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Abstract 
The inhibition of mild steel corrosion in 1M HCl of 6-bromo-1H-imidazo[4,5-b]pyridin-2(3H) one (P2) has 

been studied at various concentrations using mass loss, polarization technique, electrochemical impedance 

spectroscopy (EIS) and quantum chemical calculations. The mass loss, potentiostatic polarization and EIS 

results showed that inhibition efficiency (E%) was raised with an increase in concentration of P2 and 

polarization study also revealed that compound  P2  acted as mixed type inhibitor. Adsorption process of the P2 

on mild steel surface was found to obey Langmuir adsorption isotherm. Furthermore, calculations from quantum 

chemical methods were found to be supportive for the results obtained from experimental studies. 

 

Keywords: Imidazopyridine, mild steel, corrosion, inhibition efficiency, EIS, DFT, Fukui function. 

 

1. Introduction 
The application of inhibitors is used to reduce the metal dissolution and iron build up in the pickling baths, 

because the corrosion protection of mild steel is a significant concern among the corrosion scientist and material 

technologist. Although, mild steel has remarkable economic and substantial applications, its deprived corrosion 

resistance in acids limits the usage. Acid solutions are essentially used in metal finishing industries, acidizing of 

oil wells, cleaning of boilers and heat exchangers [1–4]. 

The most effective and efficient inhibitors are organic compounds containing heteroatom (O, N, S and P) and 

having p bonds in their structures. The efficiency of an inhibitor is largely dependent on its adsorption on the 

metal surface. The adsorption of these molecules depend mainly on certain physicochemical properties of the 

inhibitor molecule such as functional groups, steric factors, aromaticity, electron density at the donor atoms and 

π orbital character of donating electrons [5,6] and the electronic structure of the molecules [7-8]. 

Imidazopyridine derivatives are a class of heterocyclic compounds which possess numerous pharmacological 

properties: anti-inflammatory, anticancer, anti-viral, antiosteoporotic, antiparasitic, antiproliferative, 

antimicrobial, and anticoccidial [9-13].  

The title compound (P2) was obtained in good yield by the condensation of 5-bromo-2,3-diaminopyridine  with 

ethyl chloroformate. The aim of the present study is to evaluate the corrosion inhibition efficiency of mild steel 

http://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Qachchachi,%20F.-Z.
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corrosion in 1 M HCl of 6-bromo-1H-imidazo[4,5-b]pyridin-2(3H)-one (P2)  (Figure 1). The structure of the 

product obtained is determined by spectroscopic and elemental analysis. 

Regarding the adsorption of inhibitor on the metal surface, two types of interactions are responsible. One is 

physical adsorption, which involves electrostatic forces between ionic charges or dipoles of the adsorbed species 

and the electric charge at the metal/solution interface. The other is chemical adsorption, which involves charge 

sharing or charge transfer from inhibitor molecules to the metal surface to form coordinate type of bond [14,15].  
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Figure 1. Chemical structure of 6-bromo-1H-imidazo[4,5-b]pyridin-2(3H)-one(P2) 

 

Theoretical calculations have been used recently to explain the mechanism of corrosion inhibition, which 

proved to be a very powerful tool in this direction [16–21]. The geometry of inhibitor molecule in its ground 

state, nature of its molecular orbitals, HOMO (highest occupied molecular orbital) and LUMO (lowest 

unoccupied molecular orbital) are directly involved in the corrosion inhibition activity. 

 

2. Experimental  
2.1. Synthesis of inhibitor 

To a solution of (4g, 0.212 mmole) of 5-bromo-2,3-diaminopyridine in 50 ml of pyridine was added (2.43 ml, 

0.255  mmole)   of  ethyl chloroformiate. The magnetic stirring was maintained at 0°C for 15 minutes. Then, the 

reaction mixture is refluxed for 24 hours. After evaporation of pyridine, the residue obtained was washed with 

ethanol and then filtered. 

pyridine

reflux, 24h
N NH2

NH2Br

O

O Cl N
H
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O
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P2P1  
Scheme 1. Synthesis of 6-bromo-1H-imidazo[4,5-b]pyridin-2(3H)-one (P2). 

 

The analytical and spectroscopic data are conforming to the structure of compound formed: in the spectrum of 

the proton, we observed two singlets at 11.5 and 11.02 ppm corresponding to the NH protons.  

(P2): Yield: 65%; M.p>260°c; RMN
1
H (DMSO-d6) δ ppm: 11,5(s,1H,NH) , 11,02 (s, 1H, NH,) ; 

7,93(s,1H,Har) 7,38 (s,1H, Har) . RMN
13

C (DMSO-d6) δ ppm: 154,8 (C=O), 144,37 (Cq), 

139,97(CH),125.5(Cq), 117,08 (CH), 111,62(Cq). 

MS (IE) m/z = 213 [M+. pour 
79

Br], 215 [M+. pour 
81

Br] 

 
2.2. Materials and solutions 

The steel used in this study is a mild steel with a chemical composition 0.09 wt. % P; 0.38 wt. % Si; 0.01 wt. % 

Al; 0.05 wt. % Mn; 0.21 wt. % C; 0.05 wt. % S and the remainder iron (Fe).  

 

2.2.1. Preparation of Solutions 

The aggressive solutions of 1.0 M HCl were prepared by dilution of analytical grade 37% HCl with distilled 

water. Inhibitor were dissolved in acid solution at the required concentrations (in mol/l) (volume of 

inhibitor/volume of HCl), and the solution in the absence of inhibitor was taken as blank for comparison 

purposes. The test solutions were freshly prepared before each experiment by adding P2 to the corrosive 

solution. The concentrations of P2 were 10
-3

 to 10
-6

 M. 
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Figure 2: 

1H
NMR and 

13
C NMR spectrum of P2 

 

2.2.2. Gravimetric Study 

Gravimetric experiments were performed according to the standard methods [22], the carbon steel specimens 

(1.5 cm × 1.5 cm × 0.05 cm) were abraded with a series of emery papers SiC (120, 600, and 1200 grades) and 

then washed with distilled water and acetone. After weighing accurately, the specimens were immersed in a 100 

mL of 1.0 M HCl solution with and without addition of different concentrations of inhibitor P2.  

All the aggressive acid solutions were open to air. After 6 hours of acid immersion, the specimens were taken 

out, washed, dried, and weighed accurately. In order to get good reproducibility, all measurements were 

performed few times and average values were reported.  

The average weight loss was obtained. The corrosion rate (v) is calculated using the following equation: 

𝑣 =  
𝑤

𝑠𝑡
        (𝟏) 

Where: W is the average weight loss, S the total area, and t is immersion time. With the corrosion rate 

calculated, the inhibition efficiency (Ew) is determined as follows:  

𝐸𝑤  % =
𝑉0 − 𝑉

𝑉0
𝑋 100     (𝟐) 

Where:  v0 and v are, respectively, the values of corrosion rate with and without inhibitor 

 

2.2.3. Electrochemical Measurements 

The electrochemical measurements were carried out using Volta lab (Tacussel - Radiometer PGZ 100) 

potentiostat controlled by Tacussel corrosion analysis software model (Voltamaster 4) at static condition. The 

corrosion cell used had three electrodes. The reference electrode was a saturated calomel electrode (SCE). A 

platinum electrode was used as auxiliary electrode of surface area of 1 cm
2
. The working electrode was carbon 

steel of the surface 1cm
2
. All potentials given in this study were referred to this reference electrode. The 
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working electrode was immersed in the test solution for 30 minutes to establish a steady state open circuit 

potential (Eocp). After measuring the Eocp, the electrochemical measurements were performed. All 

electrochemical tests have been performed in aerated solutions at 308 K. The EIS experiments were conducted 

in the frequency range with high limit of 100 kHz and different low limit 0.1 Hz at open circuit potential, with 

10 points per decade, at the rest potential, after 30 min of acid immersion, by applying 10 mV ac voltage peak-

to-peak. Nyquist plots were made from these experiments. The best semicircle can be fit through the data points 

in the Nyquist plot using a non-linear least square fit so as to give the intersections with the x-axis. 

 
2.3. Quantum chemical calculations 

Quantum chemical calculations are used to correlate experimental data for inhibitors obtained from different 

techniques (viz., electrochemical and weight loss) and their structural and electronic properties. According to 

Koopman's theorem [23], EHOMO and ELUMO of the inhibitor molecule are related to the ionization potential (I) 

and the electron affinity (A), respectively. The ionization potential and the electron affinity are defined as I = 

−EHOMO and A = −ELUMO, respectively. Then absolute electronegativity (χ) and global hardness (η) of the 

inhibitor molecule are approximated as follows [24]: 

χ =
𝐼 + 𝐴

2
, χ = −

1

2
 𝐸𝐻𝑂𝑀𝑂 + 𝐸𝐿𝑂𝑀𝑂           (𝟑)           

η =
𝐼 − 𝐴

2
, η = −

1

2
 𝐸𝐻𝑂𝑀𝑂 − 𝐸𝐿𝑈𝑀𝑂           (𝟒)           

Where I = -EHOMO and A= -ELUMO are the ionization potential and electron affinity respectively.  

The fraction of transferred electrons ΔN was calculated according to Pearson theory [25]. This parameter 

evaluates the electronic flow in a reaction of two systems with different electronegativities, in particular case; a 

metallic surface (Fe) and an inhibitor molecule. ΔN is given as follows:   

∆𝑁 =
𝜒𝐹𝑒 − 𝜒𝑖𝑛

2(𝜂𝐹𝑒 + 𝜂𝑖𝑛)
           (𝟓) 

 

Where χFe and χinh denote the absolute electronegativity of iron atom (Fe) and the inhibitor molecule, 

respectively;  ηFe and ηinh denote the absolute hardness of Fe atom and the inhibitor molecule,  respectively. In 

order to apply the eq. 6  in  the  present  study,  a  theoretical  value  for  the electronegativity of bulk iron was 

used  χFe = 7 eV and a global hardness of ηFe = 0, by assuming that for a metallic bulk I = A because they are 

softer than the neutral metallic atoms [25]. 

The electrophilicity has been introduced by Sastri et al. [26], is a descriptor of reactivity that allows a 

quantitative classification of the global electrophilic nature of a compound within a relative scale. They have 

proposed the ω as a measure of energy lowering owing to maximal electron flow between donor and acceptor 

and ω is defined as follows. 

   ω =
𝜒2

2𝜂
         (6) 

The Softness σ is defined as the inverse of the η [27] 

     σ =
1

𝜂
            (7) 

Using left and right derivatives with respect to the number of electrons, electrophilic and nucleophilic Fukui 

functions for a site k in a molecule can be defined [28]: 

 

𝑓𝐾
+ =  𝑃𝐾 𝑁 + 1 −  𝑃𝐾  𝑁    𝑓𝑜𝑟 𝑛𝑢𝑐𝑙𝑒𝑜𝑝𝑖𝑙𝑖𝑐 𝑎𝑡𝑡𝑎𝑐𝑘         (𝟖) 

𝑓𝐾
− =  𝑃𝐾 𝑁 −  𝑃𝐾  𝑁 − 1    𝑓𝑜𝑟 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑝𝑖𝑙𝑖𝑐 𝑎𝑡𝑡𝑎𝑐𝑘         (𝟗) 

                               𝑓𝐾
+ =  [𝑃𝐾 𝑁 + 1 −  𝑃𝐾  𝑁 − 1 ]/2   𝑓𝑜𝑟 𝑟𝑎𝑑𝑖𝑐𝑎𝑙 𝑎𝑡𝑡𝑎𝑐𝑘         (𝟏𝟎) 

                               

where, Pk(N), Pk(N+1) and Pk(N-1) are the natural populations for the atom k  in  the neutral, anionic and 

cationic species respectively. 

 

3. Results and discussion 
3.1. Weight loss measurements 

The weight loss of mild steel corrosion in 1 M HCl, with and without different concentrations of P2 was 

determined after 6 h of immersion at 308 K. The obtained results are presented in Table 1.  
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Table 1.Weight loss data of carbon steel in 1 M HCl without and with different concentrations of  P2 at 308 K 

after 6 h of immersion. 

Inhibitor Concentration 

(M) 
v 

(mg.cm
-2 

h
-1

) 
Ew 

(%) 

1M HCl -- 0.82 -- 

 

P2 

10
-6

 0.29 65 

10
-5

 0.23 72 

10
-4

 0.11 87 

10
-3

 0.07 91 

 

It has been observed that 10
-3

M of P2 serves as an optimum concentration that exhibit higher efficiency of 

corrosion inhibition. Since these provide the P2 in excellent corrosion inhibitor. The results indicated that P2 is 

concentration-independent as inhibition efficiency decrease at highest concentration.  

The corrosion rate of mild steel decreased on increasing the inhibitor concentration; This behavior could be 

attributed to the increase in adsorption of inhibitor at the mild steel/solution interface on increasing its 

concentration. An increase of inhibitor concentration beyond 10
-3

M resulted in a diminished corrosion 

protection. This may be due to the withdrawal of adsorbate (inhibitor) back into the bulk solution when the 

concentration of inhibitor closed to or beyond the critical concentration. The above effect leads to the 

weakening of metal/inhibitor interactions, resulting in the replacement of inhibitor by water or chloride ions 

(𝐶𝑙−) with decrease in inhibition efficiency [28]. This may also be due to the inhibitor adsorption at the mild 

steel surface through non-bonding electron pairs present on nitrogen and oxygen atoms as well as Π-electrons 

[29]. However, the corrosion inhibition of P2 is essentially due to the presence of electron donor atoms of 

nitrogen in its molecular structure. So, the electron lone pair on the nitrogen will co-ordinate with the metal 

atoms of the active sites and will increase adsorption to hence higher inhibition efficiency [30-32]. 

 

3.2. Adsorption isotherm and thermodynamic consideration  

Corrosion inhibition by organic compounds is mainly due to their ability to adsorb onto a mild steel surface to 

form a protective film. The establishment of isotherms that describe the adsorption behaviour of corrosion 

inhibitor is important as they provide clues about the nature of metal-inhibitor interaction. A direct relationship 

between inhibition efficiency (E%) and the degree of surface coverage (θ) [E(%)/100=θ] can be assumed for the 

different concentration of the inhibitor P2. The degree of surface coverage (θ) for the different concentrations of 

P2 has been evaluated from the weight loss measurements in 1 M HCl at (308 ± 1)K for 6 h of immersion 

period.  

The data were graphically fitted to various adsorption isotherms including Freundlich, Temkin, Flory-Huggins, 

Bockris- Swinkles, Langmuir and Frumkin isotherms. The correlation coefficient (r) was used to determine the 

best fit isotherm which was obtained for Langmuir. According to this isotherm, θ is related to the inhibitor 

concentration by the following equation (12)[33]: 

C
C

k


1

 

 

      
(11) 

where θ is the degree of surface coverage, C is the concentration, Kads is the equilibrium constant of adsorption 

process. Kads is related to the free energy of adsorption ∆G
o

ads by the equation(13)[34]:  

𝐿𝑜𝑔 𝐾𝑎𝑑𝑠  =  −𝑙𝑜𝑔𝐶𝐻2𝑂 −  
∆G𝑎𝑑𝑠

°

2.303𝑅𝑇
     (𝟏𝟐) 

where CH2O is the concentration of water expressed in mol/L (the same as that of inhibitor concentration), R is 

the molar gas constant (kJ mol
-1

K
-1

) and T is the absolute temperature (K). 

Figure 3 shows that the plot of C/θ vs. C and linear plots were obtained for the different temperatures indicating 

that the adsorption of P2 followed Langmuir isotherm. The various adsorption parameters obtained from this 

isotherm are listed in Table 2. 

It is seen from the table that the correlation coefficients are very good and Kads values decrease with an increase 

in temperature. Large values of Kads mean better inhibition efficiency of the inhibitor, i.e., strong electrical 

interaction between the double-layer existing at the phase boundary and the adsorbing inhibitor molecules. 

Small values of Kads, however, reveal that such interactions between adsorbing inhibitor molecules and the metal 

surface are weaker, indicating that the inhibitor molecules are easily removable by the solvent molecules from 

the metal surface [35]. 
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Table 2. Some parameters from Langmuir isotherm model for mild steel in 0.01 M HCl. 

Inhibitor Linear correlation 

(coefficient R ) 

Slope 





Gads 

kJ.mol



P2 0.999 1.096 3.56 10
5
 -42.98 

 

These results confirm the suggestion that P2 is physically adsorbed on the metal surface and that the strength of 

the adsorption decreases with temperature. Although Langmuir plots are linear as depicted by r values (0.999), 

however, the slopes deviates slightly from the value of unity as expected from ideal Langmuir adsorption 

equation. This deviation may be explained on the basis of interaction among adsorbed species on the surface of 

the metal. It has been postulated in the deviation of Langmuir isotherm equation that adsorbed molecules do not 

interact with one another, but this is not true in the case of large organic molecules (such as P2) having polar 

atoms or groups which can adsorbed on the cathodic and anodic sites of the metal surface. Such adsorbed 

species interact by mutual repulsion or attraction. It is also possible that the inhibitor studied can adsorb on the 

anodic and cathodic sites resulting in deviation from unit gradient. Similar observation has been documented by 

Solomon et al. [36] and other authors [36, 39]. 

Calculated free energies G°ads values are given also in Table 2. The negative values of G°ads indicate 

spontaneous adsorption of P2 onto the mild steel surface [40] and strong interactions between inhibitor 

molecules and the metal surface [41]. 

Generally, values of G°ads up to -20 kJ mol
-1 

are consistent with physisorption, while those 

around -40 kJ mol
-1

 or higher are associated with chemisorption as a result of the sharing or transfer of electrons 

from organic molecules to the metal surface to form a coordinate bond [42]. 

The calculated values of G°ads are greater than  -40 kJ mol
-1

,indicating that the adsorption of mechanism of P2 

on mild steel in 1 M HCl solution at the studied 308k may be clearly chemisorption (chemical adsorption of 

tested compounds on the MS surface) [43]. 
 

0.0000 0.0002 0.0004 0.0006 0.0008 0.0010

0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

0.0012

Linear Regression

Y = A + B * X

Parameter Value Error

------------------------------------------------------------

A 2.80927E-6 1.46516E-6

B 1.09634 0.00292

------------------------------------------------------------

R SD N P

------------------------------------------------------------

0.99999 2.44205E-6 4 <0.0001

------------------------------------------------------------

C
/

C(M)  
Figure 3. Langmuir adsorption isotherm of P2 on mild steel in 1M HCl at 308K. 

 

3.3. Potentiodynamic polarization 

During corrosion of mild steel in HCl, at least one oxidation and one reduction, process takes place. Typical 

reactions involving iron at the electrodes are: 
 

Anode :      Fe(s)  →  Fe
2+

(aq) + 2e              (13) 

Cathode :   2H
+

(aq)  + 2e → H2(g)                 (14) 
 

While partial anodic oxidation of the iron results in its dissolution (corrosion), hydrogen gas is liberated at 

cathode. The compromise or free corrosion potential (Ecorr) was obtained from the sum total of both cathodic 

and anodic processes and the corresponding current density (Icorr) obtained. Tafel cathodic constants (βc) were 

also obtained from the slope of the plots in Figure 4 Some of the P2 parameters determined are shown in Table 

3. The Icorr values decreased more with increase in inhibitor concentration due to formation of adsorbed 

protective film. 
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The corrosion current densities were estimated by Tafel extrapolation of the cathodic curves to the open circuit 

corrosion potential. The inhibition efficiency was then calculated using the expression: 

𝐸𝑃  % =  
𝐼𝑐𝑜𝑟𝑟

° − 𝐼𝑐𝑜𝑟𝑟

𝐼𝑐𝑜𝑟𝑟
°

 𝑋 100          (𝟏𝟓) 

Where I°corr and Icorr are uninhibited and inhibited corrosion current densities, respectively. 

-800 -700 -600 -500 -400 -300 -200

-3

-2

-1

0

1

2

 HCl 1M  10
-3
M  10

-4
M  10

-5
M   10

-6
M

E (mV / SCE)

L
o
g
 I

( 
m

A
 /

 c
m

2  )

 
Figure 4. Polarisation curves of mild steel in 1M HCl at different concentrations of P2. 

 

Table 3. Tafel polarization parameters obtained at different concentrations of P2 at 308K. 

Inhibitor 
Concentration 

(M) 

Ecorr 

(mV/SCE) 

Icorr 

(μA/cm
2
) 

-βc 

(mV dec
-1

) 

Ep 

(%) 

HCl 1M 464 1386 184 -- 

P2 

10
-6

 436 475 159 66 

10
-5

 440 311 172 78 

10
-4

 453 206 163 85 

10
-3

 445 139 180 90 
 

The values of βa obtained changes with concentration of inhibitor, showing a definite trend. However, the 

values of βc follow no particular trend[44] and the 6-bromo-1H-imidazo[4,5-b]pyridin-2(3H)-one were regarded 

as mixed type inhibitor with cathodic predominance because the magnitude of the net change was higher in βc 

when compared to the free acid solution. 

The inhibitor showed a shift in Ecorr values to more negative values in the inhibited solutions compared to the 

free acid solution. Usually, cathodic corrosion inhibitors shift the corrosion potential in the negative direction 

while anodic inhibitors displace the potential in the positive direction [45]. Therefore, the shift to positive Ecorr 

values suggests that the inhibitor have dominant influence on the partial anodic reaction. However, the highest 

shift from that of the free acid (Ecorr) was less than −85 mV and not sufficient to categorize the inhibitor is 

cathodic or anodic type. Similar shift in Ecorr values (less than 85mV) was reported [46, 47] and was regarded as 

mixed type inhibitors with cathodic predominance. A mixed type inhibitor acts by blocking of some active 

anodic and cathodic sites of the metal without changing its dissolution or corrosion mechanism. In other words, 

P2 inhibits both the iron dissolution and hydrogen evolution processes but more actively inhibiting iron 

oxidation which is anodic reaction. 

The calculated inhibition efficiency also increased with increase in concentration of the inhibitor, similar to 

weight loss. 

 

3.4. Electrochemical impedance spectroscopy 

The Electrochemical impedance spectroscopy provides important mechanistic and kinetic information for 

investigating an electrochemical system. Nyquist impedance plots were obtained for the mild steel electrode at 
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respective corrosion potentials after 30 min immersion in 1 M HCl in the presence and absence of various 

concentrations of P2.  

The resultant Nyquist plots are shown in Figure 5, respectively. In this case, there was a gradual increase in the 

diameter of each semicircle of the Nyquist plot as a consequence of the increase in the number of P2 molecules 

when the concentration was increased from 10
-6

 to 10
-3

M. This diameter increase clearly showed that the (Rct) 

values were also increased from 19 to 150 ohms cm
2
 at the optimum concentration of 10

-3
M. Table 4 includes 

various parameters such as the Rct, double layer capacitance (Cdl) and (E%). The (Rct) values are noted to 

increase while the (Cdl) values gradually decrease from 200 to 19 µF/cm
-2

 when the inhibitor concentration 

increases; this can be attributed to the gradual replacement of water molecules by the adsorption of the P2 

molecules on the metal surface, decreasing the extent of the dissolution reaction. The higher (Rct) values are 

generally associated with slower corroding systems [48,49]. The Electrochemical impedance spectroscopy 

spectra of the investigated inhibitor P2 analyzed using the equivalent circuit, Figure 6, which represents a single 

charge transfer reaction and fits well with these experimental results. The main parameters deduced from the 

analysis of the Nyquist diagram are the resistance of charge transfer Rct (diameter of high frequency loop) and 

the capacity of double layer Cdl, which is defined as: 
 

Cdl = 1/(2ΠfmaxRct)         (17) 
 

Here, fmax is the frequency at which the imaginary component of the impedance is maximum-Zim (max). The 

values of E% were calculated by the equation as follows: 
 

EEIS % =[1 –Rct/Rinh]     (18) 
 

Here, Rct and Rct(inh) are charge-transfer resistance values in the absence and presence of the inhibitor, 

respectively. 
 

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

0
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Zr
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²]
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 HCl 1M

 10
-3
 M

 10
-4
 M

 10
-5
 M

 10
-6
 M

 
 

Figure 5. Nyquist diagram for mild steel in 1 M HCl solution in the absence and presence of different 

concentrations of P2. 

 

Table 4. Electrochemical parameters for mild steel in 1 M HCl at different concentrations of (P2) at 308K. 

Inhibitor 

Concentration 

 (M) 
Rct 

( Ω cm
2
) 

Cdl 

(µf/cm
2
) 

E 

(%) 

HCl 1 19 200 -- 

P2 

10
-6

 26 189 
27 

10
-5

 39 150 51 

10
-4

 48 79 
60 

10
-3

 150 49 87 

 

The inhibition efficiencies, calculated from Tafel impedance results, show the same trend as those obtained 

from EIS polarisation and weight loss measurements. Comparison of the efficiencies values (Table 5), obtained 
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using these three methods, show acceptable agreement. The strong correlation (R
2
= 0.989), reveal very good 

agreement between the obtained data from potentiodynamic polarization curves, electrochemical impedance 

spectroscopy techniques and weight loss measurement. 

 

 
Figure 6. Electrical equivalent circuit model used to fit the impedance results 

 

Table 5. Inhibition efficiency values obtained from weight loss, Tafel polarisation and Ac impedance 

measurements of carbon steel in 1 M HCl containing various concentrations of P2 at 308K. 

P2 Concentarion 

 (M) 

Inhibition efficiency (E%) 

Weight loss Tafel polarisation Ac impedance 

10
-6

 65 66 27 

10
-5

 72 78 51 

10
-4

 87 85 60 

10
-3

 91 90 87 
 

3.5. Computational theoretical studies 

The  FMOs  (HOMO  and  LUMO)  are  very  important  for  describing  chemical  reactivity.  The HOMO 

containing  electrons, represents  the  ability  (EHOMO)  to  donate  an  electron,  whereas,  LUMO haven't  not  

electrons,  as  an  electron  acceptor  represents  the  ability  (ELUMO)  to  obtain  an  electron. The energy gap 

between HOMO and LUMO determines the kinetic stability, chemical reactivity, optical polarizability and 

chemical hardness–softness of a compound [50]. Firstly, in this study, we calculated the HOMO and LUMO 

orbital energies by using B3LYP method with 6-31G which is implemented in Gaussian 09 packadge [51-52]. 

All other calculations were performed using the results with some assumptions. The  higher values  of EHOMO 

indicate an increase  for  the  electron  donor  and  this means a better  inhibitory  activity with increasing 

adsorption of  the  inhibitor on  a metal  surface, whereas ELUMO indicates the ability to accept electron of the 

molecule. The adsorption ability of the inhibitor to the metal surface increases with increasing of EHOMO and 

decreasing of ELUMO. The HOMO and LUMO orbital energies of the P2 inhibitors were performed and were 

shown in Table 6 and Figure 7. High ionization energy (> 6 eV) indicates high stability of P2 inhibitor [53], the 

number of electrons transferred (ΔN), dipole moment, Ionization potential, electron affinity, electronegativity, 

hardness, Softness and total energy were also calculated and tabulated in Table 6. 

 

Table 6: Quantum chemical parameters for P2 obtained in gas and aqueous phase with the DFT at the 

B3LYP/6-31G level. 

Prameters Gas phase Aqueous phase  

Total Energy TE  (eV) -82645.8 -82646.4 

EHOMO  (eV) -10.3379 -9.8318 

ELUMO (eV) -3.0775 -1.9071 

Gap ΔE (eV) 7.2604 7.9246 

Dipole moment  µ (Debye) 2.6382 3.5424 

Ionization potential  I  (eV) 10.3379 9.8318 

Electron affinity  A 3.0775 1.9071 

Electronegativity  χ 6.7077 5.8695 

Hardness  η 3.6302 3.9623 

Electrophilicity index  ω 6.1970 4.3473 

Softness  σ 0.2755 0.2524 

Fractions of  electron transferred ΔN 

 

0.0403 0.1427 
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The value of ΔN (number of electrons transferred) show that the inhibition efficiency resulting from electron 

donation agrees with Lukovit's study [54]. If ΔN < 3.6, the inhibition efficiency increases by increasing electron 

donation ability of these inhibitors to donate electrons to the metal surface [55-56]. 

Pertinent  valence  and  dihedral  angles,  in  degree,  of  the  studied  inhibitor  calculated  at B3LYP/6-

31G(d,p) in gas and aqueous phases are given in the table 6. 

Table 7 displays the most relevant values of the natural population (P(N), P(N-1) and P(N+1)) with  the  

corresponding  values  of  the  Fukui  functions  (fk
+
,  fk

-
  and  fk

0
)  of  the  studied  inhibitors. The calculated 

values of the fk
+
 for inhibitors are mostly localized on the imidazopyridine  ring, namely C2, C5, C6, N12, N13, O14 

and Br15, indicating that the imidazopyridine  ring will probably be the favorite site for nucleophilic attacks. 

 

Table 7: Pertinent natural populations and Fukui functions of P2 calculated at B3LYP/6-31G in gas (G) and 

aqueous phases. 

Atom k Phase  P(N) P(N-1) P(N+1) fk
-
 fk

+
 fk

0
 

C2 G 5,56923 5,67715 5,52746 0,1079 0,0418 0,0748 

A 5,56375 5,68526 5,52746 0,1215 0,0363 0,0789 

C5 G 6,23269 6,3948 6,23743 0,1621 -0,0047 0,0787 

A 6,21411 6,38763 6,23743 0,1735 -0,0233 0,0751 

C6 G 5,04336 5,05689 5,17641 0,0135 -0,1331 -0,0598 

A 5,0307 5,05349 5,17641 0,0228 -0,1457 -0,0615 

N12  G 7,76422 7,76483 7,64059 0,0006 0,1236 0,0621 

A 7,76385 7,77192 7,64059 0,0081 0,1233 0,0657 

N13  G 7,49989 7,72179 7,48864 0,2219 0,0112 0,1166 

A 7,53485 7,7816 7,48864 0,2468 0,0462 0,1465 

O14 G 8,72129 8,80831 8,35309 0,0870 0,3682 0,2276 

A 8,78256 8,83596 8,35309 0,0534 0,4295 0,2414 

Br15 G 34,91679 35,04284 34,79295 0,1260 0,1238 0,1249 

A 34,92436 35,01212 34,79295 0,0878 0,1314 0,1096 

 

The geometry of P2 in gas and aqueous phase (Figure 7) were fully optimized using DFT based on Beck's three 

parameter exchange functional and Lee–Yang–Parr nonlocal correlation functional (B3LYP) [57-58] and the 6–

31G. The optimized structure shows that the molecule P2 has a non-planar structure. The HOMO and LUMO 

electrons density distributions of P2 are given in Table 8. 

        
Gas phase                                          Aqueous phase 

Fig. 7: Optimized molecular structures and selected dihedral angles (red), angles (blue) and bond lengths 

(black) of the studied inhibitors calculated in gaseous and aqueous phases using the DFT at the B3LYP/6-31G  

level. 

 

As we know, frontier orbital theory is useful in predicting the adsorption centres of the inhibitors responsible for 

the interaction with surface metal atoms. Table 8 shows the HOMO and LUMO orbital contributions for the 

neutral studied inhibitor. The HOMO densities were concentrated on isatine ring. 
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Table 8. The HOMO and the LUMO electrons density distributions of P2 in gas and aqueous phase computed at 

B3LYP/6-31G level for neutral forms. 

 Gas  Aqueous  

 

 

HOMO 

 

 
 

LUMO 

  

 

3.6. Mechanism of inhibition action of P2 on mild steel  

From the experimental and theoretical results obtained, the inhibition effect of P2 in HCl solution can be 

explained as follows:  

P2 + xH
+
             [P2x]

x+
           (19) 

 

Thus, in aqueous acidic solutions, the P2 exists either as neutral molecules or in the form of cations (protonated 

P2). Generally, two modes of adsorption could be considered. The neutral P2 may be adsorbed on the metal 

surface via the chemisorption mechanism involving the displacement of water molecules from the metal surface 

and the sharing of electrons between nitrogen, oxygen atoms and iron. The P2 molecules can be adsorbed also 

on the metal surface on the basis of donor-acceptor interactions between π-electrons of the heterocycle and 

vacant d-orbitals of iron. On the other hand, Cl
-
 could adsorb on the metal surface [59], then the protonated P2 

may adsorbed through electrostatic interactions between the positively charged molecules and already adsorbed 

Cl ions. Thus, the metal complexes of Fe
2+

 and P2 or protonated P2 might be formed as follows: 

 

   P2 + Fe
2+          

             [P2-Fe]
2+

         (20) 

[P2Hx]
x+

 + Fe
2+             

       [P2x-Fe]
(2+x)+

     (21) 

 

These complexes might adsorb onto steel surface by van der Waals force to form a protective film to keep the 

mild steel surface from corrosion. Similar mechanism has been documented by us [60] and others [61]. 

 

 

Conclusion 
 

Concluding the experimental part, it was clearly demonstrated that all techniques used, are able to characterize 

and to follow the corrosion inhibition process promoted by P2. The following conclusions can be drawn:  

 P2 exhibited good inhibiting properties for mild steel corrosion in 1 M HCl solution and increased with 

increasing the concentration of inhibitor.  
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 The obtained results show that P2 acts as mixed-type inhibitor of corrosion inhibition of mild steel in 1 

M HCl.  

 EIS measurement results indicate that the resistance of the mild steel electrode increases greatly and its 

capacitance decreases by increasing the inhibitor concentration.  

 Reasonably good agreement was observed between the obtained data from potentiodynamic polarization 

curves and electrochemical impedance spectroscopy techniques.  

 Quantum chemical calculations using DFT reveal that the adsorption of P2 on mild steel would takes 

place through the biheterocyclic system. The simultaneous adsorption of the three functional groups 

forces the inhibitor molecule to be horizontally oriented at the metal surface.  

 The introduction of P2 into 1 M HCl solution results in the formation of a protective film on the mild 

steel surface, which may contain the complex of P2-Fe
2+

, and effectively protects steel from corrosion.  
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