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1. Introduction 

Mild steel has been widely used in industry as a material for reaction vessels, tunnels, etc… [1]. Acid solutions, 

especially hydrochloric acid, are usually employed for acid picking, acid cleaning, acid descaling and oil well 

acidizing, which may result in the corrosion of iron [2,3]. Damaged mild steel by aggressive media causes 

serious losses on the economy and potential problems in industrial equipment safety [4]. An effective method to 

protect metal from corrosion is the use of inhibitors. Currently, the corrosion behavior of material and the 

adsorption mechanism of organic inhibitors make great challenges [5–7]. Many compounds which contain 

hetero-atoms and multiple bonds are known as efficient corrosion inhibitors [8–11]. 

N-heterocyclic compounds are well qualified to play more protection for steel corrosion [12-14]. Many N-

heterocyclic compounds such as derivatives of pyrazole [15-17], bipyrazole [18-20], triazole [21-23], tetrazole 

[24-26], imidazole [27-30], pyridine [31-34], pyrimidine [35], pyridazine [36,37] have been reported as 

effective corrosion inhibitors for steel in acidic media. The heterocyclic compound containing nitrogen atoms 

can easily be protonated in acidic medium to exhibit good inhibitory action on the corrosion of metals in acid 

solutions. 
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 Abstract 
 

The corrosion performance of mild steel in 1 M HCl solution with different 

concentrations of synthesized 4-chloro-1H-pyrazolo[3,4-d]pyrimidine (CHPP) 

was investigated by electrochemical measurements. CHPP has significantly 

inhibited mild steel corrosion in 1 M HCl solution and the inhibition efficiency 

increased with CHPP concentration. The inhibitor showed more than 87% 

inhibition efficiency at optimum concentration of 10
-3

 mol L
-1

. Potentiodynamic 

polarization results showed that CHPP was a mixed-type inhibitor with 

predominately anodic effect. The adsorption of CHPP on mild steel surface was 

strong and followed Langmuir adsorption isotherm. The relationship between 

molecular structure of this compound and their inhibition efficiency has been 

investigated by quantum chemical calculations. The electronic properties such as 

the highest occupied molecular orbital (HOMO), the lowest unoccupied molecular 

orbital (LUMO) energy levels, energy gap (LUMO/HOMO), dipole moment and 

molecular orbital densities were computed. 
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The purpose of this work is thus to investigate the corrosion inhibition of mild steel in 1 M HCl environment by 

the new synthesized 4-chloro-1H-pyrazolo[3,4-d]pyrimidine (CHPP) successively by means of weight loss, 

potentiodynamic polarization and (EIS) methods. The effect of temperature on the inhibitive properties of CHPP 

has been studied. Optical Microscopy (OM) has been applied. Quantum chemical calculations have been 

employed to explore the relationship between the molecular structures and the inhibition performance. The 

chemical structure of the studied (CHPP) derivative is given in scheme 1. 

N

N
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Scheme1:  4-chloro-1H-pyrazolo[3,4-d]pyrimidine (CHPP). 

 

2. Experimental details 

2.1. Materials and sample preparation 

Mild steel was used for this study has the following composition; Mild Steel strips containing: 0.09 % P; 0.38 % 

Si; 0.01 % Al; 0.05 % Mn; 0.21 % C; 0.05 % S and the remainder iron. The specimen was used for 

electrochemical measurements; the exposed surface area was 1cm
2
. The aggressive solutions of 1 M HCl were 

prepared by dilution of an analytical grade 37% HCl with double distilled water. The concentration range of 

inhibitor employed was 10
-6

 – 10
-3

(mol/L). 

 

 2.2.Synthesis of 4-chloro-1H-pyrazolo[3,4-d]pyrimidine 

Chloration: 3 mmol of the 1H-pyrazolo[3,4-d]pyrimidin-4-one are heated at reflux in 3 ml of POCl3 and 10 mL 

of DMF for 30 min. The reaction mixture is poured slowly on ice with agitation. The product precipitate is 

filtered; the obtained product was characterized by 
1
H NMR, 

13
C NMR and mass. 

 

 

 

Scheme 2:Chloration of allopurinol (CHPP). 

The compound was characterised by NMR and mass. 
1
H-NMR (DMSO-d6) (d ppm): 8.01(s, 1H, C-H), 8.34 (s, 

1H, C-H), 13.10 (s, 1H, N1H).  
13

C-NMR (DMSO-d6) (dppm): =CH, 136.95, 150.21, Cq: 110.10, 153.39, 153.69, HRMS (ESI) [M +H]: m/z = 

155.07. 

 

2.3. Corrosion monitoring methods 

Potentiodynamic polarization was carried out in a conventional three-electrode electrolytic cell. Saturated 

calomel electrode (SCE) and platinum electrode were used as reference and auxiliary electrodes respectively. 

The working electrode made from mild steel having a surface of 1 cm
2
 is in a rectangular form. These electrodes 

are connected to Volta lab PGZ 301 piloted by ordinate associated to ‘‘Volta Master 4’’ software. The scan rate 

was 1mV/s started from an initial potential of -800 to 0 mV/SCE. Before recording each curve, a stabilization 

time of 30 min was allowed. 

Electrochemical impedance spectroscopy (EIS) was carried out with the same equipment used for the 

polarization measurements; sine wave voltage10 mv peak to peak, at frequencies between 100 kHz and 10 mHz 

was superimposed on the rest potential. The impedance diagrams are given in the Nyquist representation. 

Experiments have been repeated three times to ensure there reproducibility. 

 

2.4. Morphology of the steel surface  

Immersion corrosion analysis of mild steel specimen in the acidic solutions with and without inhibitor was 

carried out using Optical microscopy (OM). After the corrosion tests, the samples were submitted to OM studies 

to know the surface morphology.  
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2.5. Quantum Chemical Calculations: 

The Gaussian 09W software was used to do the Quantum chemical calculation. The B3LYP functional with 

6311++G (d,p) basis set was used to geometrically optimized the molecular structure of 4-chloro-1H-

pyrazolo[3,4-d]pyrimidine (CHPP) by density functional theory (DFT). The energy of lowest unoccupied 

molecular orbital (ELUMO), the energy of highest occupied molecular orbital (EHOMO), energy gap (Δ E = ELUMO - 

EHOMO), and dipole moment (μ) were obtained from Quantum chemical calculation 

 

 3. Results and Discussion 

3.1.Potentiodynamic Polarization Curves 

The potentiodynamic polarization curves for mild steel in 1 M HCl solution in the absence and presence of 

different concentrations of this inhibitor are shown in Fig.1 at 303 K. It is apparent from the Fig. 1, that the 

nature of the polarization curves remains the same in the absence and presence of inhibitor but the curves shifted 

towards lower current density in the presence of inhibitor, indicating that the inhibitor molecules retard the 

corrosion process. The corrosion current densities and corrosion potentials were calculated by extrapolation of 

the linear parts of anodic and cathodic curves to the point of intersection. 
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Figure1: Polarization curves of mild steel in 1 M HCl containing different concentrations of CHPP at 303K. 

 

Electrochemical parameters such as corrosion current density (Icorr), corrosion potential (Ecorr), anodic and 

cathodic Tafel slopes (βa and βc) were obtained from the intersection of anodic and cathodic Tafel lines and the 

inhibition efficiency (ηTafel%) were determined by Tafel extrapolation method and are given in Table 1. The 

efficiency (EI %) was calculated using equation (1) : 

Tafel(%) = 

corr

corr(i)corr

I

II 
  100            (1) 

where Icorr and Icorr(i) are the corrosion current densities in absence and presence of CHPP, respectively. 
 

The results revealed that increasing the concentration of inhibitor leads to a decrease in corrosion current 

densities and an increase in inhibition efficiency (ηTafel %), suggesting the adsorption of inhibitor molecules at 

the surface of mild steel to form a protective film on the steel surface [10, 38]. Furthermore, both anodic (βa) as 

well as cathodic Tafel (βc) slopes for CHPP were observed to be change with increasing inhibitor concnetration, 

resulting that the investigated inhibitors affect both reactions [39]. The presence of inhibitor causes a minor 

change in Ecorr values with respect to the Ecorr value in the absence of an inhibitor. This implies that the inhibitor 

act as a mixed-type inhibitor, affecting both anodic and cathodic reactions [40]. If the displacement in Ecorr is 

more than ±85mV relating to the corrosion potential of the blank, the inhibitor can be considered as a cathodic 

or anodic type [41]. If the change in Ecorr is less than ±85 mV, the corrosion inhibitor may be regarded as a 
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mixed type. The maximum displacement in our study is 62 mV, which indicates that this inhibitor act as a 

mixed-type with predominately anodic effect. 
 

Table1: Polarization parameters and the corresponding inhibition efficiency for the corrosion of mild steel in 

HCl1M containing different concentrations of CHPP at 303 K. 

C 

(M) 

-Ecorr 

(mVSCE) 

βa 

(mV dec
-1

) 

-βc 

(mV dec
-1

) 

Icorr 

(µA cm
-2

) 

ηTafel 

(%) 

Blank 477 101 138 579 — 

    10
-6

 417 81 96 136 76.4 

10
-5

 416 80 108 100 82.7 

10
-4

 411 72 83 89.9 84.4 

10
-3

 397 62 162 71.6 87.6 

 

3.2.Electrochemical impedance spectroscopy measurements 

The impedance measurements were carried out at room temperature after 30 min of immersion in 1 M 

HCl solution in the absence and presence of different concentrations of the CHPP inhibitor. The 

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

different concentrations are given in Fig. 2. The charge-transfer resistance (Rct) values are calculated from 

the difference in impedance at lower and higher frequencies as suggested by Tsuru et al [42]. The double layer 

capacitance (Cdl) and the frequency at which the imaginary component of the impedance is maximal (-Zmax) are 

found as represented in equation 2:  

max

1

2
dl

ct

C
f R

           (2) 

The percentage IE% was calculated using the following equation and also given in table 2: 

 % 1 100ct
Z

ct

R

R


 
   
 

        (3) 

Where ctR and ctR
are charge transfer resistance with and without addition of CHPP respectively. 

0 50 100 150 200 250 300

0

50

100

150

200

250

 

 

-Z
im

 (


  c
m

2
)

Z
re
 (  cm

2
)

 Blank

 10
-6
M

 10
-5
M

 10
-4
M

 10
-3
M

 
Figure 2: Nyquist plots for mild steel in 1 M HCl solution without and with different concentration of CHPP. 

 

From table 2, it is obvious that the values of Rct increases and the values of Cdl decreased with adding (CHPP) 

concentrations and this in turn leads to an increase in ηZ(%). These results clearly indicate that the corrosion of 

mild steel in 1 M HCl  solution is controlled by a charge transfer process [43]. The decrease of Cdl value 
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suggested that the inhibition can be attributed to the decrease in local dielectric constant and/or an increase in 

thickness of electrical double layer which resulted from the CHPP molecules adsorption at the mild steel 

surface/solution interface [44]. 

 

Table 2: Electrochemical Impedance for corrosion of steel in acid medium at various concentrations of CHPP. 

C 

(M) 

Rct 

( cm
2
) 

Cdl 

(µF/cm
2
) 

ηZ 

(%) 

Blank 20.5 122.8 — 

10
-6

 122 31.0 83.2 

10
-5

 176 23.0 88.4 

10
-4

 214 11.1 90.4 

10
-3

 280 8.1 92.7 

 

It is clear that, the corrosion of mild steel in 1 M HCl is clearly inhibited in the presence of the inhibitor, and the 

impedance response change with the increase in inhibitor concentration. Equivalent circuit as depicted in 

Figure.3 describes the metal/electrolyte interface of the present corroding system was used to simulate the 

impedance data in Fig.3. 

 
Figure 3: The standard Randle circuit 

 

From the Table 2, the maximum percentage of inhibition efficiency ηZ(%) was achieved at the concentration of 

10
-3

M (92.7%). In the presence of CHPP the values of Rct has enhanced and the values of double layer 

capacitance Cdl are also brought down to the maximum extent with the increasing of the inhibitor concentration. 

The decrease in Cdl shows that the adsorption of the inhibitor takes place on the metal surface in acidic solution; 

which can result from a decrease in local dielectric constant and/or an increase in the thickness of the electric 

double layer [45].  

 

3.3. Adsorption isotherm  

The adsorption isotherm helps us to provide the information on the interaction between the inhibitor molecule of 

CHPP and the metal surface. The degree of surface coverage (θ) for different concentrations of inhibitor was 

evaluated from polarization measurements. Attempts were made to fit θ values to various isotherms such as 

Temkin, Frumkin and Langmiur. The best fit was obtained with the Langmiur isotherm (Fig. 4). From this 

isotherm, θ is linked to concentration inhibitor by following equation (4) [46]. 

1inh
inh

ads

C
C

K
             (4) 

where Cinh is the inhibitor concentration, Kads is equivalent constant and θ is the surface coverage.  

It was found that from Fig.4 (plot of Cinh/θ versus Cinh) gives straight line with slope near to 1, indicating that the 

adsorption of compound under consideration on mild steel/acidic solution interface obeys Langmiur's 

adsorption. The thermodynamic parameters for the corrosion of mild steel in 1 M HCl in the presence and 

absence of different concentrations of CHPP are given in the Table 3. 

The free adsorption energy is calculated from the equilibrium adsorption constant: 













 


RT

G
K

ο

ads

ads exp
55.55

1
         (5) 

Where 55.5 is the concentration of water in mol.L
-1

, R is the universal gas constant in J mol
-1

.K
-1

, T is the 

thermodynamic temperature in K. The plot of Cinh/θ versus Cinh yields a straight line with a slope 1.14, 

suggesting that the adsorptions on mild steel surface has followed Langmuir adsorption isotherm in HCl 1M 

solution. The slope, equilibrium constant and regression coefficient are presented in Table 3. 
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Figure 4: Langmuir adsorption plots for mild steel in 1 M HCl containing different concentrations of CHPP. 

 

Table 3: Thermodynamic parameters for the corrosion of mild steel in 1 M HCl  in the presence and absence of 

different concentrations of CHPP. 

 

Inhibitor R
2
 Slope Kads (L/mol) ο

adsG  (kJ mol
-1

) 

CHPP 0.9998 1.14 8.54×10
5
 -44.52 

 

In the literature [47-49], if the absolute value of 
ο

adsG is close to 20 kJ / mol or lower, the adsorption of the 

inhibitor is of the physical type, this type of adsorption is linked to electrostatic interactions Between the 

charged inhibitor molecules and the charged metal, whereas those close to 40 kJ / mol or higher imply a transfer 

of charges between the inhibitors (organic molecules) and the metal surface it is the chemisorption. Nonetheless, 

it is complicated to d differentiate between chemisorption and physisorption only based on these criteria, 

especially when charged species are adsorbed. The possibility of Coulomb interactions between adsorbed 

cations and specifically adsorbed anions can increase the Gibbs energy even if no chemical bond appears [50]. 

The calculated 
ο

adsG value for CHPP is -44.52 kJ mol
-1

, indicating that the chemisorption mode is likely to 

predominate [51,52]. 

 

3.4. Effect of temperature  

To investigate the nature of adsorption of the inhibitor and to calculate the activation energies of the corrosion 

process, polarisation measurements were obtained at different temperatures in the absence and the presence of 

CHPP and precisely in the range of temperature 303-333 K. Figs 5 and 6 give the polarization curves for mild 

steel in the absence and presence of 10
-3

M of CHPP at different temperatures. The corresponding data are given 

in Table 4. 

Temperature is a factor that plays a significant role in the corrosion of a given material in a corrosive 

environment. The behavior of the former might be affected by temperature in addition to the possible 

modification in the metal-inhibitor interaction. It should be noted, however, that the temperature effect on the 

acid-metal inhibition reaction might be quite complex owing to the various changes occurring on the metal 

surfaces. For instance, rapid etching, inhibitor desorption and possible inhibitor decomposition [35,53]. 

The relationship between the density corrosion (Icorr) of mild steel in acidic media and temperature T is often 

expressed by the Arrhenius equation (6)[54]. 

exp  a
corr

E
I A

RT

 
  

 
                (6) 

Ea is the activation energy of the corrosion process, A is the Arrhenius constant, R the general gas constant. 
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Figure 5: Polarization curve for mild steel in 1 M HCl  at different temperatures. 
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Figure 6: Polarization curve for mild steel in 1 M HCl  + 10

-3
 M of CHPP at different temperatures. 

 

The Experimental corrosion rate values obtained from polarization curves for mild in HCl1M in the absence and 

presence of CHPP was used to further gain insight on the change of enthalpy (ΔHa) and entropy (ΔSa) of 

activation for the formation of the activation complex in the transition state using transition equation [55]: 

exp exp   a a
corr

S HRT
I

Nh R RT

    
    

   

          (7) 

Where h is the planks constant, N is Avogadro’s number, ΔSa  is the apparent entropy of activation and  ΔHa  is 

the apparent enthalpy of activation. 

The values of Ea , ΔHa and ΔSa  were estimated from the slopes of the straight lines and given in Table 5. The 

plot of Ln (Icorr) against 1/T and Ln (Icorr/T) versus 1/T for mild steel in 1 M HCl in the absence and presence of 

different concentrations of CHPP are presented in Figure 7 and Figure 8.All parameters are given in Table 5. In 

the present study, it could be seen that the activation energy was higher in the presence of CHPP when 

compared with the blank. Furthermore, with increasing concentration of CHPP, the activation energy increased. 

The increase in activation energies in the presence of inhibitor is attributed to an appreciable decrease in the 

adsorption process of the inhibitor on the metal surface with increase in temperature; and corresponding 

increase in the reaction rate because of the greater area of the metal exposed to acid [8,10,53]. 
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Table 4: Thermodynamic parameters for the adsorption of CHPP on the mild steel at different temperatures 
 

T (K) C (M) -Ecorr (mVSCE) Icorr (µA cm
-2

) ηTafel (%) 

303 Blank 477 579 — 

CHPP 397 71.6 87.6 

313 Blank 448 716.1 — 

CHPP 426 163.8 77.1 

323 Blank 457 2073 — 

CHPP 399 696.6 66.3 

333 Blank 458 2076 — 

CHPP 404 704.2 66.0 
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Figure 7: Arrhenius plots of Ln Icorr vs. 1/T for steel in 1 M HCl in the absence and the presence of CHPP at 

optimum concentration 
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Figure 8: Transition Arrhenius plots of mild steel in 1 M HCl  with and without 10

-3
M of CHPP. 

 

Table 5: Activation parameters for the steel dissolution in 1 M HCl  in the absence and the presence of CHPP at 

optimum concentration. 
 

Medium R
2
 Ea (kJ mol

-1
)  ΔHa (kJ mol

-1
) ΔSa(J mol

-1
K

-1
) 

Blank 0.9998 40.32 37.04 -70.13 

CHPP 0.9997 70.14 67.70 14.21 
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Inspection of table 5 data revealed that the thermodynamic  ΔHa  and  ΔSa parameters for dissolution reaction of 

mild steel in 1 M HCl  in the presence of inhibitor is higher (37.04 kJ mol
-1

and -70.13 Jmol
-1

 K
-1

) than that of in 

the absence of inhibitor, (67.70 kJ mol
-1

and 14.21 J mol
-1

 K
-1

) respectively. The positive sign of ΔHa reflect the 

endothermic nature of the steel dissolution process suggesting that the dissolution of steel is slow [56] in the 

presence of inhibitor. The negative value of ∆Sa for mild steel in 1 M HCl implies that the activated complex is 

the rate-determining step, rather than the dissociation step. In the presence of the inhibitor, the value of ∆Sa 

increases and is generally interpreted as an increase in disorder as the reactants are converted to the activated 

complexes [57]. 
 

3.5. Optical microscopy measurements 

The surface morphology of mild steel was showed by optical microscopy after 24 hours immersion in 1 M HCl  

before and after addition of the inhibitor. Fig. 9 (a) give the obtained micrograph of polished steel without being 

exposed to the corrosive solution, while Fig. 9(b) illustrates a strongly damaged steel surface due to the 

formation of corrosion products after immersion in 1 M HCl  solution. OM images of mild steel surface after 

immersion in 1 M HCl  with 10
-3

M of CHPP is shown in Fig. 9(c).  
 

 
Figure 9: OM (x50) of CHPP (a) before immersion (b) after 24 hours of immersion in 1 M HCl  (C) after 24 

hours of immersion in 1 M HCl + 10
-3

 M CHPP at 303 K. 
 

It can be seen from Fig.9a that the mild steel sample before immersion seems smooth and shows some abrading 

scratches on the surface. An aggressive attack of the corroding medium on the mild steel surface was shown in 

Figure.9b after immersion in uninhibited 1 M HCl. However, in the presence of 10
-3

M of CHPP (Fig. 9c), the 

mild steel surface was tightly corroded. Moreover, an adsorbed layer on the steel surface was created and that 

was not observed in Fig.9b. The result was a strengthening the surface coverage on the steel surface thus it 

reduces the contact between the steel and the aggressive medium. Consequently, a good protective film was 

formed can efficiently inhibit the corrosion of steel. 
 

3.6. Quantum chemical calculations 

Quantum chemical calculations have been conducted in order to understand inhibition mechanism of 

CHPP for mild steel in corrosion media at 303 K. Especially, optimized geometric structures, Electrostatic 

surface potential and frontier molecular orbital of CHPP including the electron density distributions of HOMO 

and LUMO for CHPP were shown as Fig. 10.  

 
                                          HOMO     LUMO 

 

 

 

 

 

 

 
 

 

Figure10: Optimized structure and frontier molecular orbital of CHPP. 
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Then, the parameters about quantum chemical calculation were showed in Table 7. There are not only 

including the energy of the highest occupied molecular orbital (EHOMO) but also containing the lowest 

unoccupied molecular orbital (ELUMO) of the inhibitor molecular. Besides the energy gap (ΔE = ELUMO - EHOMO) 

and dipole moment (μ) are analyzed. 

 

Table 7: The parameters about Quantum chemical calculation. 

 

 

 

 

 

 

 

 

 

The value of highest occupied molecular orbital, EHOMO indicates the tendency of the molecule to donate 

electrons through nitrogen atoms to acceptor molecule with empty and low energy orbital. ELUMO indicates the 

tendency of the molecule to accept electrons, with the trend often being that the lower ELUMO is, the greater is 

the ability of that molecule to accept electrons [58]. The energy gap ∆E is an important parameter that is related 

to reactivity of the inhibitor molecule towards the metal surface. A high ∆E is associated with a less tendency 

towards reactivity while a low ∆E is an indication of a great tendency towards reactivity [59]. Polarity of a 

covalent bond (Dipole moment μ) can be understood by distribution of electrons in a molecule and large values 

of dipole moment μ favour the adsorption of inhibitor.  

 

Conclusion 
The 4-chloro-1H-pyrazolo [3,4-d]pyrimidine(CHPP) was found to be a good inhibitor for the corrosion of mild 

steel in 1 M HClsolution. Inhibition efficiency increases with increase in CHPP concentration, but decrease with 

increase in temperature. Double-layer capacitances decrease with respect to blank solution when the synthesized 

inhibitor is added. This fact can be explained by adsorption of the synthesized inhibitor species on the mild steel 

surface. Polarization studies reveal that CHPP act as a mixed-type inhibitor with predominately anodic effect. 
The adsorption of CHPP on mild steel surface can be approximated by Langmuir isotherm model.  
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