
 Int. J. Corros. Scale Inhib., 2024, 13, no. 4, 1908–1935 1908 

  

 

Computational and experimental evaluation on pyrazoles 

as corrosion inhibitor in HCl solution: DFT and electrochemical 

analysis 

R.K. Mitra,1 R. Yadav,2 A. Tomar2 and M. Yadav1 * 

1Department of Chemistry and Chemical Biology, Indian Institute of Technology (ISM), 

Dhanbad 826004, India 
2Department of Computer Science and Engineering, Noida International University, 

Greater Noida, UP, India 

*E-mail: mahendra@iitism.ac.in 

Abstract 

Traditionally for the selection of effective corrosion inhibitors, various organic compounds are 

synthesized and their corrosion protective ability is measured but out of large number of tested 

compounds only few are found efficient which results in time loss, chemical loss and finally 

money loss. To overcome these problems computational analysis is executed on compounds. 

For this, initially compounds are analyzed by density functional theory (DFT) calculations and 

if favorable results are found then only those compounds are synthesized for corrosion 

inhibition studies. Thus, application of computational analysis has paved the way for the cost-

effective identification of efficient corrosion inhibitors. In this study corrosion preventing 

ability of pyrazoles, namely, 2-(3,5-bis(4-methoxyphenyl)-4,5-dihydro-1H-pyrazol-1-yl)-4-

phenylthiazole (BMPP) and 2-(3,5-bis(4-chlorophenyl)-4,5-dihydro-1H-pyrazol-1-yl)-4-

phenylthiazole (BCPP) was studied on N80 steel (NS) in 15% HCl solution using DFT, 

gravimetric and electrochemical methods. The compounds BMPP and BCPP offered corrosion 

protection ability of 97.98 and 94.95%, respectively, at 500 ppm concentration towards NS 

facet through mixed adsorption by obeying Langmuir isotherm. Both compounds exhibited 

mixed inhibitor nature. The computational predictions about corrosion inhibition behavior of 

both compounds were in agreement with experimental observations. The results of surface 

analysis performed by FE-SEM, AFM and XPS suggested the fabrication of inhibitor 

corrosion protective film at the NS facet.  
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1. Introduction 

Ever since the early industrial revolutions, corrosion has been acknowledged as a 

significant social issue. The expense of corrosion emitted by industries has steadily risen 

over time and the damage by corrosion to materials is directly correlated to productivity. In 

2016, the NACE (National Association of Corrosion Engineers) International released a 
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testimony stating that 3.4% of the GDP of world, or 2.5 trillion USD, is attributed to 

corrosion. The petroleum industry is among the most severely impacted, as leaks and oil 

spills not only contribute significantly to production costs but also negatively impact 

surrounding natural resources. Many times, corrosion also becomes cause of fatalities as 

well as industrial shutdown [1–3]. N80 steel (NS) is the main constructional material 

widely used in transmission pipelines, down-hole tubular, casings, and flow lines across 

the petroleum industries. During crude oil-well acidization, 15% to 28% hydrochloric acid 

solution is prevalently passed through N80 steel tubing to open oil bores and to remove 

deposits of silicates and carbonates in crude mining processes. This process is called 

acidizing which is prevalently utilized to increase oil production [4–7]. The acidizing 

process greatly corrodes the N80 steel used in fabrication of casing and tubing. Hence, 

corrosion inhibitors (C.I) are added to the acid solution while performing the acidizing 

process [8, 9]. Utilization of C.I is the most practical and affordable method to defer attack 

by corrosion on metals. The affordability, inhibition efficiency, and its environmental 

impact, play a major role in selection of an efficient inhibitor. The efficiency of corrosion 

inhibitor mainly depends on type of interaction of inhibitor with the metallic material. 

Inhibitors show interaction of charge with the metal substrate called as physisorption or 

chemical interaction called as chemisorption by undergoing involvement of electron share 

with metal facet. However, C.Is usually exhibit a combination of chemisorption and 

physisorption phenomenon simultaneously, referred to as mixed adsorption. The C.Is 

illustrating the dominant physisorption phenomenon demonstrate lowering of efficiency 

with temperature rise as a result of breaking of the formed inhibitive layer on metal. 

Whereas, C.Is displaying dominant chemisorption mechanism, tend to achieve nearly 

constant inhibition efficiency on going to elevated temperatures. Effectiveness of inhibitors 

also depends on the stability of adsorbed passive layer on substrate [10–13].  

The majority of the documented organic inhibitors work as less toxic and effective C.I. 

Therefore, it’s important to look for novel organic C.I which is safe and effective for NS in 

acidic solution. It is documented in literature that various organic heterocyclic compounds 

consisting of nitrogen, sulfur and oxygen work as efficient corrosion inhibitor for steel in 

acidic environment [14–17]. Pyrazole is a heterocyclic five-member compound consisting 

of three carbon atoms and two nitrogen atoms in the ortho positions. Due to the presence 

of nitrogen atoms and pi- electrons, pyrazole compounds easily adsorbed at the metal 

surface and facilitate the corrosion inhibition process. Pyrazole derivatives offer variety of 

biological activities such as anti-inflammatory, antimicrobial, antifungal, 

antihyperglycemic, antitumor and pesticidal. In addition to these biological activities, 

pyrazole compounds have been documented in literature as good corrosion inhibitor in 

acidic environments [18–26].  

Citing the good corrosion inhibition efficiency of pyrazole derivatives and 

significance of C.Is in industrial applications, this work focused on the synthesis and 

utilization of BMPP and BCPP as corrosion inhibitor for NS in acidic solution.  
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2. Experimental Procedures 

2.1. N80 steel samples preparation  

N80 steel samples bearing sizes 30×20×1 mm were employed for weight loss analysis 

whereas working electrode of 1 cm2 bare area was utilized for electrochemical testing. N80 

steel samples with composition (wt.%): C = 0.31; Cr = 0.20; Si = 0.19; P = 0.010; 

Mn = 0.92; S = 0.008 and remaining Fe were utilized for the corrosion test. Before 

initiating the test, NS samples were finely polished (with 80, 150, 360, 400, 600, 1000, 

1200 and 2000 grades emery papers), cleaned with water, acetone and dried. 

2.2. Preparation of 15% HCl solution 

Sigma Aldrich 37% HCl was purchased and utilized for the preparation of 15% HCl 

solution by dilution with double distilled water. Both C.Is (BMPP and BCPP) different 

concentrations (100–500 ppm) were prepared in 15% HCl solution. Volume of the testing 

solution was 250 mL and 150 mL for gravimetric analysis and electrochemical analysis, 

respectively. 

2.3. Synthesis of BMPP and BCPP  

Synthesis of inhibitors, BMPP and BCPP was done by adopting the procedures outlined in 

the literature [27, 28] as shown in Scheme 1. The compounds 1-thiocarbamoyl-3,5-diaryl-

2-pyrazoline derivatives (b) were prepared by refluxing the mixture of 1,3-diaryl-2-propen-

1-ones (chalcones) (a) and thiosemicarbazide in ethanol for 24 h and maintaining the 

alkaline pH by drop wise regular addition of NaOH. The compounds 2-(3,5-bis(4-

methoxyphenyl)-4,5-dihydro-1H-pyrazol-1-yl)-4-phenylthiazole [BMPP] and 2-(3,5-bis(4-

chlorophenyl)-4,5-dihydro-1H-pyrazol-1-yl)-4-phenylthiazole [BCPP] were prepared by 

refluxing compound (b) with phenacetylbromide in ethanol. The structure of BMPP and 

BCPP is shown in Figure 1. Both the compounds were characterized. 

 
[BMPP]                                                                [BCPP] 

Figure 1. Structures of BMPP and BCPP. 
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Scheme 1. Synthetic route of BMPP and BCPP. 

BMPP 

Yield 87%; Analytical data calculated for C26H23N3SO2, elements (%) theoretical/ 

observed: C (70.75/70.64); H (5.22/5.21); N (9.52/9.49), S (7.26/7.25). FTIR (KBr) (cm–1); 

3030 (Ar–C–H), 1610 (C=N), 1060 (C–O), 710 (C–S). 

BCPP 

Yield 88%; Analytical data calculated for C24H17N3O2SCl2, elements (%) theoretical/ 

observed: C (64.14/64.18); H (3.79/3.81); N (9.35/9.32), S (7.13/7.16). FTIR(KBr) (cm–1); 

3020 (Ar–C–H), 1620 (C=N), 1060 (C–O), 720 (C–S). 

2.4. Gravimetric analysis 

This analysis was carried out following the ASTM G-31 standards for corrosion testing 

and measurements [29]. The polished N80 steel samples were precisely weighed and 

recorded. Analysis was carried out in triplicate basis to ensure accuracy in measurements. 

Samples were immersed for 6 h in 250 mL of 15% HCl solution for each concentration 

starting from blank 15% HCl (0 ppm) at different temperatures. Analysis was done at 

temperatures, 303, 313, 323 and 333 K. After 6 h, specimens were taken out from solution 

and the corrosion product formed on the N80 steel samples was removed, washed with 

double distilled water followed by acetone and finally dried, before recording the final 
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weight loss readings. Average of the triplicate readings was taken for calculating the final 

corrosion rate. 

Following equations were used to calculate corrosion rate (CR), inhibition efficiency 

(%η) and surface coverage area (θ). 

 
 48.76 10 W

CR
A T D

 


 
 (1) 

 
 0 i

0

%η 100
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   (2) 
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100
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Here, CR, A, ΔW, T and D are NS sample corrosion rate (mm y–1), exposed area (cm2), 

weight loss (mg), exposure period (h) and density of N80 steel (g·cm−3), respectively. CR0 

is the corrosion rate in the absence of an inhibitor and CRi is the corrosion rate in the 

presence of an inhibitor, respectively. 

2.5. Electrochemical studies 

For electrochemical studies, corrosion cell consisting of N80 steel of 1 cm2 bare surface 

area, SCE and Pt as working, reference and counter electrode was used. The stability of 

electrochemical setup was verified by conducting OCP (open circuit potential) test. After 

attaining stable OCP, the EIS testing was performed in the frequency range 100 kHz to 

1 Hz with an AC amplitude of 10 mV. In EIS, Nyquist and Bode plots were recorded 

concurrently. The potentiodynamic polarization (PDP) study was done in the ±2.5 V 

potential and 0.5 mV/s scan rate. Tafel parameters like βa (anodic slope), βc (cathodic 

slope), Ecorr (corrosion potential) and icorr (corrosion current density) were measured [30]. 

Experiments were performed on a Corrtest potentiostat/galvanostat/electrochemical 

workstation Model: CS350, equipped with CS studio 5 software. 

2.6. FESEM and AFM analysis 

For FESEM and AFM analysis of samples, FESEM instrument made by Carl Zeiss, 

Germany, model: Supra 55 and AFM instrument made by Bruker Corporation (Multi-

Mode 8and Dimension Icon) was utilized to know about the changes occurring at NS facet 

as a result of corrosion.  

2.7. XPS analysis 

XPS of samples after the corrosion prevention was done utilizing the PHI III scanning XPS 

equipment. In XPS spectra binding energy associated with C1S, N1S, O1S, and Fe2P was 

determined.  
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2.8. Computational study 

DFT (Density Functional Theory) calculations were done utilizing the Gaussian-09 

program [31]. The geometry of the inhibitors was optimized in the gas phase and aqueous 

phase using the first exchange correctional, hybrid B3LYP functional, using 6-31 G (d, p) 

basis sets. [32]. The Gauss View 5.0 software was employed to envisage the frontier 

molecular orbital [33]. 

3. Results and Discussion 

3.1. Gravimetric study 

Gravimetric study was done to evaluate the corrosion protection efficiency of inhibitors 

BMPP and BCPP for N80 steel in 15% HCl solution. Effect of increase in concentration 

and temperature on the corrosion rate and protection efficiency of the inhibitors was 

evaluated quantitatively and reported in Table 1. It can be seen from the Table 1 that for 

the inhibitors BMPP and BCPP, on increasing the concentration of inhibitor in test 

solution, %η (inhibition efficiency) is increasing, but on increasing temperature, decline 

in %η is seen, which led to conclude that physisorption type of interaction is dominantly 

occurring between the inhibitors and N80 steel. Maximum inhibition efficiency achieved 

by the inhibitor BMPP is 97.98% at 500 ppm at 303 K and BCPP is 94.95% at 500 ppm at 

303 K. Hence, we can say that inhibitor BMPP is comparatively more efficient than 

inhibitor BCPP. When concentration of inhibitors BMPP and BCPP in the test solution is 

increased, more number of corrosive species like H2O or Cl are displaced from the N80 

steel surface and more adsorption of inhibitor molecules on N80 steel surface occurred, 

creating an inhibitive film between the N80 steel and the acid solution, hence preventing 

corrosion. 

Table 1. Gravimetric measurements for N80 steel in 15% HCl solution in the absence and presence of 

inhibitors BMPP and BCPP at 303–333 K. 

Temp. 303 K 313 K 323 K 333 K 

Conc., 

ppm 

CR, 

mm y–1 
θ η% 

CR, 

mm y–1 
θ η% 

CR, 

mm y–1 
θ η% 

CR, 

mm y–1 
θ η% 

Blank 20.20 – – 34.55 – – 55.47 – – 92.69 – – 

BMPP 

100 4.96 0.75 75.41 8.87 0.74 74.31 16.02 0.71 71.11 30.02 0.68 67.61 

200 2.89 0.86 85.66 5.50 0.84 84.06 10.17 0.82 81.66 20.06 0.78 78.36 

300 1.77 0.91 91.23 3.37 0.90 90.23 6.58 0.88 88.13 13.69 0.85 85.23 

400 1.01 0.95 95.21 2.17 0.94 93.71 4.77 0.91 91.40 10.75 0.88 88.40 

500 0.406 0.98 97.98 1.71 0.95 95.03 3.92 0.93 92.93 9.24 0.90 90.03 
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Temp. 303 K 313 K 323 K 333 K 

Conc., 

ppm 

CR, 

mm y–1 
θ η% 

CR, 

mm y–1 
θ η% 

CR, 

mm y–1 
θ η% 

CR, 

mm y–1 
θ η% 

BCPP 

100 5.81 0.71 71.22 10.32 0.70 70.12 18.34 0.67 66.92 33.91 0.63 63.42 

200 4.42 0.78 78.1 8.11 0.77 76.55 14.36 0.74 74.11 27.06 0.71 70.82 

300 3.04 0.85 84.95 5.54 0.84 83.95 10.06 0.82 81.85 19.51 0.79 78.95 

400 1.58 0.92 92.13 3.16 0.91 90.83 6.36 0.89 88.53 13.41 0.86 85.53 

500 1.02 0.95 94.95 2.61 0.92 92.42 5.37 0.90 90.32 11.66 0.87 87.42 

This led to improved %η along the rise in dosages [34]. Later on after optimum 

concentration (500 ppm) of inhibitor, increase in concentration of the inhibitor in test 

solution may tend to emit small amount of already adsorbed inhibitors on N80 steel, open 

surface and going back into the medium leaving the N80 steel surface bare to the corrosive 

surrounding and leading to minor fall in %η [35]. From the Table 1, it is also evident that 

when test solution temperature rises, CR rises and protection efficiency falls. This could be 

because of desorption of BMPP and BCPP molecules from the NS facet. As a result, the 

inhibition efficiency dropped and the CR increased [35, 36]. 

The inhibitor BMPP offered higher inhibition efficacy than BCPP for all 

concentrations and temperatures. The structure of BMPP and BCPP are almost same and 

both have nearly same size and number of active centers, only the structural difference 

between the two inhibitors is that BMPP contains –OCH3 substituent on phenyl ring 

whereas BCPP contains –Cl substituent on phenyl ring present in these inhibitors. Thus, 

the difference in corrosion inhibition efficiency between BMPP and BCPP is due to 

different nature of these substituent’s (–OCH3 and –Cl). The delocalized π-electron density 

at phenyl ring in case of BMPP increased due to electron donating nature of methoxy  

(–OCH3) substituent whereas the electron density on phenyl ring in case of BCPP 

decreased due to electron withdrawing nature of chloro (–Cl) substituent. The higher 

delocalized π-electron density at phenyl ring in case of BMPP as compared to BCPP 

facilitate greater adsorption of BMPP on N80 steel surface than BCPP, leading to higher 

inhibition efficiency of BMPP than BCPP. Similar type of effect of substituent has been 

reported in literature by some authors [37] 

3.2. Kinetic and thermodynamic parameters evaluation 

By utilizing the gravimetric data and well-known Arrhenius Equation 4 given below, the 

activation energy was deduced to determine the mechanism of corrosion inhibition in the 

temperature range 303–333K. 
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 alog log
2.303

E
CR A

RT
    (4) 

Where CR signifies corrosion rate, Ea denotes activation energy, A implies 

preexponential factor, R denotes universal gas constant and T is absolute temperature. The 

plot of log CR vs. 1000/T (Figure 2) for BMPP and BCPP inhibitors was obtained using the 

gravimetric measurements data in the absence and presence of inhibitor to determine Ea 

values. Ea values were achieved by utilizing the slope of Figure 2 using the equation  

Ea = –(slope·2.303·R), obtained values are given in Table 2. It can be observed from the 

Table 2 that with the simultaneous rise in inhibitor concentration in the test solution, Ea 

values were increasing for BMPP and BCPP inhibitors. It is reported that low Ea 

magnitude are related with high rate of corrosion and large Ea values are linked with low 

rate of corrosion. Additionally, it is also mentioned that when Ea remains constant or 

decreases in the inhibited medium w.r.t the blank, it is implying chemisorption, and when 

Ea increased in the medium with inhibitor presence w.r.t blank it implies physisorption as 

well as mixed adsorption [38, 39]. Increasing Ea values in this case implies that 

simultaneous addition of the inhibitors in the test solution decreases the rate of N80 steel 

dissolution in the medium due to gradual adsorption of the molecules of inhibitor on N80 

steel. Similarly, Equation 5 was used to determine ΔS* (entropy of activation) and ΔH* 

(enthalpy of activation variables): 

 exp exp
RT S H

CR
Nh R RT

    
   
   

 
   (5) 

where h denotes Planck’s constant (6.626·10–34 J·s), N the Avogadro’s number (6.022·1023 

mol–1). Here a plot of log(CR/T) versus 1000/T (Figure 3) was done to evaluate ΔH* and 

ΔS* values for the BMPP and BCPP inhibitors. Values of ΔH* were obtained by utilizing 

the slope of Figure 3 by using the relation ΔH* = –(slope·2.303·R). Whereas values of ΔS* 

were obtained by utilizing the intercept of the plot and by the relation  

ΔS* = [(intercept–log{R/Nh})·2.303·R]. The obtained values of ΔH* and ΔS* are 

mentioned in Table 2. The deliberate dissolution of N80 steel in the test solution was 

indicated by a positive value of ΔH. The higher and steadily rising positive value of ΔH* 

for BMPP and BCPP inhibitors in comparison to the blank indicates that the enthalpy 

needed for N80 steel corrosion is rising, hence corrosion reaction at the N80 steel surface 

slows down [40]. Increasing values of ΔS* in the Table 2 suggest that the system was in 

changing state when BMPP and BCPP inhibitors were present in the test solution, 

suggesting that the inhibitors were organizing itself more systematically on the NS surface. 

Additionally, the presence of inhibitor on the N80 steel slows down the release of 

hydrogen ions at metallic substrate, leading to a indiscriminate configuration of the system 

and an increase in entropy [41, 42]. The adsorption of BMPP and BCPP inhibitors on N80 

steel surface can be realized as a quasi-substitution development in which BMPP and 

BCPP inhibitors displaces water species adsorbed on the N80 steel [43]. ΔS* values are 
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practically the sum of energies of adsorption of inhibitors particles and desorption of H2O 

on the N80 steel substrate. The increase in ΔS∗ values with the increase in concentration of 

the inhibitor in the test solution suggested that inhibitors are adsorbing on the metal 

substrate and ejecting the more H2O molecules from the N80 steel surface thus high 

disorderness, thereby forming a protecting film and inhibiting the corrosion phenomenon 

[44]. 

The unimolecular reactions followed the thermodynamic Equation 6 [45] given as: 

 aE H RT   (6) 

as can be seen from Table 1, that Ea and ΔH* values vary in the same way with the 

inhibitor concentration and the difference of Ea and ΔH* for both studied inhibitors is very 

close to RT. The difference is 2.64 which is close to RT (2.48 kJ/mol) at 298 K. Therefore, 

N80 steel corrosion process in 15% HCl solution each without and with various 

concentrations of inhibitor followed a unimolecular reaction. 

Table 2. The activation and thermodynamic parameters for BMPP and BCPP inhibitors on N80 steel at 

different temperatures. 

Concentration, ppm Ea, kJ/mol ΔH*, kJ/mol ΔS*, J/mol·K 

Blank 42.35 39.71 –89.15 

BMPP 

100 50.23 47.59 –75.03 

200 53.85 51.21 –67.56 

300 57.05 54.40 –61.25 

400 66.11 65.78 –30.42 

500 68.42 66.47 –35.97 

BCPP 

100 49.21 46.56 –77.05 

200 50.38 47.47 –75.40 

300 51.79 49.14 –73.98 

400 59.52 50.02 –51.72 

500 60.66 56.88 –53.88 

https://www.sciencedirect.com/science/article/pii/S2589299121000422#t0005
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Figure 2. Plots of log CR vs. 1000/T for (a) BMPP and (b) BCPP inhibitors. 

 

Figure 3. Plots of log CR/T vs. 1000/T for (a) BMPP and (b) BCPP inhibitors. 

3.3. Adsorption isotherm 

To determine the adsorption nature of BMPP and BCPP inhibitors on the N80 steel, 

different adsorption isotherm models were tested. The R2 (correlation coefficient) values of 

the Cinh/θ vs. Cinh plot are near to perfect unity, indicating Langmuir model as the best fit 

isotherm model as shown in Figure 4. The virtue of Langmuir isotherm model is that 

molecules form a monolayer over the metal substrate and tend to have same energy, while 

showing no interaction with one another. Cinh/θ vs. Cinh plot (Langmuir) was obtained from 

the Equation 7. 

 inh
inh

ads

1

θ

C
C

K
   (7) 

where Cinh is inhibitor concentration, Kads is equilibrium constant and θ is surface coverage 

area. The Kads (equilibrium constant) values were acquired from the intercept of plot Cinh/θ 
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vs. Cinh which was additionally used to ascertain ΔGads (free energy of adsorption) values 

exploiting the Equation 8: 

 
ads ads

ln(55.5 )G RT K   (8) 

R = 8.314 J/mol·K, T is the temperature, and 55.5 mol/L is the concentration of H2O. 

The obtained Kads and ΔGads values are listed in Table 3. The Kads values reveals the 

level of adsorption of molecules of inhibitor on N80 steel surface which is found to be 

decreasing for BMPP and BCPP inhibitors, as the temperature is increased. The greater 

Kads values of BMPP compared to BCPP inhibitors at each temperature revealed that 

BMPP inhibitors has better adsorption ability on N80 steel surface than BCPP inhibitors 

that is why BMPP inhibitors showed better inhibition efficiency than BCPP inhibitors as 

mentioned in gravimetric study. The negative values of ΔGads mentioned in the Table 3, 

illustrates the spontaneity of the process of adsorption. Since ΔGads values predict the type 

of adsorption whether it is physisorption or chemisorption phenomenon. The values of 

ΔGads for BMPP and BCPP inhibitors lies between –20 kJ/mol and –40 kJ/mol, indicating 

the mixed type adsorption i.e., BMPP and BCPP inhibitors exhibiting both physisorption 

and chemisorption type of adsorption on the N80 steel surface [46, 47]. 

 
Figure 4. Plot of Cinh/θ vs. Cinh with or without the presence of BMPP and BCPP inhibitors for 

N80 steel at varied temperatures. 

To further corroborate the adsorption nature for BMPP and BCPP inhibitors, 

parameters ΔHads (enthalpy of adsorption) and ΔSads (entropy of adsorption) were explored 

utilizing Equation 9: 

 
ads ads ads

G H T S     (9) 

the plot of ΔGads versus T was constructed (Figure 5). The intercept of Figure 5 provides 

the values of ΔHads and slope gives ΔSads as mentioned in Table 3. Since, it is mentioned in 

different literatures that if ΔHads values are less negative than –40 kJ/mol, adsorption 

phenomenon is physisorption and if it is more negative than –100 kJ/mol. adsorption 

phenomenon is said to be chemisorption. And if values are found between –40 kJ/mol to  
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–100 kJ/mol the adsorption is said to be mixed type i.e., physisorption and chemisorption 

both [48, 49]. Here, from the values mentioned in Table 3 we can say that the mixed type 

of adsorption is taking place. Whereas the positive values of ΔSads reveal that increase in 

disordering is taking place when inhibitors BMPP and BCPP are adsorbing and forming a 

shielding layer on the N80 steel. 

 

Figure 5. Plot of 0

adsG  vs. T for inhibitors BMPP and BCPP for N80 steel in 15% HCl. 

Table 3. Adsorption factors for inhibitors BMPP and BCPP adsorption on N80 steel at varied 

temperatures.  

Inhibitor 
Temperature, 

K 
Kads, M–1 

ΔGads, 

kJ/mol 
Slope R2 

ΔHads, 

kJ/mol 

ΔSads, 

J/mol 

BMPP 

303 51037 –37.43 1.00 0.997 – – 

313 14168 –35.33 0.99 0.945 – – 

323 4536 –33.40 0.95 0.993 –85 207 

333 1366 –31.11 1.04 0.992 – – 

BCPP 

303 31447 –36.21 1.02 0.995 – – 

313 9611 –34.32 0.98 0.991 –74 192 

323 3149 –32.42 1.05 0.992 – – 

333 1068 –30.43 1.07 0.994 – – 



 Int. J. Corros. Scale Inhib., 2024, 13, no. 4, 1908–1935 1920 

  

 

3.4. Electrochemical impedance measurement 

The Nyquist plots for N80 steel submerged in 15% HCl solution with and without different 

concentrations of BMPP and BCPP are displayed in Figure 6. The Nyquist plot curves are 

semicircle with one peak suggesting that the corrosion of N80 steel is mostly governed by 

the charge transfer process. It can be seen that the diameter of the semi-circle increased as 

the concentration of BMPP and BCPP increased in the test solution, indicating an 

improvement in the corrosion protection of the N80 steel. Therefore, the capacitance 

semicircle can be linked to the thickness of the passive adsorbed film as well as dielectric 

properties. The Nyquist plot depressed semi-circle is obtained due to electrode surface 

heterogeneity-induced frequency dispersion [50]. 

The equivalent circuit shown in Figure 7 was employed to fit the experimental 

Nyquist plot data. CPE (constant phase element) is taken in circuit to give a best fit, in 

place of pure double layer capacitor (Cdl) [51]. Values of charge transfer resistance (Rct) 

was obtained from the circuit and Cdl was obtained from CPE constant (Y0, n) using 

Equation 10: 

  
1

1
ct0dl

n nC Y R   (10) 

 

whereas Y0 symbolize the magnitude of CPE, Rct the charge transfer resistance and n is the 

exponent of CPE [52]. 

Table 4, contains the EIS parameters, such as Rct and Cdl, obtained from the Nyquist 

plots. It can be seen in Table 4, that Rct values increased when concentration of BMPP and 

BCPP increased in the test solution due to formation of a protective layer of inhibitors 

between the solution and the N80 steel substrate, ultimately leads to the drop in corrosion 

rate of N80 steel in the test solution. As the concentration of the inhibitors BMPP and 

BCPP increased in the solution, decrease in the values of Cdl is observed, indicating that 

the water molecules at the electrode interface were replaced by the inhibitor molecules 

with lower dielectric constant. The CPE exponent n indicates surface irregularity. As seen 

from the Table 4, n values in presence of BMMP (0.85 to 0.97) and BCPP (0.84 to 0.95) 

are greater than in their absence (0.82). On increasing concentration of the inhibitors, n 

increased which signifies decreased surface inhomogeneity by developing an inhibitor 

adsorptive film on N80 steel surface [53, 54]. The %η (inhibition efficiency) values were 

acquired by utilizing Equation 11 and tabulated in Table 4. 

 
i 0
ct ct

i
ct

%η 100
R R

R


   (11) 

where 0
ctR  denotes charge transfer resistance of blank and i

ctR  denotes charge transfer 

resistance in presence of inhibitor. From the data in Table 4, it can be seen that as inhibitor 

concentration increased the values of %η increased. It can be observed that the %η 
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obtained from the EIS method and gravimetric method are compatible, demonstrating the 

good efficacy of the measurements. 

Figure 8 shows the Bode impedance magnitude and phase angle plots for N80 steel in 

15% HCl solution with and without inhibitor at open circuit potential. It can be seen in 

Figure 8 that single peak is observed suggesting the presence of one time constant at the 

N80 steel/solution interface comprising a single constant phase element. The increase in 

impedance magnitude with increase in inhibitor concentration suggesting the adsorption of 

inhibitor molecules on N80 steel surface Phase angle plots in Figure 8 showed that as the 

concentration of the inhibitor gradually increased, the phase angle continuously increased, 

suggesting gradual increase in inhibitor adsorption on the N80 steel.  

 
Figure 6. Nyquist plots for (a) BMPP and (b) BCPP at different concentrations for N80 steel. 

 

Figure 7. Equivalent circuit. 

 
Figure 8. (a) Bode modulus and Bode phase of inhibitors (a) BMPP and (b) BCPP for N80 

steel. 
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Table 4. Electrochemical impedance parameters of BMPP and BCPP in 15% HCl solution. 

Conc., ppm Rs, Ω·cm2 Rct, Ω·cm2 Y0, µF/cm2 n Cdl, µF·cm2
 %η 

Blank  0.81 30 425 0.82 166.32 – 

BMPP 

100 0.84 111 246.3 0.85 118.4 73.0 

200 0.86 189 164.3 0.89 95.4 84.1 

300 0.89 280 132.9 0.91 90.2 89.3 

400 0.73 522 87.3 0.96  75.3 94.2 

500 0.93 750 67.3 0.97 60.4 96.3 

BCPP 

100 0.77 100 265.8 0.84 120.5 70.0 

200 0.85 132 202.1 0.86 100.3 77.3 

300 0.85 203 147.4 0.90 94.3 85.2 

400 0.89 318 108.1 0.93 84.2 90.5 

500 0.74 390 100.8 0.95 83.1 92.3 

3.5. Potentiodynamic polarization study 

The PDP curves in the absence and presence of BMPP and BCPP in the test solution, for 

N80 steel is shown in Figure 9. The PDP parameters obtained from the Tafel plot are 

tabulated in Table 5. From the Tafel plot it can be seen that the PDP curves are shifting 

towards lower current density after addition of either BMPP or BCPP in the testing 

medium, indicating that inhibitor is forming a passive layer between the N80 steel surface 

and acid solution which is responsible to efficiently suppress corrosion of N80 steel. The 

corrosion inhibition efficiency provided by the inhibitors was obtained from the 

Equation 12. 

 
0 i
corr corr

0
corr

%η 100
i i

i


   (12) 

where, 0
corri  and i

corri  denote the corrosion current density in the absence and in the presence 

of an inhibitor, respectively. 
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Figure 9. Tafel plots (a) BMPP and (b) BCPP in 15% HCl solution. 

From Table 5 it can be observed that inhibition efficiency of both inhibitors increased 

on increasing the concentration due to adsorption of inhibitor molecules on N80 steel 

surface. The maximum %η obtained by PDP measurements for BMPP inhibitor is 96.3% at 

500 ppm and in case of BCPP inhibitor it is 92.3% at 500 ppm. Figure 9, demonstrates that 

in presence of inhibitor an anodic shift is observed as compared to in absence of inhibitor. 

The observed shift in Ecorr value in presence of inhibitor as compared to in absence of 

inhibitor is 80 mV. Studies have shown that if the shift in Ecorr value in presence of 

inhibitor is less than ±85 mV as compared to the Ecorr in absence of inhibitor, the inhibitor 

is exhibiting a mixed type inhibition regulating the anodic site’s metal dissolution process 

and the cathodic site’s hydrogen evolution reaction [55, 56]. Thus BMPP and BCPP 

inhibitor are mixed inhibitor with dominant anodic nature. The slight change observed in βa 

and βc values on addition of inhibitor in the test solution compared to that of blank (15% 

HCl) indicates that the corrosion mechanism of N80 steel remained unchanged in absence 

and presence of inhibitor. Both inhibitors (BMPP and BCPP) are functioning as mixed 

inhibitor via blocking active surface area of N80 steel by the formation of a passive film on 

N80 steel surface [57]. 

Table 5. Tafel parameters of BMPP and BCPP in 15% HCl solution. 

Conc., ppm Ecorr, mV vs. SCE βa, mV/dec –βc, mV/dec icorr, µA/cm2 %η 

Blank –492 94 112 563.4 – 

BMPP 

100 –474 88 116 146.4 74.0 

200 –467 100 120 90.1 84.3 

300 –443 93 125 56.3 90.1 

400 –437 90 128 28.1 95.2 

500 –435 95 123 20.1 96.4 
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Conc., ppm Ecorr, mV vs. SCE βa, mV/dec –βc, mV/dec icorr, µA/cm2 %η 

BCPP 

100 –431 89 117 169.0 70.3 

200 –430 97 127 129.6 76.9 

300 –412 92 116 95.8 83.2 

400 –424 90 125 50.7 91.3 

500 –434 94 129 37.6 93.3 

3.6. FESEM study 

Figure 10 provides FESEM images of uninhibited and inhibited samples. Figure 10a, 

depicts the image of the polished NS surface. Here fine scratches due to polishing can be 

seen. Figure 10b, depicts NS facet picture in presence of 15% HCl solution without 

inhibitor where deep scratches and corrosion pits are observed due to severe corrosion. 

Whereas Figure 10c and 10d, shows minor pits and scratches due adsorption of BMPP and 

BCPP on NS facet causing corrosion prevention. According to visualization of Figure 10c 

and 10d, it is clear that BMPP (Figure 10d) is a better inhibitor than BCPP (Figure 10c) 

due to its smoother surface. 

3.7. AFM study 

Figure 11 depicts the AFM images of uninhibited and inhibited specimens. Figure 11a 

depicts the AFM picture of polished NS facet, Figure 11b without inhibitor, Figure 11c 

with 500 ppm BMPP and Figure 11d 500 ppm of BCPP. The roughness value of the 

polished NS specimen (1.43 nm) is very low with respect to NS facet treated with 15% 

HCl solution without inhibitor (128 nm). This observation informing that 15% HCl 

solution strongly corrodes the NS facet. However, in presence BMPP and BCPP surface 

roughness significantly reduced to 5.37 and 14.6 nm, respectively. The lower roughness 

value of BMPP with respect to BCPP referred better efficacy of BMPP than BCPP.  

3.8. XPS analysis  

To get information regarding the elemental composition of corrosion preventing layer of 

BMPP and BCPP on NS facet, XPS of the specimen was done as flashed in Figure 12. The 

presence of peaks corresponding to the elements present in BMPP and BCPP in their 

corresponding XPS spectra, confirming the adsorption of BMPP and BCPP on NS facet 

[58].  
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Figure 10. FESEM images of uninhibited and inhibited samples. 

 
Figure 11. AFM images of uninhibited and inhibited samples. 
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Figure 12. XPS spectra of (a) BCPP +NS (b) BMPP + NS. 

3.9. DFT calculations 

DFT was performed on both inhibitors is gas as well as in aqueous phase and different 

parameters were calculated. HOMO and LUMO of BMPP and BCPP optimized structures 

in gas and aqueous phases are flashed in Figures 13 and 14, and Table 6 illustrates the 

related quantum chemical parameters.  

Using EHOMO and ELUMO the value of ΔE (energy gap), S (chemical softness), η 

(chemical hardness), χ (absolute electronegativity), and ΔN (electron transfer from the 

inhibitor to NS facet), were obtained using the mathematical Equations 13 to 16 [59] and 

obtained values are listed in Table 6. 

 
LUMO HOMOE E E    (13) 

 LUMO HOMO( )
χ

2

E E 
  (14) 

 LUMO HOMOη
2

E E
  (15) 

 
1

η
S   (16) 

According to Kokalj [60], fraction of transferred electrons (ΔN) from the inhibitor to 

the mild steel surface or mild steel surface to inhibitor can be calculated with the help of 

work function (ϕ) and ƞ values, using the Equation given below: 

 inh

inh

χ

2η
N


   (17) 

where ϕ for Fe is taken as 4.82 eV/mol [61, 62]. 
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As stated by the FMO hypothesis, HOMO and LUMO energies provide information 

regarding the electron donating and accepting character of corrosion inhibitor [44]. 

According to literature reports, corrosion protecting compounds with high EHOMO and low 

ELUMO favours incredibly high effectiveness. Similar to this, the low energy gap (ΔE) is a 

crucial factor of corrosion preventing compound to suppress corrosion because it 

accelerates adsorption [63]. As shown in Table 6, BMPP has a low ΔE value, with respect 

to BCPP in aqueous as well as in gas phase, which supports the higher efficiency of BMPP 

for being adsorbed on NS and showing higher efficacy with respect to BCPP [37]. 

Furthermore, the low electronegativity values (χ) favors increased efficacy of the corrosion 

preventing compound because of low electrons giving character to the NS facet [37]. 

Additionally, the softness (S) and hardness (η) of the corrosion preventing compound are 

also crucial factors, low η and high S favor high corrosion preventive ability of the 

compound. As it is known that Fe is soft, therefore compound with high S and low η will 

strongly adsorb at NS facet, as per HSAB principle. According to Table 6, BMPP exhibits 

lower η and higher S values in both gas as well as in aqueous phase with respect to BCPP 

which clearly denotes a greater corrosion preventive ability of BMPP with respect to BCPP. 

The larger the ΔN value further suggests the good protection of NS facet [63]. The 

probability of the tested compounds BMPP and BCPP to donate or accept electrons to the 

NS facet is measured by the ΔN values. A back-donation of electrons from the NS facet to 

inhibitor suggests negative ΔN whereas positive value informs the electron donation from 

corrosion preventing compound to NS facet [64]. According to Table 6, both BMPP and 

BCPP show positive value and BMPP shows higher value with respect to BCPP, therefore 

corrosion preventive ability of BMPP is higher with respect to BCPP. [64]. The dipole 

moment (µ) of corrosion preventive compound is another important parameter that helps in 

deciding corrosion prevention [63]. The rise in µ improves adsorption of corrosion 

preventing compound on NS facet because of higher electrostatic force of attraction 

between the corrosion preventing compound and NS facet. As a result, an increase in 

dipole moment values enhanced the corrosion prevention [59].  

 
Figure 13. BMPP and BCPP in aqueous phase. 
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Figure 14. BMPP and BCPP in gas phase. 

 
Figure 15. Mulliken charges of BMPP and BCPP in aqueous phase. 

Table 6. Quantum chemical descriptors for molecules PBTP and FPBP. 

System EHOMO, eV ELUMO, eV ∆E, eV η S χ µ, D ∆N 

BMPP(Aqu) –5.224 –2.126 3.098 1.549 0.646 3.675 6.85 0.3696 

BMPP (Gas) –4.841 1.428 3.413 1.707 0.586 3.135 5.25 0.4937 

BCPP (Aqu) –5.320 1.628 3.692 1.846 0.542 3.474 6.46 0.3646 

BCPP (Gas) –5.243 –1.605 3.638 1.819 0.549 3.424 5.12 0.3837 

The Mulliken charges on different elements present in BMPP and BCPP in gas and 

aqueous phase are portrayed in Figure 15. It can be visualized from Figure 15 that some 

elements exhibited positive charge and others have negative charge. A careful observation 

of Figure 15 reflects that atoms N, O, Cl and some C bear negative charges, which gives 

the information that these elements are the active sites of BMPP and BCPP for adsorption 

on NS facet [59]. 
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4. Corrosion Inhibition Mechanism  

The results obtained from studies executed to assess the corrosion preventive ability of 

BMPP and BCPP, suggested that both compounds prevent corrosion of NS facet 

effectively in 15% HCl solution. When BMPP and BCPP comes in contact to NS in 15% 

HCl solution, strongly adsorbed on its surface and prevent its corrosion. The reason of 

strong adsorption is the presence of N, S, O and pi-electrons in both compounds. When 

these compounds are added in 15% HCl solution, they become positively charged 

(protonated) and generate strong attractive force with Cl– already present on NS surface 

and facilitate their adsorption through physisorption on NS facet [65]. When these 

compounds are in non-protonated state they adsorb on NS facet by giving their lone paired 

electrons situated at heteroatoms to unfilled d-orbital of Fe on NS facet resulting in 

chemisorption [59]. Thus, adsorption of BMPP and BCPP on NS surface occurs through 

physisorption as well as chemisorption. The adsorption of inhibitor molecules on NS 

surface is responsible for corrosion prevention of NS in 15% HCl solution. 

5. Conclusions 

Overall, it is concluded that BMPP and BCPP exhibit good corrosion preventive ability 

towards NS in 15% HCl solution and offered 97.98 and 94.95 percent corrosion preventive 

efficacy at 500 ppm. Both BMPP and BCPP exhibited mixed adsorption over NS facet and 

their adsorption obeyed Langmuir isotherm. According to PDP, presence of BMPP and 

BCPP in 15% HCl solution influenced anodic and cathodic reactions and showed mixed 

nature. The FESEM, AFM and XPS measurements validate the formation of protective 

inhibitor film responsible for NS corrosion prevention in acidic solution. DFT findings 

validate the experimental results. 
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