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Abstract: The aim of the present work is to evaluate the protective ability of newly menthone derivatives                     

7-isopropyl-4-methyl-4,5,6,7-tetrahydro-1H-indazole (HMP) and 7-isopropyl-4-methyl-1-phenyl-4,5,6,7-

tetrahydro-1H-indazole (PMP) as mild steel corrosion inhibitors in 1M HCl, which may get applications as eco-

friendly corrosion inhibitors in acidizing processes in the industry. The corrosion attitude of mild steel at various 

concentrations of the inhibitors was examined in the range from 298 to 328 K. An increase in the inhibitory 

effectiveness in acidic solution at higher concentration and temperature follow the existence of inhibitors. The 

aspect of adsorption mixed type of inhibitors was highlighted by the Polarization curves. The adsorption of HMP 

and PMP is in line with the Langmuir isotherm model. Theoretical indices study of both inhibitors (HMP and 

PMP) via CDFT (the conceptual density functional theory) has been studied. To search for the best spatial 

configuration of steel/inhibitor a Monte Carlo simulation studies were applied. 

 

Keywords: Menthone derivatives, Mild steel, Corrosion inhibition, Adsorption, Density functional theory 

(CDFT). 

 

1. Introduction   
 

Industries and machinery are widely based on mild 

steel. However, acids such as sulfuric and 

hydrochloric acids used in the pickling process of 

metals cause its deterioration 1,2. Thus, serious efforts 

are being made to stop or delay to the maximum the 

attack of this metal in various corrosive media. 

Generally, the organic compounds typically contain 

oxygen or nitrogen heteroatoms in a conjugated 

system, are known be applicable as corrosion 

inhibitors for steel in acidic media 3. Therefore, it is 

possible to suggest that the presence of heteroatoms 

facilitates the adsorption of their molecules onto the 

surface, thereby reducing the corrosion rate in acidic 

solutions. The inhibition properties in the acidic 

medium of these compounds can be attributed to the 

number of mobile electrons pair present, the π orbital 

character of free electrons and the electron density 

around nitrogen and oxygen atoms 4-6. Due to the 

inimical effect of some chemicals, research activities  

in recent times are towards developing cheap, non-

toxic and environmentally safe corrosion inhibitors 

low-cost 7-9.  In this perspective, previous studies in 

our laboratory reported that monoterpenoid ketones 

derived from p-menthane have a wide spectrum of 

anticorrosive activities 10,11, carvone derivatives and 

dihydrocarvone derivatives 12,13 possess corrosion-

inhibiting properties. In continuation of our work on 

the development of p-menthane derivatives as 

hydrochloric acid inhibitors of steel, we have studied, 

more recently, the acid inhibiting steel corrosion 

behavior of menthone 14. The encouraging results 

obtained by this ketone as acid inhibitor has invited us 

to investigate for such application two synthesized 

menthone derivatives, namely 7-isopropyl-4-methyl-

4,5,6,7-tetrahydro-1H-indazole (HMP) and                           

7-isopropyl-4-methyl-1-phenyl-4,5,6,7-tetrahydro-

1H-indazole (PMP), utilizing the same technics and 

experimental condition. Their chemical structure 

appears in Table 1.  The kinetics of corrosion, together 

with the adsorption process, was explained by varying 
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temperature and concentration of each inhibitor and 

then the thermodynamic parameters were evaluated 

and discussed. Lately, density functional theory 

(DFT) 15 has become very useful in determining the 

molecule’s properties. This method has a conjoint 

practice to calculate quantum chemical corrosion. The 

study is about to evaluate the protective effect ability 

of PMP and HMP as corrosion inhibitors. In this 

paper computational parameters were discussed. This 

was done by using theoretical indices defined in 

CDFT (the conceptual density functional theory) with 

the correlation-exchange functional (B3LYP) 16 on 

the basis 6-31G (d, p) 17 level set in the gas phase. 

Finally, Monte Carlo studies (MC) were engaged to 

show the best configurational space of the 

iron/menthone derivative system. 

 

Table 1. Structures of the two menthone derivatives investigated as corrosion inhibitors in hydrochloric acid 

Code Name Structure 

HMP 7-isopropyl-4-methyl-4,5,6,7-tetrahydro- 

1H-indazole 

 
PMP 7-isopropyl-4-methyl-1-phenyl-4,5,6,7-tetrahydro- 

1H-indazole 

 
 

2. Experimental  
 

2.1. Synthesis and characterizationof inhibitors 

The preparation of 7-isopropyl-4-methyl-4,5,6,7-

tetrahydro-1H-indazole (HMP) and 7-isopropyl-4-

methyl-1-phenyl-4,5,6,7-tetrahydro-1H-indazole 

(PMP) was done according to the operating procedure 

described in our previous work 18. 

 

2.2. Weight loss measurements 

The material used in this work is C38 carbon steel. 

The surface of steel coupons chosen is (2 cm×2 cm) 

and the corrosive medium is 1 mol L-1 HCl, obtained 

from the commercial solution of HCl (37%) with 

distilled water. For weight loss Measurements, 

weighing of the Mild-steel coupons was done 

beforehand and post immersion in the 10 ml corrosive 

solution for 6 hrs. The speed of corrosion                                     

W (mg cm-2 h-1), efficiency Ew (%) were calculated 

according to the Eqs. (1) and (2) respectively 19: 

W =
Δm

St
                (1) 

EW % =
Wcorr   −Wcorr (inh)

Wcorr 
× 100          (2) 

Where Δm (mg) is the specimen weight before and 

after immersion in the tested solution, Wcorr and 

Wcorr(inh) are the values of corrosion weight losses 

(mg/cm2.h) of mild steel in uninhibited and inhibited 

solutions, respectively, S is the area of the mild steel 

specimen (cm2) and t is the exposure time (h). 

 

2.3. Electrochemical studies  

The electrochemical measurements were carried out 

by means of a conventional three-electrode 

electrolysis cylindrical Pyrex glass cell. The working 

electrode from C28 steel has a geometric area of                       

1 cm2; a saturated Ag/AgCl electrode and a disc 

platinum electrode were used as against (CE) 

electrodes. The inhibition efficiency (EI %) was 

defined by equation (3): 

EI % =
Icorr   −Icorr (inh)

Icorr 
× 100           (3) 

Where Icorr and Icorr (inh) are the corrosion current 

density values with and without the inhibitor, 

respectively, obtained by extrapolation of cathodic 

and anodic Tafel lines to the corrosion potential. 

Electrochemical impedance spectroscopy 

measurements were achieved at the open circuit 

potential for the frequency range of 100 KHz to               

10 mHz, using a peak-to-peak voltage excitation of                  

10 mV. The inhibition efficiency got from the charge-

transfer resistance is calculated by the following 

relation: 

𝐸𝑅𝑡 % =
𝑅′𝑡  −  𝑅𝑡

𝑅′𝑡 
× 100            (4) 

Where Rt and R’t are the charge-transfer resistance 

values without and with inhibitor respectively. Rt is 

the diameter of the loop. 

 

2.4. Quantum chemical calculation  

The optimized geometry of the HMP and PMP was 

performed utilizing DFT method 20,21 using program 

Gaussian 09  22 in the scheme of B3LYP hybrid 

functional 16  with the 6-31G (d,p) basis set 23 Then, 

the local electrophilic, P+, and nucleophilic, P-,  Parr 

functions 24  are obtained from the analysis of the 

Mulliken atomic spin density17 (ASD) at the radical 

anion and the radical cation by adding and removing 

an electron to the studied inhibitor, respectively. 

Quantum parameters, such as the dipolar moment (μ), 

EHOMO, ELUMO, energy gap (ΔE), ionization 

potential (I), electronic affinity (A), hardness (η), 

electronegativity (χ), electrophilia (ω) and softness 

(S) have been computed 20. For Monte Carlo 

simulations (MC) and RDF simulations 25,26, the iron 

surface (110) is built in Biovia Materials studio 8.0 27 

as follows: slab thickness of 15 Å, a supercell of 

(10*10) and a vacuum of 25Å along the ox, oy and oz 
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axis in a simulation box Fe(110) (24.82×24.82×40 Å) 

with periodic boundary conditions to model a 

representative part of the interface devoid of any 

arbitrary boundary effects 13,19. The build surface of 

Fe (110) is optimized using molecular mechanics. 

Moreover, the complete MC simulation goals to study 

alignment and adsorption behavior in tow 

environments: firstly, in vacuum (one molecule of 

PMP or HMP and Fe(110) surface) and secondly, in 

solution (one molecule of PMP or HMP, 500 

molecules of water and Fe(110) surface) using 

COMPASS  (Condensed-phase Optimized Molecular 

Potentials for Atomistic Simulation Studies)  force 

field 28 by means the adsorption locator module 

integrating in Biovia Materials studio version 8.0. The 

adsorption behavior was evaluated through Radial 

Distribution Function (RDF) analysis using the 

Forcite calculation code 29.  

 

3. Results and Discussion  
 

3.1. Potentiodynamic polarization curves 

Potentiodynamic polarization of mild steel specimens 

in the studded electrolyte without and with corrosion 

inhibitors at 308 K are shown in Fig.1 and 2. The 

respective kinetic parameters such as Icorr (corrosion 

current density), Ecorr (corrosion potential), βc 

(cathodic slopes) and IE % (inhibition efficiency) are 

listed in Table 2. 
 

 
Figure 1. Anodic and cathodic polarization curves of mild steel in solutions of 1 M HCl without and with 

different concentrations of HMP 

 
 

Figure.2 Anodic and cathodic polarization curves of mild steel in solutions of 1 M HCl without and with 

different concentrations of PMP 
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Table 2. Electrochemical parameters of steel at different concentrations of HMP and PMP studied in 1 M HCl at 

308 K. 

Inhibitor C (g L-1) -Ecorr (mV) Icorr (mA cm-2) -βc (mV dec-1) EI (%) 

 

 

 

HMP 

Blank 450 0.420 105 ------- 

0.125 475 0.236 166 44.8 

0.25 412 0.111 120 73.6 

0.5 467 0.068 153 83.9 

1 448 0.046 132 89.0 

 

 

PMP 

0.125 484 0.179 163 43.0 

0.25 485 0.170 165 60.0 

0.5 487 0.062 141 85.2 

1 473 0.014 156 96.6 

 

Examination of the Figures.1 and 2 shows a 

modification of the mechanism of cathodic hydrogen 

reduction as well as anodic dissolution, which 

suggests that the addition of inhibitors reduce the 

corrosion process, at the same times data in Table 2 

proved that the corrosion with current densities (Icorr) 

decreases remarkably by increasing HMP and PMP 

concentration. Consequently, the inhibition efficiency 

(IE %) increases reaching its maximum values 89 and 

96.6 % at 1 g/L for the HMP and PMP respectively. 

This increase marked in the case of PMP is 

presumably because the benzene ring which gives him 

more electron density so more able to be adsorbed on 

the surface of the steel 30. By the addition of inhibitors, 

a modest shift of corrosion potential toward the 

negative values compared to those in the uninhibited 

solution was induced. The maximum displacement in 

Ecorr value was 34 mV for PMP and 25 mV for HMP 

which suggests that the inhibitors performing as a 

mixed type of inhibitor with main control of cathodic 

reaction 31,32.  

 

3.2. Electrochemical impedance spectroscopy 

(EIS) 

The corrosion process of mild in hydrochloric acid 

with inhibitors HMP and PMP was investigated by 

(EIS) at 308 K after an exposure period of 30 min. 

Nyquist plots of steel in 1M HCl containing HMP and 

PMP at various concentrations are given in Figs.3 and 

4. 

 

 

Figure 3. Nyquist plots for mild steel in 1 M HCl without and with different concentrations of HMP 
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Figure 4. Nyquist plots for mild steel in 1 M HCl without and with different concentrations of PMP 

 

Figure 5. Equivalent circuit used to fit the electrochemical impedance spectroscopy (EIS) data 

As we noted, the impedance spectra (Figs.3 and 4) 

dispose of a unique capacitive loop. This unique 

capacitive loop indicating that the only process 

occurring is charge transfer 33,34. Furthermore, these 

capacitive loops are not the perfect semicircles due to 

a frequency dispersion effect 35 From the resulting 

data on impedance (Table 3) PMP found to be the best 

inhibitor. Indeed, an increase in the value of Rt in 

acidic solution and higher efficiencies in inhibition 

follow the existence of inhibitors. The decrease in the 

Cdl is due to the adsorption of HCL solution inhibitors 

to the steel surface. The distinction between HMP and 

PMP inhibitory effectiveness could be explained by 

the nature of the inhibitor structure. Hence, PMP's 

efficacy is due to the p-phenyl group's electron 

delocalization. The (EIS) results of these capacitive 

loops are simulated by the equivalent circuit shown in 

Fig.5. In the equivalent circuit, Rs is the electrolyte 

resistance, Rt the charge transfer resistance and Cdl is 

the double layer capacitance 36. 

 

Table 3. Characteristic parameters evaluated from the impedance diagram for steel in 1 M HCl at various 

concentrations of HMP and PMP 

Inhibitor C (g.L-1) Rt (Ω.cm2) fmax (Hz) Cdl (µF.cm²) ERt (%) 

 Blank 40.42 83.11 70.08 ---- 

 

 

HMP 

0.125 88.44 63.291 60.04 54.30 

0.25 167.6 15.823 40.61 75.80 

0.5 247.8 15.823 28.43 83.36 

1 388.3 15.823 25.92 89.60 

 

PMP 

0.125 93.01 35.714 47.9 56.54 

0.25 191.3 22.321 37.29 79.00 

0.5 370.7 14.056 30.56 89.09 

1 841.4 14.045 13.47 95.19 

 

  



Mediterr.J.Chem., 2020, 10(1)      A. Ansari et al.            67 

 

3.3. Weight loss measurement 

The corrosion rate (Wcorr) and the values of inhibition 

efficiency (Ew)obtained by the Weight-loss method in 

the absence and in the presence of various 

concentrations of each inhibitor at different 

temperatures [298-328 K] in 1 M HCl solution after                

6 h of immersion are summarized in Table 4. 

 

Table 4. Influence of HMP and PMP concentrations on the steel corrosion in 1 M HCl at temperatures 298, 308, 

318 and 328 K. 

Inhibitor Concentration 298 K 308 K 318 K 328 K 

g L-1 mM Wcorr 

(mg cm-2 

h-1) 

Ew 

( %) 

Wcorr 

(mgcm-2 

h-1) 

Ew 

(%) 

Wcorr 

(mg cm-2 

h-1) 

Ew 

(%) 

Wcorr 

(mg cm-2 

h-1) 

Ew 

(%) 

Blank ---- 1.032 ---- 1.803 ---- 3.483 ---- 5.883 --- 

 

 

HMP 

0.125 0,70 0.227 78 0.288 84 0.418 88 0.647 84 

0.25 1,40 0.175 83 0.198 89 0.348 90 0.471 92 

0.5 2,81 0.134 87 0.144 92 0.244 93 0.353 94 

1 5,62 0.083 92 0.108 94 0.174 95 0.235 96 

 

 

PMP 

0.125 0,49 0.126 88 0.144 92 0.244 93 0.294 95 

0.25 0,98 0.072 93 0.126 93 0.174 95 0.235 96 

0.5 1,97 0.052 95 0.054 97 0.104 97 0.176 97 

1 3,94 0.041 96 0.045 97.5 0.070 98 0.118 98 

 

It can be seen in Table 4 that the speed of corrosion 

decreases gradually, with the increase in the 

concentration of PMP and HMP compounds leading 

to an increase in percentage inhibition efficiency 

(E%). The values of percentage inhibition efficiencies 

calculated from the Weight-loss method attainment, 

limit value (96%, 98%) when the concentration of 

inhibitors is 1g/L. This increase can be attributed to 

the strong adsorption of inhibitors resulting in the 

formation of a protective layer on the steel surface. 

Also, we note that the efficiency (Ew) depends on the 

temperature and increases with the rise of temperature 

from 298 to 328 K, and when the concentration 

reached to 1 g/L Ew of HMP and PMP, respectively, 

reached a high value of 96 and 98 % in corrosive 

media at 328. The inhibition is estimated, at some 

temperature, to be 84 % for HMP, and 95% for PMP 

even at very low concentration (0.125 g/L) the 

protection is higher than 90% for HMP, and 96% for 

PMP, which indicates that both HMP and PMP are 

very good inhibitors for steel in 1 M HCl. The increase 

in inhibition efficiency with an increase in 

temperature may be attributed to the increased 

adsorption of inhibitor molecules from the metal 

surface and the inhibitory effect of each inhibitor is 

reinforced at elevated temperature. An increase in 

inhibition efficiency with increasing inhibitor 

concentration and increased efficiency with an 

increase in temperature is suggestive of the chemical 

adsorption mechanism 30. 

 

3.4. Kinetic and Activation parameters 

The influence of temperature on the corrosion rate and 

behavior of HMP and PMP on the given media has 

been realized and the obtained data from are used 

subsequently to estimate energy E°a entropy ΔS°a and 

enthalpy ΔH°a of activation using the following 

equations 5 and 6 6. 

w = Aexp (−
E°a

R.T
)              (5) 

w =
R.T

Nh
exp (

∆S°a

R
) . exp (−

∆H°a

R.T
)           (6) 

where E°a is the apparent activation corrosion energy, 

T is the absolute temperature, R is the universal gas 

constant, A is the Arrhenius pre-exponential factor, h 

is he Plank’s constant. N is the Avogadro’s number, 

ΔS°a is the entropy of activation and ΔH°a is the 

enthalpy of activation. 

The activation energies are deduced from the slope               

(-E°a / R) of the corrosion rate logarithm (w) versus 

the absolute reciprocal temperature (Fig.6) and their 

values are displayed as Table 5. Use Eq.2 further, 

plots of Ln (W / T) versus 103/T (Fig.7) provided 

straight lines with slopes of (-ΔH°a/R) and intercepts 

of (Ln(R/Nh) + (ΔS°a/R)) from which the values of 

∆H°a and ∆S°a were calculated and shown in Table 5.
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Figure 6. Arrhenius plots for mild steel corrosion rates (W) in 1 M HCl with and without 1 g. L-1 of HMP and 

PMP 

 

Figure 7. Transition-state plot for mild steel corrosion rates (W) in 1 M HCl with and without 1g. L-1 of HMP 

and PMP 

 

Table 5. Activation parameters obtained from Weight Loss measurements of HMP and PMP on mild steel in 1 

g/L 

Inhibitor ΔE°a(kJ mol-1) ΔH°a (kJ mol-1) ΔS°a(J mol-1 K-1) 

Blank 47.76 41.60 -103.67 

HMP 29.20 24.96 -181.29 

PMP 28.79 27.71 -179.80 

 

In the presence of HMP and PMP, the activation 

energies are lower than those in the uninhibited acid 

solution (Table 5). Adding inhibitors, therefore, 

reduces the dissolution of metal in the 1 M HCl 

medium 37. We note that the chemisorption will be the 

most favorable because of the increase of (Ew) and 

the lower value of E°a 38. The positive value of 

enthalpy of activation (∆H°a) with various 

concentrations of each inhibitor, meaning that the 

metal has a low tendency to be dissolved. The 

negative values of entropy of activation (∆S°a) are 

attributed to a reduction in disorder induced by the 

adsorption of HMP and PMP molecules on the steel 

surface 39. 

3.5. Adsorption considerations 
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The appropriate isotherm has been obtained by using 

the values of surface coverage (θ), evaluated for 

weight loss measurements. The plot of C/θ versus C 

Eq. (7) yields a straight line with all linear correlation 

coefficients (R2) is nearly equal to 1 and the slope 

values are also close to 1. Thus, the Langmuir model 

was found to give the best description (Figs.8 9) 6. 

C

θ
=  

1

K
+ C               (7) 

  

 

Figure 8. Langmuir adsorption isotherm model for PMP on carbon steel surface at temperatures 298 

  
Figure 9. Langmuir adsorption isotherm model for HMP on carbon steel surface at temperatures 298, 308, 318 

and 328 K 

 

Table 6. Thermodynamic and equilibrium parameters obtained from weight loss measurements for the adsorption 

of HMP and PMP on mild steel surface in 1g L-1 at temperatures 298, 308, 318 and 328 K. 

Inhibitor T (K) K (103 L mol-1) ΔG°ads(kJ mol-1) ΔH°ads(kJ mol-1) ΔS°ads(J mol-1 K-1) 

HMP 298 7.4 -32.1 16.64 (Eq : 5) 163.6 

308 9.3 -33.7 163.4 

318 11.1 -35.3 163.3 

328 14.3 -37.1 166.4 

PMP 298 16.7 -34.4 24 (Eq: 5) 194.9 

308 20.8 -35.8 194.2 

318 33.3 -37.5 195.6 

328 40.8 -40 198.0 
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It follows from the data presented in Table 6 that the 

adsorptive equilibrium constant (K) increased with 

increasing temperature. PMP has a greater value 

indicating its ability to be absorbed easily and strongly 
40. The equilibrium adsorption constant K is linked to 

the standard Gibbs free energy of adsorption (ΔG°ads) 

with the ensuing equation 41: 

∆G°ads = −2.3RTlog(55.5K)           (8) 

The standard adsorption enthalpy (ΔH°ads) could be 

calculated based on Van’t Hoff equation 34: 

LnK =
∆H°ads

R.T
+ D              (9) 

Where R is the universal gas constant, T is the 

thermodynamic temperature, D is integration constant 

and the value of 55.5 is the concentration of water in 

the solution in M (mol/L). 

To calculate the enthalpy of adsorption (ΔH°ads), Ln 

(K) was plotted against 1/T (Fig.11) and straight-line 

was obtained with slope equal to (-ΔH°ads/R). With the 

obtained both parameters of ΔG°ads and ΔH°ads, the 

standard adsorption entropy (ΔS°ads) can be calculated 

using the following equation. All the standard 

thermodynamic parameters are listed in Table 6. 

 

Figure 10. Van’t Hoff’s plot of Ln K against 1/T for the adsorption of HMP and PMP on to mild steel 

 

∆S°ads =
∆H°ads−∆G°ads

T
          (10) 

The negative values of ∆G°ads (Table 6) reflected the 

spontaneous aspect of the inhibitor’s adsorption on to 

the steel surface 42. Moreover, the values of ∆G°ads 

computed as shown in Table 6 were about -40 KJ               

mol-1, reflecting that the charge sharing or transfer of 

the inhibitor to the charged mild steel surface took 

place (chemisorption) 34. Moreover, the positive 

values of ∆H°ads mean that the dissolution process is 

an endothermic phenomenon 43. Finally, the positive 

value of ΔS°ads in the presence of inhibitors is an 

indication of an increase in solvent entropy, because 

of the adsorption of inhibitors on the metal surface 44.  

 

3.6. Calculations of CDFT indices  

This study begins with the optimization of HMP and 

PMP inhibitors. Certainly, this optimization was 

confirmed by the presence of zero imaginary 

frequency in the Hessian matrix 45. The numbering of 

the atoms for both inhibitors studied is illustrated in 

Fig.11. 
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Figure 11. The optimized structure and HOMO-LUMO orbitals of HMP and PMP 

 

Several studies devoted to inhibitor corrosion 

mechanisms have proven that the analysis of the 

indices defined within the conceptual DFT (CDFT) is 

a vital role to comprehend corrosion phenomenon. 

Indeed, a virtuous correlation has been established 

between the speeds of corrosion and CDFT indices 

that are frequently associated with the electron-

donating ability of the molecule. Additionally, the 

literature reveals that the adsorption of the inhibitor 

over the metal surface can proceed with donor-

acceptor interactions between π-electrons of the 

heterocyclic compound and the vacant d-orbital of the 

metal surface atoms. In this sense, the lower value of 

the energy gap ∆E (EBV-EHO) of inhibitor indicates a 

tendency of this to donate electrons to suitable 

acceptor metal and consequently facilitate adsorption 

between inhibitor and metal 46,47 In order to evaluate 

the global     Electron density transfer from inhibitor 

via the iron metal certain CDFT indices related to the 

electronic molecular structure are calculated such as: 

the electronic, chemical potential(µ) chemical 

hardness(η) energy gap(∆E) between EBV and EHO the 

fraction of an electron transferred (∆N) and 

electronegativity(χ) for HMP and PMP inhibitors 

(Table 7) . 

 

Table 7. The quantum chemical parameters of the studies inhibitors at the DFT method for the neutral form of 

inhibitors. 

Inhibitor EHO EBV µ η ∆E ∆N 𝛘 

HMP -5.99 0.70 -2.64 3.34 6.68 0.65 2.64 

PMP -5.93 -0.44 -3.19 2.75 5.52 0.69 3.19 

 

The local reactivity of inhibitor is portrayed 

framework of the nucleophilic P− and electrophilic P+ 

Parr functions. The utility of these indices focused, in 

fact, to differentiate each amount of the molecule 

based on its individual chemical behavior due to 

different substituent functional groups. Thus, the site 

for nucleophilic attack will be the place where the 

value of P+ is a maximum. In turn, the site for an 

electrophilic attack is explained by the maximum 

value of P−. Nucleophilic P− and electrophilic P+ Parr 

functions for the significant atoms of HMP and PMP 

inhibitors are reported in Table 8.  

 

Table 8. Nucleophilic P− and electrophilic P+ Parr functions for the significant atoms of HMP and PMP inhibitors. 

Number HMP  Number PMP 

Atom P− P+ Atom P− P+ 

1 C 0.399 -0.007 1 C 0.402 0.008 

2 C 0.335 0.310 2 C -0.064 0.163 

3 C 0.029 0.007 3 C 0.041 0.029 

17 C 0.013 -0.001 13 N 0.184 -0.018 

29 N 0.360 0.277 14 N 0.072 0.134 
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30 N -0.058 0.182 15 C 0.072 0.244 

24 H 0.033 0.310 16 C 0.065 0.121 

** ** **** **** 17 C 0.080 0.042 

** ** **** **** 22 C 0.175 0.309 

 

From Table 7 we noticed that the HMP and PMP 

inhibitors have a positive value of ∆N indicates 

clearly the capability of the inhibitor to donate its 

electrons to iron metal. As well it is possible to 

observe that the chemical hardness and the energy gap 

of PMP inhibitor have lower values than that of 

HMP; and that the PMP has a higher fraction of 

transferred electrons than that of HMP. These results 

point out that the inhibiting efficiency order for the 

HMP and PMP inhibitors is the following: PMP > 

HMP in accordance with the experience. 

As depicted in Table 8, for the nucleophilic attack, the 

most reactive site related to PMP is on the carbon 

atoms (C2, C15, C16, and C22) and nitrogen atom 

N14, HMP is on carbon atom C2, nitrogen atoms 

(N29 and N30) and a hydrogen atom H24. Besides, 

for the electrophilic attack, the preferred reactive site 

associated with PMP is the follow atoms category: 

carbon atoms (C1 and C22) and nitrogen atom N13, 

HMP is on carbon atoms (C1 and C2) and nitrogen 

atom N 29. This result displays that the two inhibitors 

studied have the capability to react locally with the 

iron metal either by a donor or acceptor character. 

 

3.7. Monte Carlo simulation (MC) 

Molecular Simulation was conducted to investigate 

the relationship between both PMP and HMP 

inhibitors and the metal surface involved. Before this 

analysis, it is also possible to obtain the radial 

distribution function (RDF) (or pair correlation 

function) g (r). The R D F is used as a technique for 

learning the connection length. Modern researchers 

suggested that the appearance of peaks from 1 Å to 

3.5 Å (Fig.12) is a sign of tiny chemisorption-related 

bonds 47. The findings achieved to strengthen the 

maximum adsorption ability of the compound 

inhibitors of Menthopyrazole tested to safeguard 

metal from dissolution. Because of their higher 

capacity to switch electrons through these active 

locations to the metal surface. The interaction energy 

between the molecule of the inhibitor and the surface 

of Fe (110) was acquired using Eq (7) 48.  

 

Figure.12 Radial distribution function of the PMP 

on the Fe (110) surface in solution 

E ads = E total +E sol – (E surface+sol + E inhibitor+sol)      (11) 

(Eads = E adsorption; Esol = E solution) 

Where Etotal, Esurface+solution, Einhibitor+solution , and Esolution 

correspond respectively to the total energies of the          

Fe (110) surface with adsorbed inhibitor and solution, 

the total energy of the surface and solution, the total 

energy of the system except the iron crystal, and the 

total energy of the solution. 

The outputs and descriptors calculated by the Monte 

Carlo simulation in two phases including the total 

adsorption (Eads) rigid adsorption (ERA) and 

deformation energies (Edef) are presented in Table 9. 

 

Table 9. Outputs and descriptors calculated by the Monte Carlo simulation for adsorption of HMP and PMP on 

Fe (110) (in kcal.mol-1). 

Molecule Phase Etot Eads ERA Edef dEads/dNi 

HMP G -66.87 -73.57 -74.35 0.78 -73.57 

A -5186.17 -5192.87 -5467.62 274.75 -80.70 

PMP G -85.47 -165.85 -139.04 -26.81 -165.85 

A -6586.89 -6667.27 -6995.73 328.46 -148.46 

 

In Table 9, it can be noted that the adsorption energy 

of the inhibitors is negative in each case. This means 

that the adsorption on the surfaces of both inhibitors 

is spontaneous and that the interaction between them 

will take place in aqueous and gas phases 49,6. The 

adsorption energies of the molecules studied 

improved in the order of HMP < PMP and this latter 

molecule gave the highest adverse energy of 

adsorption.  This indicates that PMP had better 

efficiency in inhibition than HMP. These findings, 

therefore, corroborate the similarities in electronic 

and molecular parameters derived from quantum 
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chemical computations. Furthermore, as can be seen 

from the elevated absolute value of dEad / dNi for 

molecules studied in Table 9, inhibitor molecules 

substitute H2O on the iron surface resulting in the 

creation of inhibitor molecules protective film. The 

experimentally observed elevated inhibition impact 

could lead from the strong interaction between 

inhibitors and metallic surface. Their adsorption on 

the iron surface offers a bigger blocking region on the 

steel surface and avoids possible acidic attacks on it 
30. Figures 13 and 14 show the close connections 

between the tested molecules and the surface of the Fe 

(1 1 0) as well as the best adsorption configuration for 

these compounds in gaseous and aqueous stages. 

 

 

Figure.13 Side and top views of the stable adsorption configuration for Fe (110)/PMP and HMP /500 H2O 

system obtained using the adsorption locator module 

 
Figure 14. Side and top views of the stable adsorption configuration for Fe (110)/PMP and HMP obtained using 

the adsorption locator module 

 

4. Conclusion 
 

The corrosion inhibition effect of two new menthone 

derivatives such as menthopyrazole (HMP) and                     

1-phenylmenthopyrazole (PMP) on corrosion of mild 

steel in 1 M H Cl has been investigated using weight 

loss and electrochemical measurement in addition to 
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quantum chemical calculations including density 

functional and Monte Carlo simulation. 

Frome the overall experimental results obtained we 

can deduct that HMP and PMP act as good inhibitors 

for the corrosion of steel in HCl medium. Note that 

the inhibition efficiency increases in both the 

concentration and the temperature of the new 

synthesized inhibitors to attain 98% for PMP at 1 g/L.  

Also, the polarization curves revealed that the used 

inhibitors were mixed-type inhibitors.  In addition to 

this, the adsorption of use compounds on the mild 

steel surface obeyed a Langmuir isotherm. A good 

correlation was found between the inhibition 

efficiency and quantum chemical parameters (EHOMO. 

ELUMO and gap energy (ΔE). This result is in good 

agreement with experimental results. Finally, MDS 

suggests that the strongest interaction of both 

inhibitors PMP and HMP with the metallic surface 

can be adsorbed on Fe (1 1 0) in near flat orientation 

mainly though the pyrazole and phenyl rings. Note 

that in aqueous phase, especially for PMP some 

distortions have been observed with higher adsorption 

energies. 
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