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Abstract 

        Heterocyclic compound such as 3,5-disubstitued pyrazole carbothioamide was synthesized by 

cyclocondensation reaction between chalcone derivative and thiosemicarbazide as nucleophile substrate  in 

ethanolic sodium hydroxide solution. The structure of synthesized compound namely, (E)-5-(4- 

(dimethylamino)phenyl)-3-(4-(dimethylamino)styryl)-2,3-dihydro-1H-pyrazole-1-carbothioamide (DDP) was 

confirmed by infrared FT-IR,  1H NMR and 13C NMR spectra. The inhibitory action was investigated using the 

gravimetric and electrochemical methods. The results show the strong adsorption of target molecule on the 

surface of mild steel. The adsorption of (DDP) molecules on the steel surface follows the Langmuir adsorption 

isotherm and the calculated (∆�°��s) values of the synthesized inhibitor suggested that the adsorption of this 

compound involves two types of interaction, chemisorption and physisorption. The polarization curves showed 

that the (DDP) act as mixed type inhibitor. The SEM analysis reveals that the corrosion inhibition is due to the 

formation of a protective film on the metal surface. DFT calculations were performed to illustrate the 

relationship between the molecular structure of (DDP) and their inhibitory properties.  

Keywords: Pyrazole, Mild steel, Corrosion, Inhibition, DFT. 
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1. Introduction: 

 The hydrochloric acid solutions are widely used in several industrial processes, such as pickling, 

descaling, acid cleaning, oil well acidizing, etc [1]. Because of their aggressiveness, the use of corrosion 

inhibitors is considered as the most effective method for the protection of many metals against acid attack and 

reduces the dissolution of metals [2]. The organic compounds are known to be applicable as corrosion inhibitors 

for steel in acidic environments. Heterocyclic compounds are organic molecules containing functional groups 

with heteroatom’s, which considerate as efficient inhibitors against metal corrosion in acidic environments [3, 4]. 

These molecules can easily adsorbed on the metal surface and form a bond between their heteroatom’s and the 

metal surface, thereby reducing the corrosion rate in acidic solutions [5–7]. Pyrazole derivatives are better 

known, and more widely studied by researchers because of their many important chemical and biological 

properties [8], they have been commonly used in medicinal chemistry [9-13]. In addition to these biological 

activities, this family of organic compounds has nitrogen and sulfur heteroatom in their molecular structure as 

well as pyrazole ring with benzene moieties which can create the inhibition properties in acidic medium and can 

be strongly adsorbed onto the surface [14, 15]. In our previous study, we have exploited the inhibitory properties 

of two compounds of pyrazole carbothioamide (DPC and DPCM), which show a high protective action for mild 

steel in 1 M HCl solution [14]. Moreover, only a few studies using pyrazole carbothioamide derivatives as 

corrosion inhibitor can be found. These compounds are considered as green corrosion inhibitors because they 

have lower toxicity with high solubility in acidic environments compared to other organic compound families. 

Also, this type of organic compounds can easily obtain with a good yield and high purity from chalcone 

derivatives [14, 16]. The pyrazole entity is often found in many biologically active molecules [17, 18]. 

        The aims of the present work is to synthesis and examine the inhibitory properties of new pyrazole 

heterocyclic compound containing carbothioamide entity as substituent in their structure for the corrosion 

inhibition of mild steel in 1 M HCl solution. Effect of concentration, temperature and immersion time on the 

inhibitory efficiency of pyrazole has been studied systematically. Thermodynamic and kinetic parameters were 

calculated to predict the inhibition mechanism. Furthermore, the adsorption of inhibitor on the steel surface was 

discussed by using the electrochemical measurements. The surface morphology of steel samples without and 

with (DDP) in the electrolytic solution was observed to confirm the presence of the film or the layer formed by 

the adsorption of (DDP) molecules on mild steel surface using scanning electron microscopy (SEM). Finally, the 

effect of the structural parameters on inhibitory efficiency has also been studied using (DFT) calculations. 

        The structure of target pyrazole namely, (E)-5-(4-(dimethylamino)phenyl)-3-(4-(dimethylamino)styryl)-2,3-

dihydro-1H-pyrazole-1-carbothioamide (DDP) is given in the Fig. 1. 

 

2. Materials and methods 

2. 1. Reagents and spectral analysis 

 All chemicals used in this study were supplied by Sigma-Aldrich and Merck. Melting points were 

determined using a Böetius apparatus and are uncorrected. The infrared spectra were registered with a Vertex 70 

Bruker spectrometer using potassium bromide disc technique and the results are expressed in wave number     

(cm–1). The nuclear magnetic resonance (1H NMR and 13C NMR) spectra were registered on a Varian Gemini 

300 BB spectrometer working at 300 MHz for 1H NMR and 75 MHz for 13C NMR, using DMSO-d6 as the 
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solvent. Chemical shifts are expressed in δ (ppm) using TMS as the internal standard. The heterocyclic 

compound was synthesized in accordance with the method described in the literature [19].  

2. 2. Mild steel material 

 Tests were performed on a freshly prepared sheet of DC06EK mild steel of composition (wt %) given in 

the Table 1. Specimens used in all the experiments were mechanically cut into 20 mm × 15 mm × 2 mm 

dimensions, and then abraded with SiC abrasive papers 200, 400, 600, 800 and 1000 grit respectively, washed in 

absolute acetone, dried in room temperature and stored in moisture free desiccators. 

2. 3. Inhibitor and solution 

 Fig. 1 shows molecular structure of the heterocyclic compound used in this study named as, (E)-5-(4-

(dimethylamino)phenyl)-3-(4-(dimethylamino)styryl)-2,3-dihydro-1H-pyrazole-1-carbothioamide (DDP). The 

titled compound was synthesized from the reactions described in scheme 1 and 2. The electrolyte solution,          

1 M HCl was prepared by dilution of analytical grade 37% HCl with bi-distilled water. The solution was used for 

all experimental purposes. The concentration range of target inhibitor used in this study was 10-5 M, 5 × 10-5 M,       

10-4 M and 5 × 10-4 M, respectively. 

2. 4. Weight loss and electrochemical measurements  

 Weight loss measurements were carried out in solution of 1 M HCl acid in the absence and the presence 

of (DDP) inhibitor on mild steel. Sheets with dimensions 20 mm × 15 mm × 2 mm were used. They were 

polished successively with different grades of emery paper up 1200 grade. Each run was carried out in a glass 

vessel containing 100 ml of the test solution. A clean weight mild steel sample was completely immersed at an 

inclined position in the vessel. After 1 h of immersion in 1 M HCl without and with addition of inhibitor at 

different temperatures (30, 40, 50 and 60°C), the specimen was withdrawn, rinsed with distilled water, washed 

with acetone, dried and weighed. The weight loss was used to calculate the corrosion rate (ν) in mg/cm2.h from 

the following equation [20]: 

  
.

w
v

S t

∆=                                                                                                                                                                 (1) 

Where ∆w is the average weight loss of three mild steel sheets, S the total area of one steel specimen, and t is the 

immersion time 1 h. With the calculated corrosion rate, the inhibition efficiency (%IE) was calculated as 

follows: 

0

0

% 100
v

E
v

v
I

−= ×                                                                                                                                                 (2) 

Where ν0 and ν are the corrosion rate of the mild steel coupons in the absence and presence of (DDP), 

respectively. 

 Electrochemical experiments were carried out in a glass cell consisting of a platinum electrode (CE) and a 

saturated calomel electrode (SCE) was used as a counter electrode and a reference electrode, respectively. The 

mild steel as working electrode with reactive surface area 1 cm2 was used for electrochemical studies. The 

potentiodynamic current–potential curves were recorded by changing the electrode potential automatically from 

-750 mV to -350 mV with a scanning rate of 0.5 mV.s-1. The ac impedance measurements were performed at 

corrosion potentials (Ecorr) over a frequency range of 10 kHz–40 mHz, with a signal amplitude perturbation of   

10 mV. Nyquist plots were obtained. 
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2. 5. SEM surface morphology analysis 

A JEOL (JSM-7001F) SEM was used to observe the surface morphology of the mild steel specimens 

with and without (DDP) in 1 M HCl solution after 24 h of immersion. Mild steel samples used for SEM surface 

analysis were cut into 20 mm × 15 mm × 2 mm dimensions. They were abraded with SiC abrasive papers 200, 

400, 600, 800 and 1000 grit respectively, the specimens were immersed for 24 h in the solution of 1 M HCl 

without and with optimum concentration 5 × 10-4 M of  (DDP) inhibitor at 30 °C, and washed with acetone and 

distilled water, dried in warm air. 

2. 6. DFT quantum calculations  

 To investigate the correlation between the molecular structure of (DDP) and its inhibition properties, a 

quantum chemical study has been performed. Geometric structures and electronic properties of (DDP) pyrazole 

have been calculated by GAUSSIAN 09W software [21], using the Becke’s three-parameter hybrid density 

functional B3LYP method with the standard 6-31G* basis set [22]. 

           The interaction and binding energy (EInt, EBind) between the target inhibitor and the Fe (1 1 0) surface was 

calculated for the minimum energy configuration with the basis set superposition error (BSSE) and evaluated 

using the counterpoise method to eliminate basis functions overlap effects using equation (3) and (4) [21, 23]: 

                                                                                                                 (3)                                           

 

Bind InhE E= −                                                                                                                                                (4) 

Where EInh–Fe is the total energy of the iron crystal together with the adsorbed inhibitor molecule, EInh and EFe are 

the total energy of the free inhibitor molecular and the iron crystal, respectively. 

3. Results and discussions 

3. 1. Synthesis of pyrazole carbothioamide (DDP) 

 The target pyrazole (DDP) was synthesized in two steps. The synthetic pathway followed for the 

preparation of the title compound was accomplished as shown in Scheme 1 and 2. The key intermediate such as 

dibenzalacetone (4-DBA) employed in the synthesis of the target pyrazole (DDP) was prepared according to a 

literature method [24]. Thus, dibenzalacetone (4-DBA) was synthesized by the Claisen-Schimidt reaction 

between propanone (acetone) and 4-N,N-dimethylaminobenzaldehyde using ethanol as solvent in the presence of 

sodium hydroxide as a catalysts. This compound was converted to the corresponding pyrazole carbothioamide 

(DDP) by refluxing with thiosemicarbazide hydrochloride in ethanol as solvent. Whereas, the cyclocondensation 

of thiosemicarbazide with dibenzalacetone (4-DBA) at reflux conditions yielded (DDP) after has been 

neutralized with water ice to give the pyrazole in good yield. Finally, the synthesized compound was 

recristallized from an ethanol/water (4:1) mixture. The purity of the synthesized compounds (4-DBA) and (DDP) 

was confirmed by using thin layer chromatography. Moreover, the melting point technique was used to 

determine the melting points of these compounds. The comparison of the spectroscopic data of the new 

compounds (Scheme 1 and 2) with those of the previously reported analogues further confirmed the above 

structure. The pyrazole (DDP) prepared was tested in the following of this work as a corrosion inhibitor of mild 

steel in 1 M HCl medium. 

 

 

-   -  (  )Int Inh Fe Inh FeE E E E= +
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3. 1. 1. Synthesis of dibenzalacetone derivative (4-DBA) using Claisen-Schimidt condensation 

(1.5 g, 0.037 mol) of sodium hydroxide (NaOH) was added to 20 ml of water (H2O) and 50 ml of ethanol 

(EtOH) mixture. (12.38 g, 0.033 mol) ml of 4-N,N-dimethylaminobenzaldehyde and 2.5 ml of propanone were 

added. After 30 min of occasional stirring at room temperature, the product was filtered and the yellow (4-DBA) 

was recristallized from ethylacetate (yield (75%), mp=192 °C). 1H NMR (DMSO, 300 MHz, δ (ppm)): 3.04 (s, 

12H, 2N(CH3)2), 6.51-7.70 (m, Ha, Hb and 12H, Ar-H). 13C NMR  (DMSO, 300 MHz, δ (ppm)): 190.32 (C1), 

122.46 (C2), 144.62 (C3), 124.96 (C4), 130.53-132.0 (C5 and C9), 111.51-112.25 (C6 and C8), 40.24 (C10). 

3. 1. 2. Synthesis of (E)-5-(4-(dimethylamino)phenyl)-3-(4-(dimethylamino)styryl)-2,3-dihydro-1H- 

pyrazole-1-carbothioamide (DDP) 

A mixture of dibenzalacetone (4-DBA) (3.20 g, 0.01 mol), thiosemicarbazide hydrochloride (1.30 g, 0.01 mol) 

and sodium hydroxide (NaOH) (0.50 g, 0.0125 mol) was refluxed in 50 ml of ethanol for 6-8 hours. The 

resultant mixture was concentrated, cooled and poured into crushed ice. The orange solid mass thus separated 

out was dried and recrystallized from ethanol (yield (77%), mp=185 °C) [25-27]. 1H NMR (DMSO, 300 MHz, δ 

(ppm)): 3.36 (s, 12H, 2N(CH3)2), 6.51-7.04 (dd, 1H, C2–Ha of pyrazole), 6.51-7.04 (dd, 1H, C2–Ha of pyrazole), 

6.51-7.04 (dd, 1H, C3–Hb of pyrazole), 7.48-8.00 (m, 8H of Ar-H), 11.18 (s, 2H, NH2). 
13C NMR (DMSO, 300 

MHz, δ (ppm)): 152 (C1), 63.22 (C3), 177.44 (C4), 121-130 (C5, C6), 40.22 (C7). 

 

The structure of compound (DDP) was confirmed by their FT-IR, 1H NMR and 13C NMR spectra. The FT-IR 

absorptions due to the thione group (C=S) in (DDP) appeared at 1071.82 cm-1 (str) and 658.8 cm-1 [27]. The 

amine (-NH2) group in (DDP) appeared at 3479.08-3344.21 cm-1, respectively. The absorption bands associated 

with other functional groups present all appeared in the expected regions. The 1H NMR spectra of substitued 

pyrazole in DMSO-d6 exhibited a multiplet in the aromatic region at 7.48-8.00 ppm corresponding to the 

aromatic hydrogen’s protons (Ar-H). The formation of the pyrazole ring is confirmed by the presence of the 

imine (C=N) function at 1574.9 cm-1 in FT-IR spectrum of (DDP). Furthermore, the proton (Ha) and proton (Hb) 

of pyrazole ring will appear in the region of 6.51-7.04 ppm as a multiplet in 1H NMR spectrum of (DDP). The 

signals obtained from 1H NMR spectra further confirmed the proposed structure of pyrazole; the primary amine 

function (-NH2) of carbothioamide entity (-CSNH2) resonate at 11.18 ppm. It should be noted that the 1H NMR 

and 13C NMR spectrums of pyrazole showed a characteristic signal at 3.36 ppm and 40.22 ppm respectively, 

matched the six protons of methyl group of the substituent dimethylamino (-N(CH3)2). Finally, the presence of 

thione group (C4=S) is confirmed by the presence of a signal at 177.44 ppm in the 13C NMR spectrum according 

to the literature [28]. 

 

3. 2. Effect of DDP concentration on mild steel corrosion in 1 M HCl  

 Studying of the corrosion behavior of mild steel in 1 M HCl at 30 °C is represented in Fig. 2. As shown 

from this figure, by increasing the concentration of this derivative, the corrosion rate (νcorr) of mild steel in 1 M 

HCl was decreased. This means that the presence of (DDP) retards the corrosion of mild steel in 1 M HCl or in 

other words, this heterocyclic derivative act as inhibitor.  

 The values of inhibition efficiency of investigated inhibitor are given in Table 2. From this table and    

Fig. 2, we can observe, that the inhibition efficiency increases (%IE) with increasing the concentration of 

pyrazole. The maximum (%IE) of 96.60% was achieved at (5 × 10-4 M) at 30 °C. The results indicate that (DDP) 
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is more efficient in the 1 M HCl solution. The high inhibitive performance of this type of heterocyclic compound 

suggests a higher bonding of pyrazole ring to the surface, which posse’s higher number of lone pairs from 

heteroatom’s (S and N) and (π) orbitals [29-31]. 

 

3. 3. Effect of temperature on inhibition efficiency of (DDP)  

 The influence of temperature on inhibition efficiency evolution was studied by weight loss measurements 

at 30, 40, 50, and 60 °C containing different concentrations of (DDP) pyrazole (Table 3). Fig. 3 shows the 

variation of inhibition efficiency with temperature. This indicates that inhibition efficiency (%IE) increases with 

inhibitor concentration but decreases with temperature. Which can be attributed to that the higher temperatures 

might cause desorption of inhibitor molecules from the steel surface [32].  

 

 The values of inhibition efficiency obtained from the weight loss for different temperatures in 1 M HCl 

are given in Table 3. The results show that the maximum (%IE) was about (96.60%, 5 × 10-4 M) and                   

(96.30%, 5 × 10-4 M) at 30 °C and 60 °C, respectively, which indicated that (DDP) was a good inhibitor in 1 M 

HCl at this concentration 5 × 10-4 M [33, 34]. Also, a decrease in inhibition efficiency values with rise in 

temperature may be due to the physically adsorption (low energy bonds) of inhibitor molecules on the metal 

surface under study [35]. 

 

 The relationship between the corrosion rate (νcorr) of mild steel in acidic media and absolute temperature 

(T) is often expressed by the Arrhenius equation [35]:  

 ln ln -
aE

v A
RT

=  

Where νcorr is the corrosion rate, Ea is the apparent activation energy, R is the molar gas constant (8.314 

J/K.mol), T is the absolute temperature, and A is the frequency factor. The plots of ln(νcorr) against (1/T) for mild 

steel corrosion in 1 M HCl in the absence and presence of different concentrations of (DDP) are given in Fig. 4. 

Apparent activation energy values in the absence and presence of (DDP) at different temperatures were 

calculated from ln(νcorr) vs. (1/T) plots are given in Table 4.  

 

 The data in Table 4 show that all the linear regression coefficients (R2) are very near to 1, which illustrate 

that the linear relationship between ln(νcorr)  and the inverse of the absolute temperature (1/T ) is good. Also, the 

value of (Ea) in the presence of (DDP) is higher than that in the uninhibited 1 M HCl solution. It can be observed 

that the activation energy parameters for corrosion process increases from 54.84 kJ/mol to 80.41 kJ/mol in the 

absence and the presence of (DDP), respectively. This result shows that the addition of inhibitor significantly 

reduced the dissolution of metal in the hydrochloric acid media [36]. According to the literature the higher (Ea) 

in presence of inhibitor for mild steel in comparison with blank solution is due to the electrostatic interactions 

(physisorption process) of molecules at electrode surface. In addition, the low value of the activation energy 

(60.21 kJ/mol) at the optimum concentration (5 × 10-4 M) results in the stability of the formed complex (Metal-

DDP) at the interface metal/solution [37, 38].  

(5) 
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3. 4. Effect of immersion time on surface activity of (DDP) 

 Effect of immersion time for 30 to 1440 minute on inhibition efficiency of (DDP, 5 × 10-4 M) on the 

corrosion of mild steel in 1M HCl at 30 °C was studied using weight loss measurements. Table 5 shows the 

variation of corrosion rates and inhibition efficiency (%IE) with time in the absence and presence of (DDP) 

inhibitor. The Table 5 illustrates that the corrosion rate of mild steel is greatly decreased with immersion time in 

the presence of  (DDP) inhibitor, the corrosion rate (νcorr) value was about (0.03046 mg/cm2.h at 30 min) and 

decreased towards (0.00840 mg/cm2.h and 0.00980 mg/cm2.h ) at (480 min and 1440 min), respectively. This 

phenomenon may be associated to the progressive adsorption of (DDP) molecules on the steel surface, while in 

the  absence of (DDP) inhibitor the corrosion rate of mild steel was slightly decreased with immersion time from 

(0.56 mg/cm2.h at 30 min)  to (0.42 mg/cm2.h  and 0.52 mg/cm2.h ) at (480 min and 1440 min), respectively. This 

behavior may be due to the formation of a passive film of corrosion product Fe(OH)2 on the steel surface, which 

decreases the corrosion rate of the steel. However, this film formed by Fe(OH)2 molecules can easily be 

dissolved in the hydrochloric acid solution [36]. Also, results in Table 5 show that the effect of immersion time 

on inhibition efficiency of (DDP) at 30 °C. In the presence of inhibitor, increasing time resulted in increasing 

(%IE) in 30–1440 min and attains a maximal value 98% after 1440 min. In general, the inhibition efficiency is 

slightly changed with time immersion time. This reveals that the adsorptive organic layer of (DDP) becomes 

very compact and uniform at longer immersion time [39, 40]. 

 

3. 5. Thermodynamic parameters  

 It should be noted that the protection of metals against corrosion by using of organic compounds is 

explained by their adsorption on the metal surface. The latter is well known in three forms: physical adsorption, 

chemisorptions or mixed adsorption (physisorption with chemisorptions) [41]. The adsorption phenomenon can 

be implemented by studying the adsorption isotherms.  

 In order to study the variation of the adsorbed amount with the inhibitor concentration, assuming the 

increase of the inhibition is attributable to the adsorption of (DDP) on the mild steel surface and obeys Langmuir 

adsorption isotherm mode, according to the following equation [42]: 

1
  i

i
ads

C
C

Kθ
= +

      

 

Where Ci is the concentration of inhibitor, Kads the adsorptive equilibrium constant and θ is the surface coverage 

calculated as follows [43]: 

0

0

v v

v
θ −=  

Where ν0 and ν the corrosion rate in the absence and presence of (DDP), respectively. 

 The linear regressions parameters between (Ci/θ) and (Ci) are given in Table 6. Straight lines of (Ci/θ) vs 

(Ci) at different temperatures 30, 40, 50 and 60 °C are illustrated in Fig. 5 and Fig. 6. It is clear that all linear 

correlation coefficients (R2) and slopes values are equal to (1), which indicates that the adsorption of (DDP) on 

mild steel surface is perfectly follows Langmuir adsorption isotherm at all used temperatures [44-47]. The 

adsorptive equilibrium constant (Kads) values are calculated from the reciprocal of the intercept of (Ci/θ) as (Ci). 

It is related to the standard free energy of adsorption (∆�°��s) as shown the following equation [48]: 

(6) 

 (7) 
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01
exp -  

55.5
ads

ads
G

K
RT

 ∆=  
 

 

Where R is the gas constant (8.314 J/K.mol), T the absolute temperature Kads, the value 55.5 is the molar 

concentration of water in solution [44]. The values of Kads and ∆�°��s of (DDP) at 30, 40, 50 and 60 °C are 

listed in Table 6.  

 

 The negative values of (∆�°��s)  confirmed that the adsorption of (DDP) molecule on steel surface is a 

spontaneous process. Generally, values of (∆�°��s) up to -20 kJ/mol are consistent with the electrostatic 

interaction between the charged molecules and the charged metal (physical adsorption) while those more 

negative than -40 kJ/mol involve sharing or transfer of electrons from the inhibitor molecules to the metal 

surface to form a coordinate type of bond (chemisorption) [49-52]. In the present work, the parameters of 

(∆�°��s) are around –43.00, -43.55, -44.65 and -43.74 kJ/mol for (DDP) at 30, 40, 50 and 60 °C, respectively. 

The results suggested that the adsorption of heterocyclic pyrazole on surface involves the chemical adsorption 

process. Indeed, the corrosion inhibition of mild steel in 1 M HCl in the presence of target pyrazole is mainly 

attributed to physical adsorption; this finding is justified by the slight decrease in inhibition efficiency (%IE) 

with increasing temperature. Table 6, also shows that (Kads) of (DDP) is higher than that of other molecules 

(DPC and DPCM) of the same family, which confirmed that (DDP) is strongly adsorbed on steel surface under 

study [53, 54]. The presence of heteroatom’s, conjugate system with (π) band, pyrazole ring as well as the 

aromatic substituants in (DDP) structure promotes the sharing of electron (charge transfer) between inhibitor 

molecules and the vacant iron (d) orbital to establish coordinate type bonds (chemisorption). The electrostatic 

interactions (physisoprtion) can take place between the charged (DDP) molecules (DDP-H)+ and the chloride 

ions (Cl¯) adsorbed at the interface of the electrode interface. From these results, the adsorption process of 

(DDP) on the surface can be presented as follows (Fig. 7). 

 

3. 6. Potenciodynamic polarization curves 

           Fig. 8 shows the potentiodynamic polarization curves for MS in 1 M HCl at different concentrations of 

(DDP) at 30 °C. The addition of (DDP) inhibitor to the 1 M HCl solution leads to a decrease in the corrosion rate 

and change dramatically the anodic and cathodic curves to lower values of current densities. This indicates that 

the both cathodic and anodic reactions of MS electrode corrosion were affected by the presence of (DDP) in HCl 

solution. 

 
Electrochemical parameters of the kinetics corrosion process were calculated from extrapolation of the 

linear Tafel lines to the corrosion potential and the results are given in Table 7. The inhibition efficiency (%IE) 

was defined as: 

0

0

% 100
I

E
I

I
I

−= ×  

Where I0 and I  represent corrosion current density values without and with (DDP) inhibitor, respectively, 

determined by extrapolation of Tafel lines to the corrosion potential. 

 

 

 (8) 

 (9) 
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Table 7 shows that an increase in (DDP) concentration is resulted in increased inhibition efficiency to reach a 

maximum value of 95.50% at 5 × 10-4 M. The results in Table 7 reveal that, increasing of (DDP) concentration 

leads to the change in potential (Ecorr) values toward more positive potential and the values of corrosion current 

density decreased indicating the surface activity of this type of pyrazole. In addition, we can see that the shift in 

corrosion potential is around (52.3, 58.9, 89.3, and 115.2 mV) for (10-5, 5 x 10-5, 10-4 and 5 x 10-4 M), 

respectively. Indeed, some authors reported that the shift in (Ecorr) is higher than 85 mV compared to the blank 

solution, indicating that the inhibitor is regarded as a cathodic or anodic type inhibitor, while the displacement is 

lower than 85 mV, the inhibitor is considered as a mixed type. In this study we can observe that the values of 

shift in (Ecorr) at (10-4 and 5 x 10-4 M) are higher than 85 mV, but at the concentration of (10-5 and 5 x 10-5 M) the 

values of shift in (Ecorr) are lower than 85 mV, which mean that the (DDP) can considered as a mixed type 

inhibitor with predominant anodic effectiveness [55]. The values of both anodic and cathodic Tafel slopes are 

slightly changed with the (DDP) inhibitor addition, indicating that the inhibitors retarded the mild steel 

dissolution by simple blocking the anodic and cathodic sites of the corrosion reaction on the steel surface, 

without changing the mechanism of corrosion process [56]. 

 The corrosion of mild steel in HCl solution can be presented as follows [57, 58]: The anodic dissolution 

reaction of iron in the presence of chloride anion in hydrochloric acid solution. 

                                                                

 

 

 

On the other hand, the cathodes H2 evolution can be represented as: 

 

 

 
It is generally accepted that the mechanism of adsorption process involves the replacement of water molecules 

adsorbed at the surface of the metal.  

 

Where (n) is the size ratio, that is, the number of water molecules replaced by one organic inhibitor. The 

inhibitor molecules may then combine with freshly generated Fe2+ to forming metal–inhibitor complexes, 

according to Equation (18). Therefore, it is possible to suggest that the presence of chloride ion (Cl¯) on the steel 

surface can facilitate the adsorption of the positive complex through to the electrostatic interactions [59]. 

 

3. 7. Electrochemical impedance spectroscopy (EIS)  

The Nyquist and Bode Modulus plots for MS in 1 M HCl at 30 °C in the absence and presence of 

various concentrations of pyrazole inhibitor are given in Fig. 9 and Fig. 10, respectively. These diagrams were 

obtained after 1 h of immersion in 1 M HCl at 30 °C. 

 

 (13) 

 (16) 

 (10) 

 (11) 

 (12) 

 (15) 

 (14) 

 (17) 

 (18) 
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 The impedance spectra in the Fig. 9 are presented as semicircle with diameter increases with the increase 

of (DDP) concentration. This indicates that the corrosion process of mild steel in 1 M HCl is controlled by the 

charge transfer phenomenon and the addition of (DDP) to electrolytic solution does not change the mechanism 

of MS corrosion in the acid solution [60]. Also, the obtained impedance plots are not perfect semicircles which 

are due to the frequency dispersion as a result of the heterogeneity of MS surface. Furthermore, it is clear, from 

Fig. 9 that the adsorptions of (DDP) on the electrode surface increase the impedance response of MS in 

comparison with the uninhibited HCl solution [61]. The Fig. 10 illustrates the Bode modulus plot,  

we can see an increase of the impedance values at low frequencies and that the shape of the curve remains the 

same without and with the addition of (DDP) to the corrosive solution. This result confirms the evolution of the 

protective film adsorbed on the steel surface with the increase in the concentration of (DDP) inhibitor [62]. 

Electrochemical impedances spectra of MS in 1 M HCl are simulated by the equivalent circuit diagram presented 

in the Fig. 11.  

.  The electrochemical impedances parameters of charge transfer resistance (Rct), double layer capacitance 

(Cdl) and inhibition efficiency (%IE) are given in Table 8. The (%IE) is calculated by charge transfer resistance 

obtained from Nyquist plots, according to the equation (19) [63]. 

( )

( )

-
% 100

ct ct

ct

inh

inh

R R
IE

R
= ×  

Where Rct and Rct(inh) are the charge transfer resistance values without and with (DDP), respectively. 

 Table. 8 shows that, charge transfer resistance (Rct) increases with the increasing of (DDP) 

concentration in the HCl environment. On the other hand, the decreasing values of (Cdl) with the addition of 

(DDP) compared to that in absence of the inhibitor may be attributed to a lower local dielectric constant, which 

due the gradual replacement of water molecules by the adsorption of the (DDP) molecules at electrode interface 

and the formation of organic layer increasing the thickness of the electrical double layer and reduces the surface 

of mild steel exposed to acidic solution according to Helmholtz equation (20) [64].  

dl
S

d
C

ε ε°=  

Where S electrode surface, εo permittivity of air, ε local dielectric constant and d film thickness  

          The Inhibition Efficiency (%IE) increases with the concentration of (DDP) to reaches 95.30 % (5 × 10-4 

M) which confirm the effectiveness of this type of pyrazole derivative containing the carbothioamide (-CSNH2) 

entity in their structure [17]. Also, the phase shift (n) values are given in Table 8.  Decrease of  (n) values by the 

increase of inhibitor concentration compared to the uninhibited solution can be attributed to the increase of the 

surface inhomogeneity as a result of the (DDP) molecules adsorption [33]. 

 

3. 7. Scanning electron microscopy (SEM) 

The surface morphology of mild steel in 1 M HCl with and without (DDP) inhibitor was studied by 

scanning electron microscopy in order to confirm that the corrosion inhibition of MS is due to the formation of 

an organic layer of (DDP) molecules. Fig. 12 shows the SEM photos of MS surface in 1 M HCl solution after 

immersion for 24 h in absence and presence of 5 × 10-4 M of (DDP) compound. It can be observed from          

Fig. 12 (A) a uniform surface along with the presence of some cracks and small black holes, which may be due 

 (19) 

 (20) 
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to the defect of steel. The Fig. 12 (B) of the MS surface after immersion in uninhibited 1 M HCl shows an 

aggressive attack of the corroding medium on the steel surface. On the other hand the presence of (DDP) 

inhibitor in 1 M HCl solution leads to the formation of an organic layer on the surface of steel as shown in Fig. 

12 (C). Consequently, the inhibition action of this type of molecule may be related to the formation of a stable 

film at the interface MS/HCl, with prevents the aggressive attack of the medium on the surface of the steel under 

study. 

 

4. Quantum Chemical studies 

4. 1. DFT calculation 

         The corrosion inhibition by means of organic compounds depend a several factors, including the structural 

parameters, such as stereochemistry of the molecule, the electronic density, frontier molecular orbitals and others 

witch play a decisive role on the mechanism of corrosion inhibition [65, 66]. In general, the organic molecules, 

especially the heterocyclic compounds containing a particular function groups, heteroatom’s and aromatic 

systems in their structure have high ability to act as corrosion inhibitors. In order to find a relationship between 

the inhibition efficiency and structural properties of (DDP), some quantum parameters such as dipole moment 

(µ), total energy (Etot), highest occupied molecular orbital (EHOMO), lowest unoccupied molecular orbital (ELUMO) 

energies, (ELUMO–EHOMO) energy gap (∆E =ELUMO–EHOMO) and molecular volume (V) were calculated using 

B3LYP/6-31G* method. The optimized structure, (HOMO, LUMO) electronic distribution and data quantum’s 

are given in the Fig. 13 and Table 9, respectively. 

 

          It is clear from this Fig. 13 that the HOMO and LUMO orbital’s of (DDP) gives rise to interactions 

between the inhibitor and metal surface. This figure shows that the electronic density is concentrated on the 

heteroatom’s of pyrazole ring and on the conjugate system of (DDP), which shows that these sites are the best 

centers for the donor-acceptor process between the inhibitor and (d) orbital of iron under study [67]. The analysis 

of data in Table 9 shows that the calculated EHOMO, ELUMO and ∆E energies are -5.08 eV, -1.94 eV and 3.14 eV, 

respectively. According to the FMO (frontier molecular orbital theory), less negative EHOMO energy and the 

smaller energy gap (∆E =ELUMO–EHOMO) implies the tendency of the inhibitor molecules to share one or more 

electrons to the vacant (d) orbital of the iron atoms [68]. Consequently, these results indicate that (DDP) 

molecules can easily transfer electrons to the vacant (d) orbitals of the iron surface. In other words, the (DDP) 

molecules have been strongly adsorbed on the steel surface involving the electron sharing to achieve better 

corrosion inhibition activity compared to other heterocyclic compounds [14, 33, 60]. Also, increasing values of 

dipole moment (µ=9.72D) and molecular volume (V=340.57 cm3/mol) may facilitate adsorption by influencing 

the transport process through the adsorbed layer, and promote the electrostatic interaction between the metal 

charge and the charged molecules of this compound [69]. These results show the performance of (DDP) 

compared to (DPC, DPCM) molecules of the same pyrazole family [14]. 

4. 2. Fukui indice analysis 

          The fukui indices given in Table 10 have been calculated in order to give further insight into the 

experimental study and to predict the best adsorption sites for nucleophilic and electrophilic exchanges [70]. The 

data in Table 10 shows that the highest values of (fk
+) for nucleophilic attack are on N4, S7 and C19 while the 

highest value of (fk
-) is on S7, which indicate that these positions are the preferred site for the adsorption of 
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(DDP) inhibitor on metal surface through donor-acceptor process (Fig. 14). The results obtained are in good 

agreement with the optimized structure, HOMO and LUMO electronic distribution cited in the Fig. 13, this 

allows us to calculate the interaction and binding energy for the best disposition of the (DDP) molecule on the 

iron surface as shown in flowing figure (Fig. 14). The calculated interaction and binding energy values are listed 

in Table 11. 

          The calculated interaction energy values of the (DDP-Fe) system in vacuum and HCl solution are 

respectively; -21.11 and -27.01 kcal/mol. The higher and negative value of interaction energy is due to the strong 

adsorption of (DDP) molecule on iron surface [71]. Also, the higher positive value of binding energy for target 

inhibitor (27.01 kcal/mol) suggests that the protective organic film formed by the adsorption of (DDP) at the 

interface Metal/HCl is stable and adherent to the acid attack. These results confirmed the complementary 

between experimental data and theoretical quantum methods, which have proved that this type of molecules 

family can be a good corrosion inhibitor of steel in HCl medium [72]. 

5. Conclusion  

        A novel pyrazole heterocyclic derivative namely, (E)-5-(4-(dimethylamino)phenyl)-3-(4-

(dimethylamino)styryl)-2,3-dihydro-1H-pyrazole-1-carbothioamide (DDP) was synthesized by 

cyclocondensation reaction of the corresponding dibenzalcetone (4-DBA) and thiosemicarbazide in sodium 

hydroxide solution and ethanol solvent. The structures of this compound was determined by FT-IR, 1H NMR and 
13C NMR spectra. The compound was tested as inhibitor for corrosion of mild steel in 1 M HCl medium. From 

the results of different methods used in this study, we can draw the following conclusions: 

1- (DDP) acts as a good inhibitor for the corrosion of MS in 1 M HCl. The (%IE) values increase with the 

inhibitor concentration to attain 96.60% at 5 × 10-4 M. While slightly decrease with the temperature. 

2- The adsorption of (DDP) on MS surface obeys Langmuir adsorption isotherm. The adsorption process is a 

spontaneous and the decrease of (Kads) with temperature accompanied by a decrease in inhibition efficiency. 

3- The kinetic (Ea) and thermodynamic (∆�°��s) parameters indicates that the adsorption of pyrazole on MS 

surface involves both physical adsorption and chemical adsorption. 

4- (DDP) pyrazole acts as a mixed type inhibitor in 1 M HCl, and SEM analysis shows that the inhibition 

mechanism of target inhibitor is due to the formation of organic layer, which effectively protects steel from HCl 

attack. 

5- Optimized molecular structures obtained by quantum chemical calculations illustrate that the (DDP) may be 

adsorbed on the steel surface involving donor-acceptor interactions between the π-electrons, N and S 

heteroatom’s (pyrazole ring) and the vacant (d) orbitals of iron atoms. Also, the results show a good correlation 

of dipole moment of (DDP) and it inhibition activity. 

6- Interaction energy and binding energy shows that the (DDP) is strongly adsorbed into the iron surface.  
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Table 1. Chemical composition (wt %) of mild steel DC06EK. 

Element C Si Mn P Al Ti Ni Fe 

wt % 0.0004 0.007 0.190 0.0008 0.069-0.08 0.17 0.0089 Balance 

 

Table 2. Calculated values of corrosion rate (νcorr) and inhibition efficiency (%IE) for mild steel corrosion in    

1 M HCl in the absence and presence of (DDP) at 30 °C. 

Inhibitor Conc. (mol/l) νcorr (mg/cm2.h) %IE 

 
 
 

DDP 

Blank 0.50 --- 

10-5 0.074 85.20 

5 × 10-5 0.036 92.80 

10-4 

5 × 10-4 

0.030 

0.017 

94.00 

96.60 

 

Table 3. Calculated values of corrosion rate (νcorr) and inhibition efficiency (%IE) for mild steel corrosion in 1 M 

HCl in the absence and presence of (DDP) at 30, 40, 50, 60 °C. 

 

Concentration 

Mol/l 

νcorr (mg/cm2.h) Inhibition efficiency (%IE) 

30°C  40 °C 50 °C 60 °C    30°C  40 °C 50 °C 60 °C    

 

 

DDP 

 

 

Blank 

10-5 

5 × 10-5 

10-4 

5 × 10-4 
 

0.5 

0.074 

0.036 

0.030 

0.017 
 

0.70 

0.100 

0.068 

0.051 

0.026 

1.50 

0.350 

0.180 

0.120 

0.081 

3.50 

1.010 

0.653 

0.380 

0.130 

--- 

85.20 

92.80 

94.00 

96.60 

 

--- 

85.71 

90.28 

92.71 

96.30 

--- 

76.66 

88.00 

92.00 

94.60 

--- 

71.14 

81.34 

89.14 

96.30 

 

Table 4. Activation parameters of the dissolution of mild steel in 1M HCl in the absence and presence of 

different concentrations of (DDP). 

Inhibitor Concentration (mol/l) A R2 Ea (kJ/mol) 

 

 

DDP 

 

Blank 

10-5 

5 × 10-5 

10-4 

5 × 10-4 

1.23 × 109 

6.00 × 1011 

2.22 × 1012 

3.62 × 1010 

3.75 × 108 

0.9841 

0.9755 

0.9883 

0.9854 

0.9820 

54.84 

75.50 

80.41 

70.50 

60.21 

 

 



Table 5. Affect of immersion time on corrosion rate of mild steel in 1 M HCl in the absence and presence of 

(DDP, 5 × 10-4 M) at T=30 °C. 

Immersion  

time (min) 

νcorr (mg/cm2.h) 

Blank 

νcorr (mg/cm2.h) 

DDP (5 × 10-4 M) 

 

 

Inhibition  

Efficiency (%IE) 

30 0.56 0.03046  94.56 

60 0.5 0.01740  96.52 

120 0.38 0.02166  94.30 

240 0.37 0.01200  96.76 

360 0.40 0.00960  97.60 

480 0.42 0.00840  98.00 

1440 0.52 0.00980  98.11 

 

Table  6. Thermodynamic parameters of the adsorption of (DDP) on mild steel surface in 1 M HCl 30, 40, 50 

and 60 °C. 

Inhibitor T (°C)  R2 Slope Kads ∆Gads (kJ/mol) 

 

DDP  

30 0.9999 1.030 4.60 × 105 -43.00 

40 0.9999 1.034 3.35 ×105 -43.55 

50 0.9999 1.053 3.00 × 105 -44.65 

60 0.9990 1.026 1.31 × 105 -43.74 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 7. Potentiodynamic polarization parameters for the corrosion of MS in 1 M HCl without and with different 

concentrations of (DDP) at 30 °C. 

DDP 

 (mol / l) 

Ecorr  

(mV vs. SCE) 

I corr 

(uA /cm 2) 

Ba  

(mV/dec) 

-Bc 

(mV/dec) 

%IE 

Blank  -583.3 290 73.1 95.6 … 

10-5 -531.0 39.4 71.6 149.5 86.41 

5 x 10-5 -524.4 30.0 52.7 121.3 89.65 

10-4 -494.0 26.5 68.2 219.3 90.86 

5 x 10-4 -468.1 13.1 71.0 137.5 95.50 

 

Table 8. Impedance parameters and inhibition efficiency for the corrosion of mild steel in 1 M HCl with different 

concentrations of (DDP) at 30 °C. 

Conc. Rct (Ω. cm2) n  Cdl (µF/cm2) %IE 

Blank 42.11 0.89  755.80 …. 

10-5 347.60 0.84  81.48 87.88 

5 × 10-5 571.70 0.78  69.60 92.63 

10-4 776.30 0.86  64.74 94.60 

5 × 10-4 893.40 0.85  126.8 95.30 

 

Table 9. Calculated quantum chemical parameters of (DDP) pyrazole derivative. 
 

Inh µ (D) 
 

Etot (Har) 
 

EHOMO (eV) ELUMO (eV) ∆E (eV) V (cm3/mol) 

DDP 
 

9.72 
 

-1526.83 -5.08 -1.94 3.14 340.57 

 
 

 

 

 

 

 



Table  10. The Fukui indices (DDP) pyrazole estimated using POP=NPA analysis.  

Atom k fk
+ fk

- Atom k fk
+ fk

- 

C 1 -0.01254 -0.00414 C 15 0.00261 -0.00057 

C  2 0.00644 -0.00776 N 16 0.00977 0.08172 

N  3 -0.00491 0.05164 C 17 -0.00353 -0.01286 

N  4 0.11707 0.02524 C 18 -0.00296 -0.01239 

C  5 0.06665 0.01542 C 19 0.14144 0.02520 

C  6 0.01070 -0.02174 C 20 -0.02612 0.02981 

S  7 0.12452 0.16483 C 21 0.03801 0.01517 

N  8 0.02312 0.02042 C 22 0.00970 0.02845 

C  9 0.06110 0.03695 C 23 0.07868 0.02368 

C 10 -0.02739 0.03681 C 24 0.00371 0.02494 

C 11 -0.00734 -0.00361 C 25 0.06416 0.01205 

C 12 0.00503 0.02657 N 26 0.02993 0.07652 

C 13 0.01589 0.00956 C 27 -0.00836 -0.01252 

C 14 0.00963 0.03630 C 28 -0.00839 -0.01262 

 
  

   
Table 11. Interaction and binding energy values for (DDP) using DFT//B3LYP/6-31G* calculations 

Systems Interaction energy (kcal/mol) Binding energy (kcal/mol) 

Fe-DDP/Vacuum -21.11 21.11 

Fe-DDP/HCl solution -27.01 27.01 

 

 

 
 

 

 

 

 



  

 

Fig. 1. Molecular structure of (DDP) inhibitor 

 

Scheme 1. Synthesis of the intermediate dibenzalacetone (4-DBA)

O

N N

NH2. HCl

NH

H2N

S NaOH/EtOH

25°C, 30 min

N
N

N

N

NH2S

Ha

Ha

Hb

12

3

4

5

6

7

7

7

7

 

Scheme 2. Synthesis of pyrazole carbothioamide derivative (DDP)  
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Fig. 2. Relationship of corrosion rate (νcorr) and inhibition efficiency (%IE) with concentration of (DDP) in         

1 M HCl at 30 °C. 
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Fig. 3. Relationship between inhibition efficiency (%IE) and concentration of (DDP) in 1 M HCl at different 

temperatures    
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Fig. 4. Arrhenius plot for mild steel corrosion in 1 M HCl in the absence and presence of different concentrations 

of (DDP). 

0,0000 0,0001 0,0002 0,0003 0,0004 0,0005

0,0000

0,0001

0,0002

0,0003

0,0004

0,0005

0,0006

 30 °C
 40 °C

C
/Θ

 

Conc. (mol/l)

0 2 4 6 8 10

0

2

4

6

8

10

 
Fig. 5. Langmuir isotherm adsorption modes of (DDP) on the MS surface in 1 M HCl at 30 °C and 40 °C.  
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Fig. 6. Langmuir isotherm adsorption modes of (DDP) on the MS surface in 1 M HCl at 50 °C and 60 °C.  

 

  



 

Fig. 7. Mechanism of corrosion inhibition of MS in the presence of (DDP) in 1 M HCl 
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Fig. 8. Polarization curves for MS in 1 M HCl with different concentrations of (DDP) at 30 °C. 
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Fig. 9. Nyquist plots for MS in 1 M HCl solution in the absence and in the presence of different concentrations 

of (DDP) at 30 °C 
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Fig. 10. Bode Modulus plots for MS in 1 M HCl solution in the absence and in the presence of different 

concentrations of (DDP) at 30 °C 

 

 

Fig. 11. The equivalent circuit of the impedance spectra obtained for (DDP) pyrazole in 1 M HCl 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

    

 

Fig. 12. SEM analysis of MS surface: (A) before immersion; (B) after 24 h of immersion in 1 M HCl at 30 °C; 

(C) after 24 h of immersion in 1 M HCl + 5 × 10-4 M (DDP) at 30 °C. 
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Fig. 13. The optimized structure, HOMO and LUMO electronic distribution of (DDP) pyrazole obtained from 

B3LYP/6-31G* method 

 

 



 

Fig. 14. The most stable configuration for adsorption of (DDP) pyrazole on the steel surface 



- A new pyrazole (DDP) was synthesized and studied as corrosion inhibitor. 

- Adsorption of DDP inhibitor follows a Langmuir isotherm. 

- The formed organic film was examined by SEM analysis 

- DFT calculations are in good agreement with experimental results 

 


