) and electron 

affinity (A) were determined based on Koopmans 

theory [32], where I is related to       and A is 

related to      . Equations 4 and 5 were used to 

determine I and A. 
 

  -      (4) 
 

  -      (5) 
 

The electr neg tivity  χ , h rdness  η ,  nd s ftness 

 σ  were determined using equations 6-8. 
 

  
   

 
 (6) 

 

  
 - 

 
 (7) 

 

σ η-  (8) 
 

To calculate the number of electrons transferred 

(  ), Equation 9 from [33] was employed. 
 

   
χ e-χinh

 (η e ηinh)
 (9) 

 

The electronegativity of iron was determined to be 

7 eV, while its hardness value was found to be zero eV. 

These results were used to develop equation 10. 
 

   
 -χinh

 (ηinh)
 (10) 

 

3. Result and Discussion 

3.1. Effect of concentration 

The weight loss measurements were used to examine 

the corrosion performance of mild steel samples in a 1 

M corrosive environment, with and without the 

addition of various doses of DMAPAAP, after 5 hours 

of immersion time at 303 K. Figure 2 presents the rate 

of corrosion and inhibition effectiveness. The figure 

indicates that the inhibitor's ability to prevent corrosion 

increases with a concentration of up to 0.5 mM. The 

increased inhibition effectiveness is because more 

DMAPAAP molecules bind to the mild steel surface 

and create a protective layer [34]. However, as the 

DMAPAAP concentration exceeds 0.5 mM, the 

molecules start to desorb from the mild steel surface, 

reducing the effectiveness of the protection.  
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Figure 2: The comparison between corrosion and 

inhibition effectiveness rates in uninhibited and inhibited 
HCl solutions after 5 hours of immersion time at 303 K. 

 

3.2. Exposure periods effect  

The impact of exposure duration on the inhibition 

efficiency of a corrosion inhibitor for metallic substrate 

corrosion in a corrosive solution was investigated by 

immersing the metallic substrate in an inhibited 

hydrochloric acid solution with different inhibitor 

concentrations for various immersion periods (1, 5, 10, 

24, and 48 hours) at 303 K. The results, illustrated in 

Figure 3, show that the inhibition efficiency increases 

significantly with increasing immersion duration of up 

to 5 hours and then gradually with longer exposure 

times of up to 24 hours. After 24 hours, the protective 

performance begins to decline, and after 48 hours, it 

eventually stabilizes. This increase in inhibition 

 

 
Figure 3: The effect of immersion time on the inhibition 

efficiency of a corrosion inhibitor for metallic substrate 
corrosion in 1 M HCl at 303K. 

 

Figure 4: Comparison between the corrosion rate and 

inhibition efficiency in inhibited 1 M HCl with different 
doses of DMAPAAP, at the temperature 303–333 K for 

5 h exposure period. 

 
efficiency is attributed to the larger number of inhibitor 

molecules attaching to the mild steel surface with 

longer exposure times, forming a protective layer [35]. 

As more DMAPAAP molecules adsorb onto the 

metallic substrate, the adsorption intensity improves, 

allowing the van der Waals force to interact with the 

inhibitor molecules. Although some inhibitor 

molecules may leave the surface, reducing the active 

area that the inhibitor covers and its effectiveness, the 

high inhibition efficiency observed during a longer 

exposure duration demonstrates the stability of the 

adsorbed inhibitor layer in the corrosive solution [36]. 

 

3.3. Temperature effects 

Weight loss experiments were conducted at different 

temperatures (303, 313, 323, and 333 K) to examine  

the impact of temperature on the corrosion inhibition 

properties of DMAPAAP, and the activation variables 

were calculated [37]. As shown in Figure 4, which 

presents the effect of temperature on the corrosion  

rate of the metallic substrate in both uninhibited  

and inhibited solutions at the optimum inhibitor 

concentration in a 1 M HCl acidic environment, it can be 

observed that the corrosion rates slightly increase with 

temperature for a given inhibitor concentration. This 

observation can be attributed to the increased thermal 

agitation of DMAPAAP particles in the corrosive 

environment at higher temperatures, leading to higher 

conductivity and acidic activity of the solution. 

Consequently, the inhibition efficiency decreases as the 
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temperature rises, increasing the corrosion rate (38). The 

data obtained from the experiments support this trend. 

For instance, at 303 K in a 1 M HCl medium, the 

inhibition efficiency reached 91.8 % in the presence of 

the tested 0.5 mM inhibitor. It is worth noting that this 

inhibitor concentration has not been previously reported 

and represents a novel inhibitor suitable for hydrochloric 

acid solutions. 

Furthermore, the performance of the inhibitor 

surpassed that of previously published inhibitors, 

indicating that an effective inhibitor in corrosive media 

must maintain its protective performance even at high 

temperatures. This aspect is particularly important in 

industries such as the petroleum sector, where 

downhole temperatures are typically elevated [39]. By 

including this discussion, we aim to provide a more 

comprehensive understanding of the relationship 

between temperature, corrosion rates, and the 

inhibitory properties of DMAPAAP. This information 

highlights the practical significance of our findings and 

their potential applications in industries where high-

temperature corrosion is a critical concern. 

 

3.4. Adsorption isotherm  

Inhibition of corrosion by chemical inhibitors is caused 

by the adsorption of inhibitor molecules onto the metal 

surface. Understanding the adsorption process is 

important for determining the inhibition mechanism of 

the inhibitor. To identify the adsorption process, three 

adsorption isotherms - Frumkin, Temkin, and Langmuir 

- were studied, and the percentage of surface coverage 

was calculated. The Langmuir isotherm was the most 

appropriate option among the analyzed isotherms, as it 

showed a straight line with a regression coefficient R
2
 

value close to unity (Figure 5). The slope value for the 

tested inhibitor was also close to unity, confirming the 

validity of the Langmuir isotherm. The Langmuir 

adsorption isotherm is often represented by equation 11 

[40]. 
 

 inh  ⁄     ds 
-    (11) 

 

where      is the adsorption constant, and   is the 

surface coverage. 

Figure 5 provides important information on the 

     value for the tested inhibitor, which is 

summarized in Table 1. A larger     value indicates 

stronger adsorption of inhibitor molecules onto the 

surface of mild steel, indicating better corrosion 

inhibition performance [41]. According to Table 1, the 

tested inhibitor has the highest     value, indicating 

the highest adsorption on the mild steel surface. Using 

the relationship [42],     values can be used to 

calculate the standard free energy of adsorption 

(     
 ) using equation 12. 

 

   ds
  - T ln       ds  (12) 

 

The negative value of 0      
  suggests a 

spontaneous adsorption process, resulting in a stable 

layer of inhibitor molecules on the mild steel surface. 

Physical adsorption involves Van der Waals forces 

between inhibitor molecules and the metallic substrate, 

typically resulting in      
 values less than –20 

     le
- 

. On the other hand, values more negative 

than –40 kJ·mole
–1

 involve the transfer of unpaired 

electrons of heteroatoms in the inhibitor molecules to 

the d-orbitals of iron atoms located on the metallic 

surface, forming coordination bonds, known as 

chemisorption [43]. In the current study,      
 values 

range from –29.7 to –34.0          , suggesting the 

occurrence of both physisorption and chemisorption 

mechanisms. Chemisorbed molecules are expected to 

provide better protection by reducing the metal's 

reactivity at the linked spots. Distinguishing 

chemisorption and physisorption is difficult when only  

     
  values are considered because they can have 

some overlap. Physical adsorption occurs before 

chemical adsorption, which is also widely accepted 

[44]. 
 

 
Figure 5: Langmuir adsorption isotherm. 
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Table 1: The thermodynamic parameters which computed based on weight loss measurements ant different temperatures. 

Parameters 303 K 313 K 323 K  333 K 

Intercept 0.109 ± 0.01 0.118 ± 0.0 0.137 ± 0.01 0.170 ± 0.02 

Slope 0.943 ± 0.03 0.940 ± 0.03 0.93 ± 0.03 0.905 ± 0.05 

R-Square 0.994 0.994 0.99 0.986 

 

3.5. DFT 

The quantum chemical technique can provide valuable 

information on the structural characteristics of 

DMAPAAP molecules, including various thermo-

dynamic parameters. Gaussian records at B3LYP/6-

311G (d,p) can be used to determine such parameters 

based on the structural parameters of DMAPAAP, as 

illustrated in Figure 6.  

To identify inhibitor adsorption sites, Mulliken 

charges are commonly utilized. According to Figure 7, 

the oxygen and nitrogen atoms in DMAPAAP with 

negative charges are the preferred adsorption locations 

for this inhibitor due to their donor-acceptor 

interactions with metal surfaces.  

 

 
Figure 6: (a) Optimized structure and (b) Energy gap plot of DMAPAAP. 

 

 
Figure 7: Mulliken charges of DMAPAAP. 
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Table 2: DFT variables for DMAPAAP molecules in the gas phase. 

                                                                           

7.556 0.760 -7.556 0.760 -8.316 4.158 3.398 0.294 0.418 

 

The benzene ring in DMAPAAP molecules also 

facilitates the formation of complexations between 

adsorbate and surface coordination bonds. The highest 

occupied molecular orbital (HOMO) can indicate the 

site for electron donation in the molecule [45]. For 

DMAPAAP, the HOMO in Figure 7 indicates that the 

O and N atoms can transfer electrons to the metallic 

substrate. On the other hand, the lowest unoccupied 

molecular orbital (LUMO) indicates the molecule's 

capability to accept electrons [46]. Figure 7 reveals that 

the DMAPAAP reception sites are equivalent and that 

the most reactive LUMO locations in DMAPAAP are 

the N, O, and C atoms. 

Table 2 presents the quantum chemical parameters 

determined through computations, including      , 

     ,   , electr neg tivity  χ , s ftness  σ , h rdness 

 η ,  nd the nu ber  f electr ns tr nsp rted         

molecule with a higher       value can donate 

electrons more easily, whereas a smaller       value 

indicates a molecule's ability to accept electrons. The 

 bs lute h rdness  η  measures the molecule's stability, 

where s gl b l s ftness  σ  indic tes the electr n cl ud 

polarization in composites. A good corrosion inhibitor 

sh uld h ve l w v lues  f    but high v lues  f σ  

DMAPAAP has a low       value indicates its ability 

to don te electr ns,  nd high    v lue indic tes better 

electron exchange ability. The calculated values in 

Table 2 indicate that DMAPAAP is an effective 

corrosion inhibitor, and there is good agreement 

between the test results and quantitative chemical 

parameters (     ,      ,   , η, σ,  nd       hen   

metal shares electrons with the inhibitor (back 

donation), it establishes contact between the metal 

surfaces and the inhibitor. 

 

3.6. Suggested mechanism  

Organic inhibitor molecules bind to steel surfaces to 

initiate their inhibitory effect. The inhibitor's chemical 

nature, metal type, charged surface, and charge 

distribution throughout the inhibitor molecule influence 

the adsorption mechanism. There are different methods 

by which organic inhibitors can adhere to metallic 

substrates, including electrostatic interaction, unshared 

electron pairs interaction, p-electron interaction, or a 

combination of all three. For DMAPAAP, the oxygen 

and nitrogen atoms, heterocyclic, and benzene rings play 

a role in their high inhibitory effectiveness, with the 

unpaired electron pairs of these atoms being potential 

coordinating centers. In acidic environments, 

DMAPAAP is present as protonated molecules on 

uncharged particles [45-47]. The adsorption mechanism 

of inhibitor particles on the metallic surface may involve 

various methods, such as interactions between donors 

 nd  ccept rs  f π-bonds and unoccupied iron d-orbitals, 

electrostatic interactions, and interactions between 

unoccupied iron d-orbitals and unpaired electrons of 

nitrogen and oxygen atoms. It is challenging for positive 

ion particles in corrosive solutions to reach positively 

charged mild steel surfaces, but protonated inhibitor 

molecules can be adsorbed through electrostatic 

interactions. Inhibitor ions (protonated inhibitor 

molecules) interact with negatively charged chloride 

ions on steel surfaces to cause the hydration of chlorides 

and favor the inhibitor ions' positive charge. However, a 

single adsorption mechanism cannot explain the 

adsorption process of inhibitor molecules on metallic 

substrates in corrosive environments [48-51]. As shown 

in Figure 8, different methods may be used to 

demonstrate the adsorption mechanism process. 

 

Figure 8: Postulated inhibition mechanism. 
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4. Conclusion 

In conclusion, this study demonstrates that 2-

dimethylaminopropionamidoantipyrine (DMAPAAP) 

can be used as an effective corrosion inhibitor for mild 

steel in hydrochloric acid (HCl) solution. The corrosion 

inhibition efficiency of DMAPAAP was found to 

increase with increasing electron-donating groups in the 

molecule, resulting in the formation of a protective film 

on the metal surface. The Langmuir adsorption isotherm 

was the most suitable model to describe the adsorption 

behavior of DMAPAAP on the mild steel surface. The 

experimental results were supported by density 

functional theory (DFT) calculations, providing a deeper 

understanding of the inhibition mechanism of 

DMAPAAP. Overall, the combined experimental and 

theoretical study provides valuable insights into the 

potential use of DMAPAAP as a corrosion inhibitor for 

mild steel in industrial applications. Further research can 

explore the effectiveness of DMAPAAP under different 

experimental conditions and investigate its performance 

in more aggressive acidic environments. 
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