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Abstract 

In this work we made a synthesis of two molecules of the same family, the pyrazole 4-

(4,5-dihydro-1H-pyrazol-5-yl)-N,N-dimethylaniline D and N,N-dimethyl-4-(3-methyl-

4,5-dihydro-1H-pyrazol-5-yl)aniline D10. These two molecules have a good inhibiting 

activity against the corrosion of mild steel in 1 M HCl. This activity has been confirmed 

by gravimetric and electrochemical studies; we use a potentiodynamic polarization and 

the impedance spectroscopic technique. From this investigation, we observe that the 

integration of a methyl group in the pyrazole D allows decreasing slightly the corrosion 

of steel. For more information about the action mode of our inhibitors, we launched 

theoretical calculation by DFT method. We used these calculations to discuss the 

stability, the reactivity, and the adsorption of our pyrazolic inhibitors with iron in acid 

medium. 

 

Keywords: Mild steel, pyrazole; hydrazine, hydrazones, corrosion inhibition, DFT. 

 

 

Introduction 

Pyrazoles are an important class of heterocyclic compounds. They are used in 

several domains of current research; for example, we found pyrazole derivatives 

with biological activities such as antitumor [1,2], antibacterial [3], anticancer [4], 

antidiabetic agent [5], anti-inflammatory [6], antidepressant [7], antimalaria 

[8],anticonvulsant [9], antituberculosis [10] and antiviral activities [11]. 
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On the other hand, there is a very important number of substituted pyrazoles 

which have a broad spectrum at the industrial activities [12], especially in the 

corrosion inhibitors for steel in acidic media [13-17]. Bibliography results 

directed us towards the synthesis of new pyrazole derivatives. This synthesis has 

been followed by a gravimetric test; this test makes it possible to observe the 

influence of pyrazoles concentration on the corrosion rate of mild steel in an acid 

medium. The protection of iron against corrosion is very important, because the 

use of metals touches almost all the domains of our life such as mechanics, 

industry, electro-household and construction of buildings. The iron is prone by 

several parameters and conditions of corrosion that limit its use [18-24]. The use 

of organic inhibitors against corrosion of steel is advantageous from the point of 

view of cost, quantity and efficiency. These organic inhibitors are usually 

adsorbed onto the metal surface via formation of a coordinate-covalent bond 

(chemical adsorption) or the electrostatic interaction between the metal and 

inhibitor (physical adsorption) [25]. To confirm and evaluate the inhibitory 

activity of the corrosion of an organic molecule, we use gravimetric (loss of 

weight) and electrochemical studies (polarization and impedance spectroscopy). 

The inhibition mechanism can be justified by thermodynamic studies (Temkin, 

Frumkin and Langmuir) and by molecular parameters calculated by DFT method 

[26]. These two studies give a simulation of the adsorption of the inhibitor 

molecules on the metal surface. 

In this work we made the synthesis of the pyrazoles[4-(4,5-dihydro-1H-pyrazol-

5-yl)-N,N-dimethylaniline] D and [N,N-dimethyl-4-(3-methyl-4,5-dihydro-1H-

pyrazol-5-yl)aniline] D10, by a reaction between hydrazine and the carbonyl α,β-

unsaturated such as 3-(4-(dimethylamino)phenyl)acrylaldehyde and 4-(4-

(dimethylamino)phenyl)but-3-en-2-one in the alcohol  as solvent. These reactions 

give the pyrazole with an excellent yield because there is a good reactivity of 

hydrazine [27-32] (Fig. 1). 

 

 
Figure 1. Effected synthesis of pyrazoles. 

 

 
Figure 2. Chemical structure of D and D10. 

 

The second objective of this work is to investigate the corrosion of steel in 1 M 

HCl in the absence and presence of different concentrations of D and D10, (D 

and D10 have the same chemical structure inserting a methyl group in the 

position 3 of the pyrazole (Fig. 2)). The inhibition efficiency of these compounds 
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was determined by using potentiodynamic polarization, electrochemical 

impedance spectroscopy and weight loss methods. The thermodynamic 

parameters and activation of inhibitor were studied. 

 

 

Materials and methods 

Materials 
The I.R. spectra were performed in a Mattson Genesis II FTIR instrument. The 

NMR spectra were recorded in CDCl3 in a Bruker 300 MHz instrument. Melting 

points were determined in an Electrothermal T1A F3.15A instrument. 

 
Synthesis of pyrazoles D and D10 

These products were prepared by mixing 3-(4-(dimethylamino)-phenyl)-

acrylaldehyde or 4-(4-(dimethylamino)phenyl)but-3-en-2-one (0.1 mol) 

dissolved in ethanol (100 mL). The solution of hydrazine sulphate (0.1 mol), 

soud (0.11 mol) and sodium iodide (0.01 mol) in water, was added drop-wise 

followed. The reaction mixtures were stirred for 24 hours without heating. In the 

end, the reaction mixture was cooled and poured in ice-cold water, and the 

precipitate formed was filtered off, washed and recrystallized in ethanol to get 

the corresponding pyrazole. 

 

4-(4,5-dihydro-1H-pyrazol-5-yl)-N,N-dimethylaniline D 

Yield (76%); m.p=142–144°C;IR(KBr, λmax): 3159, 3066, 2933, 1649, 1531, 
1597cm-1, 1HNMR(CDCl3)δ: 2.95 (t,2H,CH2),3.08 (s,6H,CH3), 5.32 (s,1H,NH), 
6.62 (t,1H,pyrazole CH),7.17–7.54 (m,4H,ArH), 8.44 (t,1H,CH)ppm; 
13CNMR(CDCl3): δ40.24, 111.73, 112.01, 123.64, 129.84, 151.76, 162.39ppm. 
 
N,N-dimethyl-4-(3-methyl-4,5-dihydro-1H-pyrazol-5-yl)aniline D10 
Yield (80%); m.p=217–219°C; IR(KBr, λmax): 3205, 3080, 2933, 1665, 1610, 
1440, 1395, 1320cm-1. 1H NMR(CDCl3)δ: 1.59 (s, 3H, CH3), 0.8 (d, 2H, CH2), 
1.26 (s, 6H, CH3), 1.8 (m, 1H, CH), 7.33-8.23 (m, 4H, ArH), 1.25 (s, 1H, NH) 
ppm; 13CNMR(CDCl3)δ:20.1, 35.1, 61.0, 98.6, 120.5, 123.9, 129.1, 135.9, 146.5, 
149.2,150.7, 161.2ppm. 
 
Gravimetric, Rp  polarization and EIS measurements 
Steel samples CX38 are used. The acidic solution was prepared by the dilution of 

37% HCl analytical grade with bidistilled water. Prior to all measurements, the 

steel samples were polished with different emery paper up to 1200 grade and 

washed thoroughly with bidistilled water and dried with acetone. The 

concentration range of green inhibitor ranged within 10-3 and 10-6M. 

 

Gravimetric measurements 
The weight loss is followed by a balance with an accuracy of 10-4 g. The volume 

of the solution is 250 mL. The steel used has a cylindrical shape (R = 2 cm and h 

= 0.5 cm). The immersion time for weight loss is 6 h at 25 °C. 
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Electrochemical measurements 
The electrochemical experiments were recorded using an EG&G Instruments 

potentiostat galvanostat model 263A, at a scan rate of 0.5m V/s, coupled to a 

computer equipped with a 352SoftCorrIII software. Before recording the 

polarization curves, the test solution was de-aerated and magnetically stirred for 

30 min in the cell with pure nitrogen to attain stationary (Ecorr). Gas bubbling was 

maintained throughout the experiments. The WE was then inserted and 

prepolarized at -800 mV (SCE) for 30 min in order to remove the oxide film 

from the electrode. The scan rate was 1 mV.s-1. Polarization resistance 

measurements were performed by scanning through a potential range, which is 

very close to the corrosion potential. The potential range is ±10 mV around Ecorr. 

Polarization resistance (RP) values are obtained from the current potential plots. 

The temperature was thermostatically controlled at 25 °C. 

 

Electrochemical impedance spectroscopy (EIS) measurements 
EIS measurements were carried out with an electrochemical system (Tacussel) 
which included a digital potentiostat model VoltalabPGZ100 computer, at Ecorr 

after immersion in the solution without bubbling. A circular surface of 1 cm2 

steel exposed to the solution was used as the working electrode. After the 

determination of the current steady-state at a given potential, sinus wave voltage 

(10 mV) peak to peak, at frequencies between 100 kHz and 10 MHz, were 

superimposed on the rest potential. Computer programs automatically controlled 

the measurements performed at rest potentials after 10 min of exposure. The 

impedance diagrams are given in the Nyquist representation. 

Table 1. Mathematic equations used in our calculus. 

Energetic Parameter Symbol Mathematic equation 

Ionization potential IE eV  
Electron affinity EA eV  
Gap energy Egap eV  
Electronegativity χ eV  
Global hardness η eV  
Softness σ eV-1  
Fraction of electrons transferred ∆N   

with  and    [40] 

 

Quantum chemical calculations 
Theoretical calculations were carried out by Gaussian 03 package [33]. All 

geometries were optimized by DFT (Density Functional Theory) method. We 

used the most popular functional B3LYP [34-36] combined with 6-31G (d) basis-

set. From the obtained geometries, we calculated by Single Point calculation the 

following parameters: the highest occupied molecular orbital EHOMO and lowest 

unoccupied molecular orbital ELUMO energies, the Gap ΔEH-L/or Egap between 

EHOMO and ELUMO, the dipole moment μ, the electronegativity χ, the hardness η, 

softness σ and fraction of electrons transferred ΔN. Table 1 presents the 

equations used for the calculation of different quantum chemical parameters of 
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the inhibitors D and D10. These parameters have been used to understand the 

properties and the activity of the new prepared compounds and to help in the 

explanation of the experimental data obtained for the corrosion process [37-39]. 

 

 

Results and discussion 

Weight loss measurements 
The corrosion rate (Wcorr) of steel in 1 M HCl solution at various concentrations 

of the inhibitor was determined after 6 h of immersion period at 25 °C. The 

corrosion rate (Wcorr) was calculated using the following equation:   

       (1) 

where (∆m) is the average weight loss, (S) the total area, and t is immersion time.  

The values of corrosion rates and inhibition efficiencies are given in Table 2. In 

the case of the weight loss method, the inhibition efficiency (EW%) was 

determined by the following relation:  

   (2) 

Table 2. Weight loss data for mild steel 1 M HCl without and with different 

concentrations of D and D10 at 25 °C. 

 
 C 

(M) 

Corrosion rate 

W’corr (g/m².h) 

Efficiency 

EW(%) 

HCl - 9.04 - 

 

D 

10-6 2.70 70 

5.10-6 2.32 74 

10-5 1.73 80 

5.10-5 1.58 82 

10-4 1.51 83 

5.10-4 0.85 90 

10-3 0.39 96 

 

D10 

10-6 2.02 77 

5.10-6 1.49 83 

10-5 1.01 88 

5.10-5 0.92 89 

10-4 0.87 90 

5.10-4 0.63 93 

10-3 0.45 95 

 

where Wcorr is the corrosion rate of steel in 1 M HCl and W’corr is the corrosion 

rate of steel with the inhibitors. 

It had been observed that the inhibition efficiency increased with increasing 

concentration and reached a maximum value at an optimum concentration of 10-3 

M.  
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We noted that our compounds used in this study showed very good inhibition of 

corrosion and the inhibition efficiency increases with the increase of the inhibitor 

concentration. Generally, organic inhibitors suppress the metal dissolution by 

forming a protective film adsorbed onto the metal surface and separating it from 

the corrosion medium [40]. 

 
Figure 3. Variation of the inhibition efficiency with concentration of the inhibitors 

 

The inhibition efficiency attains 96% and 95% for D and D10, respectively. 

Thus, we deduce that D is the best inhibitor of these two tested compounds (Fig. 

3). The variation in inhibitive efficiency mainly depends on the type and the 

nature of the substituents present in the inhibitor molecule. This difference in 

efficiency could be explained by computational calculations using DFT method 

(see the last part of this work). 

 

Polarization measurements 
Fig. 4 presents the Tafel polarization curves for steel in 1 M HCl for different 

concentrations of D and D10 molecules. Table 3 lists the values of Ecorr 

(corrosion potential), Icorr (corrosion current density), and βc (Tafel cathodic 

constant).The inhibition efficiency was calculated using the corrosion current 

densities measurements, Icorr, for steel electrode according to the following 

equation: 

   (3) 

where Icorr is the corrosion current density for steel in 1 M HCl, and Icorr(inh) is the 

corrosion current density for steel electrode in 1 M HCl solution with the 

inhibitors D and D10. As can been seen from Fig. 4, it is clear that both anodic 

and cathodic reactions of the corrosion process were inhibited when the pyrazole 

derivatives were added to the acid solution. 

The cathodic polarization curves of our inhibitors are almost parallel. The 

corrosion potential of mild steel shifted to the negative side only 53 mV for D 

and 28 mV (vs. SCE) for D10. This value indicates that the addition of our 
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inhibitors to the acid solution does not change the mechanism of the cathodic 

reaction (hydrogen evolution) [41]. 

 

 
Figure 4. Typical polarization curves for mild steel in 1 M HCl for various 

concentrations of D and D10 at 25 °C. 

 

Table 3. Electrochemical parameters derived from polarization measurements for mild 

steel in 1 M HCl solution in the absence and presence of various concentrations of D 

and D10. 
 C 

(M) 

Ecorr 

(mV vs. CSE) 

Icorr 

(μA/cm2) 

-βc 

(mV/dec) 

βa 

(mV/dec) 

Rp 

(Ω/cm2) 

Ep 

(%) 

HCl 1 -450 2512 140 185 20.14 / 

 

D 

10-3 -421 41 87.5 62.6 167.66 98 

10-4 -464 81 115.4 91.9 289.68 97 

5.10-5 -463 87 119.2 129.4 328.01 96 

5.10-6 -474 285 101.7 76.8 59.15 88 

10-6 -452 560 74.8 79.7 26.35 77 

 

D10 

10-3 -480 41 125.5 72.6 387.98 98 

5.10-4 -467 65 136.3 71.8 233.47 97 

10-4 -473 167 153.6 86 169.82 93 

5.10-5 -477 198 152.6 90.4 158.89 92 

10-5 -457 454 184.6 103.3 114.20 81 

5.10-6 -452 1401 188.8 124.1 49.06 44 

 

We noticed that the addition of our inhibitors in the aggressive medium causes a 

remarkable decrease in the corrosion rate, shifting both anodic and cathodic Tafel 

curves to lower current densities. This phenomenon indicates that both anodic 

and cathodic reactions are suppressed and the suppression effect becomes more 

pronounced with the increase of the concentration of these inhibitors.  

 

Electrochemical impedance spectroscopy 
The corrosion of mild steel in 1 M HCl solution in the presence of ours inhibitors 

were investigated by EIS at room temperature after an exposure period of 30 min. 

Nyquist plots for mild steel obtained at the interface in the absence and presence 

of this inhibitor at different concentrations are illustrated in Fig. 5.The addition 
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of the inhibitors increases the capacitive loop diameter without affecting their 

characteristic features. This indicates the strengthening of the formed inhibitive 

film that is responsible for the inhibition action of these inhibitors [42]. The 

protective film is formed as a result of adsorption of inhibitor molecules on the 

carbon steel surface without changing the mechanism of the corrosion process. 

The inhibition efficiency was calculated using charge transfer resistance 

according to the following equation: 

    (4) 

where Rt  and  Rt(inh) are the charge transfer resistance values in the absence and 

presence of the inhibitor, respectively. 

Figure 5. Nyquist plots for mild steel in 1 M HCl solution in presence of (D) and (D10). 

 
Table 4. EIS parameters for corrosion of carbon steel in 1 M HCl in the absence and 

presence of different concentrations of the D and D10 at 25 °C. 

 
 C 

(M) 

Rs 
 

Rt 

(Ω.cm2) 

Cdl 

(μF.cm–2) 
EI 

(%) 

HCl Blank 1.64 14.53 173 / 

 

D 

10-3 -0.187 456.9 43.0 97 

5.10-4 1.535 342 46.5 96 

10-4 0.974 320.3 56.5 95 

5.10-5 0.6192 323.3 65.3 95 

10-5 1.062 179.5 75.5 92 

5.10-6 1.609 48.09 82.8 70 

10-6 1.542 20.02 158.9 27 

 

D10 

10-3 1.479 260.5 61.07 94 

5.10-4 1.085 206.3 61.1 93 

10-4 1.198 164.5 61.7 91 

5.10-5 1.388 119.4 66.6 88 

10-5 1.391 100.9 78.9 85 

5.10-6 1.547 38.42 103.5 62 

10-6 1.630 20.04 158.7 27 
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Various impedance parameters such as charge transfer resistance (Rt), double 

layer capacitances (Cdl) and inhibition efficiency (EI) were calculated and are 

listed in Table 4. 

The addition of the inhibitors increases clearly the charge transfer resistance (Rt) 

values. This indicates the strong adsorption of our inhibitors with metal surface. 

The capacitance Cdl values were decreased due to a decrease in local dielectric 

constant and/or an increase in the thickness of the electrical double layer, 

suggesting that the inhibitor molecules acted by adsorption at the metal/solution 

interface. The addition of our inhibitors provided lower Cdl values, probably 

because of the replacement of water molecules by inhibitor molecules at the 

electrode surface. In addition, the inhibitor molecules may reduce the capacitance 

by increasing the double layer thickness [43]. 

 

Adsorption isotherm  
Organic corrosion inhibitors decrease metal dissolution via adsorption on the 

metal/solution interface to form a protective film. The adsorption route is 

generally considering as a substitution process between the organic inhibitor in 

the aqueous solution and water molecules adsorbed at the metal surface [44]. The 

adsorption isotherm can give information on the metal–inhibitor interaction. 

Several adsorption isotherms can be used to assess the adsorption behaviour of 

the inhibitors. Langmuir adsorption isotherm is the best description of the 

adsorption behaviour of the inhibitor molecules on the mild steel surface [45], 

which obeys the following equation: 

    (5) 

where (θ) is the surface coverage, (Kads) is the adsorption–desorption equilibrium 

constant, and (C(inh)) is the concentration of the inhibitor. 

The surface coverage values (θ) were evaluated using corrosion rate values 

obtained from the weight loss method at ambient temperature. Coverage can be 

obtained from weight loss measurements by the following equation: 

    (6) 

where (Wcorr) and (W’corr) are the corrosion rates of steel with and without the 

inhibitors, respectively. 

The corresponding plots are shown in Fig. 6, where the linear correlation (R2) 

value for Langmuir isotherm was also nearly 1 for D and D10. From this 

observation, we concluded that Langmuir isotherm shows the best correlation 

with the experimental data. This kind of isotherm involves the monolayer 

adsorption characteristic and there is no interaction between the adsorbed 

inhibitor molecules and the carbon steel surface. 

The free energy of adsorption (∆G°ads) was calculated by the following equation: 

   (7) 
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where 55.55 is the molar concentration of water, R (8.314 J/mol.K) is the 

universal gas constant, T is the temperature in Kelvin and (Kads) is the 

adsorption–desorption equilibrium constant. Table 5 lists the thermodynamic 

parameters for the adsorption process 

 
Figure 6. Langmuir adsorption of D and D10 on the mild steel surface in 1 M HCl 

solution. 

 

Table 5. Thermodynamic parameters for the adsorption of D and D10 in 1 M HCl on 

mild steel surface at 25 °C. 
Compounds Linear correlation (R2) Slope Kads ∆G°ads (kJ mol-1) 

D 0.9988 1.046 1.25×105 -40.347 

D10 0.9998 1.053 3.41×105 -42.909 

 

The negative value of ∆G◦
ads indicates that the inhibitor is spontaneously 

adsorbed onto the mild steel surface. The values of ΔG°ads calculated by 

Langmuir adsorption method for the inhibitors are -40.3 kJmol−1 for D and -42,9 

kJmol−1 for D10. These values are at the interval of physisorption and 

chemisorption of the inhibitors on the steel surface [46].  Physisorption, where 

the electrostatic interaction assembled between the charged molecule and the 

charged metal, and chemisorption, where the Fe atoms on the metal surface 

formed bonds with an electron pair of nitrogen atoms presents in the organic 

inhibitor. 

 

Quantum chemical calculations 
The experimental studies confirm that D and D10 are good inhibitors for the 

corrosion of mild steel in 1 M HCl. For explaining well the inhibiting efficiency 

of our inhibitors at the molecular level it is recommended to know the 

geometrical, energy and electronic properties of the inhibitors. These properties 

can be calculated using quantum chemical calculations (DFT) [47]. With this 

method we can calculate the energy gap (Egap) between ionization potential (IE) 

and electron affinity (EA), dipole moment (μ), electronegativity (χ), global 

hardness (η), softness (σ) and fraction of electrons transferred (ΔN) which are 

presented in the Table 1. 
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According to the values of HOMO and LUMO energies of the two inhibitors, we 

note that these latter’s are good donors and acceptors of electrons to the 

unoccupied ‘d’ orbital of the ion metal [28,31]. The high value of inhibitors 

dipole moment μ(D)=3.6 Debye and μ(D10)=3.3 Debye indicates the strong 

dipole–dipole interactions of the inhibitors and the metallic surface [48].The 

values of ΔN represent the number of electronic charges that will be exchanged 

between the surface and the adsorbed species. It is observed in this study that, the 

two values ∆N(D) and ∆N(D10) are almost equal, which confirms the good 

efficiency of our inhibitors [49].   

 
Table 6. Molecular properties of D and D10 from the optimized structure using ‘DFT ‘ 

at the B3LYP/ 6-31G. 
 

Compounds D D10 

μ          Debye 3.6051 3.3029 

EHOMO eV  -5.1615 -5.1256 

ELUMO eV -0.072 -0.0205 

EI eV 5.1615 5.1256 

EA eV 0.072 0.0205 

Egap eV 5.2335 5.1461 

χ eV 2.617 2.573 

Η eV 2.54 2.57 

σ eV-1 0.393 0.389 

∆N  0.8567 0.8613 

 

The values of EI(D)>EI(D10), Egap (D)>Egap (D10) also μ(D)>μ(D10) confirm 

that the efficiency of D is higher than the efficiency of D10 [50]. 

From the Table 6 we notice that there is a decrease in the EA and the dipole 

moment that justifies the difference of efficacy between D and D10 which leads 

us to conclude that the integration of the methyl group in the position 3 slightly 

decreased the inhibiting efficiency with the conservation of the anticorrosive 

activity. 

Table 6 presents the global reactivity indices calculated theoretically to D and 

D10 molecules and the Fig. 7 presents the distributions of HOMO-LUMO 

frontier molecule orbital density of the same molecules. 
 

Inhibition mechanism 
Electrochemical and weight loss studies confirm that the compounds D and D10 

inhibited the corrosion of mild steel in 1 M HCl through their adsorption at the 

metal/solution interface. The inhibitors are absorbed on the mild 

steel/hydrochloric acid solution interface by the following means [51,52]: 

1. Electrostatic interaction of protonated inhibitor with already adsorbed 

chloride ions,  

2. Donor–acceptor interactions between the π-electrons of aromatic ring and 

vacant d orbital of surface iron atoms, 

3. Interaction between unshared electron pairs of heteroatoms of the inhibitor 

and vacant d orbital of iron surface atoms.  
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The calculated ΔG°ads value of D and D10 (|∆G°ads| ≥40 kJ mol-1) indicates that 

the adsorption of our inhibitors on the mild steel surface follows both 

physisorption (ionic) and chemisorption (molecular) mechanisms. 
 

 
Figure 7. Distribution of the highest occupied molecular orbital HOMO and the lowest 

unoccupied molecular orbital LUMO in D and D10 molecules. 

 

 

Conclusions 
In this work, we have realized the synthesis of two pyrazoles D and D10 with 

good yield. IR and MNR (1H and 13C) spectra confirmed the chemical structures. 

The working studies of weight loss, electrochemical polarization and impedance 

spectroscopy show that D and D10 were good mixed inhibitors (cathodic and 

anodic inhibitor) for corrosion of mild steel in 1 M HCl medium. 

Thermodynamic study and the theoretical calculations show that the adsorption 

mechanism of D and D10 inhibitors on steel surface in 1 M HCl solution is due 

to physisorption and chemisorption. The integration of electronic effect inductive 

on or group as a methyl in the position three slightly decreased the inhibiting 

efficiency with the conservation of the anticorrosive activity. The computational 

chemistry results revealed that the compound D is more effective than D10 and 

that they are both good corrosion inhibitors of steel in acid medium. 
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