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The inhibiting properties of corrosion inhibitors of norfloxacin (NFA), ciprofloxacin (CFA), and 

ofloxacin (OFA) for steel in 1 M HCl solution had been studied, respectively. Their corrosion 

inhibiting property was performed in 1 mol/L hydrochloric acid by potentiodynamic polarization 

(PDP) and electrochemical spectroscopy (EIS) tests at different temperatures range. The order of their 

corrosion inhibition efficiency is as follows: CFA > NFA > OFA. Polarization data suggest that the 

corrosion inhibitors are predominantly mixed-type. The best fit for inhibitors adsorption is obey 

Langmuir isotherm model. The structure properties of corrosion inhibitors are correlated by means of a 

density-functional quantum-chemical approach. Moreover, the molecular dynamics calculation vividly 

simulates the adsorption behavior of CFA, NFA and OFA molecules on the surface of steel. 
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1. INTRODUCTION 

Mild steel is widely used due to its low price and good mechanical properties [1-9]. 

Hydrochloric acid are applied for removal oxidation products on steel surface [10-12]. In order to 

inhibit Fe dissolution and reduce acid consumption in this process [13]. Therefore, corrosion workers 

have studied corrosion inhibitors to suppress the occurrence of this corrosion process.  

However, the biology toxicity of organic and inorganic compounds, such as chromate and 

organic phosphate because they can destroy the ecological environment, and what’s more, there is 

restrict of the complexity in produce, expensive cost and a small quantity of output of the above 

compounds. Therefore,  large number of researchers have begun to develop highly effective and 

environmentally friendly corrosion inhibitors, which do not contain heavy metals and nutrition salts 

according to green chemistry principle and viewpoint, become more significant [14, 15].  
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In recent years, many corrosion researchers have studied the corrosion inhibitors of steel in 

hydrochloric acid solution. Tawfik [16] studied alginate surfactant derivatives as an eco-friendly 

corrosion inhibitor for carbon steel in the acidic environment. However, the corrosion inhibition effect 

is not very significant. Liu et al.[17] studied the modification of natural chitosan by β-cyclodextrin as a 

green inhibitor of carbon steel in an acidic solution. However, they did not study the effect of 

temperature on the corrosion inhibition performance of β-cyclodextrin modified natural chitosan. 

Yousefi et al.[18] studied imidazole-based ionic liquids as regulators of corrosion inhibition of SDS on 

low carbon steel in hydrochloric acid solution. The ionic liquids may cause certain harm to the 

environment. Xia et al. [19] studied Self-Assembly and Anticorrosive Property of N‑Alkyl-4-[2-

(methoxycarbonyl)vinyl] pyridinium Bromides on X70 Steel in an Acid Medium. They also did not 

discuss the environmental impact of Alkyl-4-[2-(methoxycarbonyl)vinyl] pyridinium Bromides. 

In this work, ciprofloxacin (CFA), norfloxacin (NFA) and ofloxacin (OFA) (shown in Figure 1) 

were tested. These three compounds can be applied as the component of usual medicine, which is 

antibiotic and stable. Therefore, they can be used in special situation for high environmental request, 

such as industry cycle water, foods manufactory, because there is no toxicity to the environment and 

operate personnel [20]. The corrosion inhibition behavior of CFA, NFA, and OFA  was researched by 

experimental and theoretical studies. The quantum chemical method and molecular dynamics 

calculation were also performed to discussion about the relationship between inhibition ability and 

their structural properties of the inhibitors. 

 

 

 

2. MATERIALS AND METHODS 

2.1 Materials 

CFA, NFA as well as OFA, their purity more than 99%, (Figure1) were from Aldrich Chemical 

Co. 

 

 
 

Figure 1. Three antibacterial agents structures of the inhibitors in this paper: (A) ciprofloxacin (1-

cyclopropyl-6-fluoro-4-oxo-7-(1-piperazinyl)-1,4-dihydro-3-quinolinecarbox), (B) norfloxacin 

(1,4-dihydro-1-ethyl-6-fluoro-4-oxo-7-(1-piperazinyl)-3-quinolinecarboxylica), (C) ofloxacin 

((+/-)-9-fluoro-2,3-dihydro-3-methyl-10-(4-methyl-1-piperazinyl)-7-oxo-7h-pyrido[1,2,3-de]-

1,4-benzoxazine-6-carboxylic acid). 

 

The corrosion solutions were made by dilution of Analytical Grade 37% HCl with double-
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distilled water. The test solutions were prepared by adding 1 mol/L HCl of the researched compounds. 

The concentrations without deaerating varied from 3.16×10
-5 

to 3.16×10
-3

 mol/L. The 1 M 

hydrochloric acid as the  blank solution does not contain any corrosion inhibitor. The specimens of 

steel having weight percent composition of 0.017  C，0.78  Si，0.85  Mn，0.0047  P，0.017 

 S and the rest of Fe were used. The steel specimens of weight loss tests were cut into 2.9×1.6× 1.6 

cm
3
. And polished with sandpapers 220, 400, and 600, respectively, cleaned in distilled water, 

degreased in acetone with an ultrasonic bath, dried and weighed. And then the surface (1.6 cm×1.6 cm) 

were sealed by water-resistant glue. The working electrode of 1 cm
2
 executed in the electrochemical 

test, polished with sandpapers 400, 600, 800, rinsed with ultrapure water, degreased ultrasonically 

in acetone. 

 

2.2 Weight loss experiment 

Mild steel specimens were soaked in the corrosion solutions for 4 hours at 293 K, 303 K, 313 K 

and 323 K in triplicate, respectively. After that, the mild steel samples were taken out, washed in 

ultrapure water and acetone, respectively. Finally, dried and weighed. 

 

2.3 Electrochemical measurement 

Instruments employing for potentiodynamic polarization and capacitance measurements were 

an IM6e impedance and electrochemical measurement system (ZAHNER, Germany). Electrochemical 

tests were carried out via the three-electrode cell. Mild steel as working electrode, platinum (1.5 ×1.5 

cm
2
) as counter-electrode, and a saturated calomel electrode (SCE) as reference electrode at 

293,303,313 and 323 K in triplicate, respectively. The system immersed in 1M HCl for 30 minutes 

before starting experiment. The impedance experiments were executed in the frequency range of 100 

kHz to 20 mHz with ac signals of 10mV amplitude. The values of charge transfer resistance (Rct), 

solution resistances (Rs) and double layer capacitor (Cdl ) were obtained by SIM program. The 

potentiodynamic data were obtained from200 mV SCE to +300 mV SCE with respect to the 

corrosion potential with the scan rate of 0.5 mV/s.  

 

2.4 Quantum chemical research and Molecular dynamics simulation 

The quantum chemical calculations of the researched corrosion inhibitors were executed with 

Gaussion 03W in DFT level, via 3-21G basis set. The energy of the highest occupied molecular orbital 

(EHOMO) and the lowest unoccupied molecular orbital (ELUMO), the dipole moment (μ) and energy 

difference ΔE (ELUMO- EHOMO) were acquired. The HOMO and LUMO were mapped. 

The interaction between three researched inhibitors and the mild steel surface was calculated in 

a 3D box, which size was 2.4× 2.6× 4.8 nm
3
. In order to confine their position the 6 layers of steel 

atoms were fixed. Finally, NVT specification as the simulation condition, the simulation time was 

1000 ps. 
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3. RESULTS AND DISCUSSION 

3.1 Weight loss experiment 

The inhibition efficiency (IE%) and corrosion rate (R) with the concentration and temperature 

are shown in Figs 2、3 [12,21]. The IE % and R from weight loss were calculated by: 

IE% = (W0 W) / W0 ×100％                  (1) 

R= W/(S* t)                                    (2) 

where W0 and W are uninhibited and inhibited weight losses, respectively. Figure 2 (A) shows 

that the corrosion rate decreases markedly, the mild steel weight loss decreases with increasing 

inhibitor concentration at 303 K, reaching their lowest values 0.52, 0.66, 1.22 g/(cm
-2·a) at 3.16×10

-

3 
mol/L(as sequence of CFA、NFA、OFA, and the following as the above), respectively. Figure 2 (B) 

shows that the increasing temperature accelerates the corrosion of mild steel, and increases the mild 

steel weight loss, reaching their highest values 8.02, 8.34, 12.23 g/(cm
-2

·a), respectively . It can be 

seen from Figure 2(B) that corrosion rate increases sharply when reaching to 323 K, especially that of 

the metal immersing the uninhibited solution. The inhibitors have begun to desorb in a large scale with 

inhibition efficiency in some degree, and the surface of metal can not been protected any more, which 

results in the weight loss of metal increases sharply. 

 

 
 

Figure 2. Corrosion rate for inhibitors on steel in 1 M HCl (A): at 303 K; (B): at 293,303,313,323 K 

with the concentration of 3.16×10
-4 

mol/L, respectively. 

 

Figure 3 (A) shows that IE% increases markedly with the concentration of research compound 

increases at 303 K, reaching its highest value 91.95 %, 88.10 %, 79.50 % at 3.16×10
-3

 mol/L, 

respectively. Figure 3 (B) shows that the increasing temperature does not reduce the IE %, reaching its 

highest value 91.96%, 91.41%, 87.73 % at 313 K, respectively. However, IE% decreases at 323 K, 

which may be resulted from the surface desorption of inhibitors. All above results indicate that the 

compounds could act as the perfect acid inhibitors. 
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Figure  3. Inhibition efficiency for steel in 1 M HCl (A): at 303 K; (B): at 293,303,313,323 K with the 

concentration of 3.16×10
-4 

mol/L, respectively. 

 

3.2 Electrochemical measurement 

3.2.1 Electrochemical impendence spectroscopy 

 
 

Figure 4. Nyquist plots for steel in 1 M HCl at 303 K. (A): CFA; (B): NFA; (C): OFA. 

 

The Nyquist plots for mild steel at  different concentrations inhibitors at 303 K are shown in 

Figure 4. The Figure shows that impedance spectra are similar in a single capacitive loop, which 

indicates that charge transfer controls corrosion process [23]. As the concentration of CFA, NFA, and 

OFA increases, the radius of the capacitive anti-arc increases significantly, and the imperfect 
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semicircles occur due to the inhomogeneity of the steel surface [24, 25]. These electrochemical system 

are typical corrosion systems of metal in acid correlated corrosion electrochemical parameters can be 

obtained by virtue of the equivalent circuit diagram (Figure 6). Where, Rs is the electrolyte resistance, 

Rct is charge transfer resistance, Cdl are constant phase elements modeling the capacitance. Impedance 

parameters by SIM program for all compounds are given in Table 1. Inhibition efficiency (IE) 

calculated as following by Eq. (1) [11, 22, 26]: 

 IE%=(Rct-R’ct)/Rct×100                  (3) 

where R’ct and Rct are the values of charge transfer resistance with and without inhibitors, 

respectively. Figure 4 shows that the system changes in the presence inhibitors. At 3.16×10
-5 

mol/L and 

1.0×10
-4 

mol/L, compounds do not inhibit evidently, Rct increases and Cdl decrease slightly. While the 

inhibition effect increased markedly with increasing inhibitor concentration, Rct increases reaching 

highest value 835 Ω/cm
2
, 719 Ω/cm

2
, 519 Ω/cm

2
, respectively; Cdl decreases reaching lowest value 8 

uF/cm
2
, 18 uF/cm

2
, 12 uF/cm

2
, respectively; and inhibition efficiency increases reaching highest value 

94.0%, 93.0%, 91.5% at 3.16×10
-3

 mol/L, respectively. It is well known that Rct represents the 

corrosion rate of corrosion reaction and Cdl represents the inhibitors adsorption properties on metal 

surface. The values of Cdl decrease as the concentration of CFA, BFA, and OFA increases, due to the 

replacement of water molecules on the surface of the steel electrode by the corrosion inhibitor 

molecules [10, 13, 20]. It can be deduced from Figure 4 and Table 1 that the sequence of inhibition 

effect is as following: CFA > NFA> OFA. The corrosion resistance from CFA is strongest, the 

corrosion rate is lowest, and OFA is the worst than others. 

 

 

Table 1 Impendence data of mild steel in 1 M HCl for researched inhibitors at 303 K. 

 

 C 

(mmol/L) 

Rs 

(Ω/cm
2
) 

Cdl 

(uF/cm
2
) 

Rct 

(Ω/cm
2） 

IE 

(%) 

Blank 0 0.60 320 50 / 

 3.16×10
-2

 0.51 94 88 43.2 

 1.0×10
-1

 0.57 29 340 85.2 

CFA 3.16×10
-1

 0.75 17 550 90.0 

 1 0.48 11 654 92.3 

 3.16 0.52 8 835 94.0 

 3.16×10
-2

 0.46 70 104 51.9 

 1.0×10
-1

 0.47 63 136 63.2 

NFA 3.16×10
-1

 0.59 31 390 87.2 

 1 0.92 27 594 91.5 

 3.16 0.67 18 719 93.0 

 3.16×10
-2

 0.46 79 96 47.9 

 1.0×10
-1

 0.54 47 145 64.8 

OFA 3.16×10
-1

 0.65 22 315 84.1 

 1.0×10
-1

 0.68 15 511 90.2 

 3.16×10
-1

 0.66 12 591 91.5 
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Figure 5. Nyquist plots for mild steel in 1 M hydrochloric acid for inhibitors at 3.16×10
-4 

mol/ L (A): 

CFA, (B): NFA, (C): OFA. 

 

 
 

Figure 6. Best equivalent circuit diagram for fitting impedance spectrum data. 

 

Nyquist plots for mild steel at 293, 303, 313, and 323 K of each inhibitor with 3.16×10
-4 

mol/L 

are shown in Figure 5, respectively. Figure 5 shows that impedance spectra are still a single capacitive 

loop with different temperatures. This electrochemical system can be interpreted by Figure 6. 

Impedance parameters by SIM program for all compounds are given in Table 2. Figure 5 shows that 

Rct decreases and Cdl increases markedly at all concentrations. On the one hand, the Rct decrease 

indicates that temperature increase results in the decreasing resistance sharply from the inhibitors 

adsorption film on the surface of metal; on the other hand, Cdl increase manifests that temperatures 

increase results in the increase of charge transfer sharply between the inhibitors adsorption film and the 

metal surface [13, 27]. Therefore, temperature increase goes against the inhibition effect. Figure 5 and 

Table 2 indicate that CFA still show good inhibition efficiency with different temperatures, however, 

OFA shows decreasing inhibition efficiency markedly with increasing temperature, which maybe result 
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from inhibitors vast desorption from the metal surface at high temperature (323K). Fig.7 validates 

visually the above phenomenon. 

 

Table 2. Impendance data of mild steel at 1 M hydrochloric acid for inhibitors at 293K-323K 

 

T 

(K) 

Species Rs 

(Ω/cm
2
) 

Cdl 

(uF/cm
2
) 

Rct 

(Ω/cm
2
) 

IE 

(%) 

 Blank 0.49 260 65 / 

293 CFA 0.68 15 680 90.4 

 NFA 0.79 16 436 85.1 

 OFA 0.75 17 340 80.9 

 Blank 0.60 320 50 / 

303 CFA 0.75 17 550 90.9 

 NFA 0.59 31 390 87.1 

 OFA 0.65 22 315 80.9 

 Blank 0.99 470 34 / 

313 CFA 0.79 28 342 90.1 

 NFA 0.65 48 335 89.8 

 OFA 0.65 50 270 86.7 

 Blank 0.85 580 15 / 

323 CFA 0.82 34 153 83.6 

 NFA 0.58 78 120 87.5 

 OFA 0.57 60 58 74.1 

 

 

 
Figure 7. The Nyquist plots of mild steel in 1 M HCl for inhibitors at 3.16×10

-4 
mol/ L. 



Int. J. Electrochem. Sci., Vol. 13, 2018 

  

11396 

3.2.2 Potentiodynamic polarization curves 

Figures 8–10 show dynamic potential polarization curves obtained with all tested compounds. 

Tables 3-4 show the electrochemical kinetic parameters. The corrosion inhibition efficiencies are 

calculated by the following formula [28-32]: 

IE%  (i0,corricorr)/icorr                                         (4) 

where i0,corr and icorr correspond to current densities without and with inhibitors, respectively. 

Figure 8 and Table 3 show that the inhibitor efficiency of all compounds augments with increasing 

researched inhibitor concentration at 303 K, reaching their highest values 94.6%, 92.5%, 89.7% at 

3.16×10
-3

 mol/L, respectively.  

 

 
 

Figure 8. Potentiodynamic polarization curves of steel in 1 M hydrochloric acid with research 

inhibitors at 303 K. (A): CFA, (B): NFA, (C): OFA. 

 

The corrosion potential Ecorr shifts slightly not exceed 85 mV at all concentrations (Table 3), 

therefore, the researched compounds display mixed-type corrosion inhibition for steel in 1 M 

hydrochloric acid solution [33,34]. As the concentration of corrosion inhibitor increases, the corrosion 

current density decreases significantly, reaching their lowest value 13 uA/cm
2
,18 uA/cm

2
, 25 uA/cm

2
, 

respectively. The polarization curves (Figure 8) show that CFA, NFA, and OFA have an effect on the 

cathodic and anodic slopes (βc and βa), βc increased after the compounds added, and βa became larger 

at all concentrations (Table.3) This hints change the mechanism of cathodic hydrogen evolution and 

anodic dissolution of Fe [35,36]. Figure 8 and Table 3 show that the icorr for researched compounds in 

this experiment concentrations decreases in order of CFA > NFA > OFA, so, the inhibition result is still 
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CFA > NFA > OFA as well as that from EIS.  

Figure 9 and Table 4 show that inhibitor efficiency of all compound decreases with increasing 

temperature, reaching their lowest values 80.9%, 81.5%, 72.6% at 3.16×10
-4

 mol/L, respectively. 

However, Ecorr does not shift significantly with the increasing temperature, which indicates that the 

corrosion mechanism has not change. While, icorr increases sharply with the increasing temperature, 

reaching the highest values 127 uA/cm
2
, 123 uA/cm

2
, 182 uA/cm

2
 at 323 K, respectively, which 

indicates increasing temperature accelerates the corrosion rate. Increasing temperature deteriorates the 

corrosion of the steel surface, and metal ion dissolving from the metal surface increases markedly. At 

the same time, the inhibitors desorption from the surface accelerates because of the speed up of 

thermal motion, thus increasing temperature goes against the inhibition effect. Figure 9 and Figure 10 

show that the inhibition result is still CFA > NFA > OFA with increasing temperature as well as the 

polarization curve at 303 K. 

 

Table 3 Potentiodynamic polarization parameters at 303 K for steel in 1 M hydrochloric acid for 

researched corrosion inhibitors. 

 

Species C 

(mmol/L) 

βc 

(mV/dec) 

βa 

(mV/dec) 

I 

(uA/cm
2
) 

E 

(mV) 

IE 

(%) 

Blank 0 80 38 242 460 / 

 3.16×10
-2

 90 49 80 453 66.9 

 1×10
-1

 100 58 42 456 83.4 

CFA 3.16×10
-1

 98 69 31 453 87.2 

 1 103 76 22 467 90.9 

 3.16 118 83 13 460 94.6 

 3.16×10
-2

 80 54 92 450 61.9 

 1×10
-1

 86 64 39 461 83.9 

NFA 3.16×10
-1

 110 68 33 462 86.4 

 1 105 80 31 463 87.2 

 3.16 108 82 18 451 92.5 

 3.16×10
-2

 95 47 70 462 71.1 

 1×10
-1

 105 47 40 495 83.5 

OFA 3.16×10
-1

 94 66 30 465 87.6 

 1 106 64 28 460 88.4 

 3.16 105 68 25 458 89.7 
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Figure 9. Potentiodynamic polarization curves of  mild steel in 1 M hydrochloric acid with inhibitors 

at 3.16×10
-4

 mol/L. (A) CFA, (B) NFA, (C) OFA. 

 

 

Table 4. Potentiodynamic polarization parameters for steel at 1 M HCl for inhibitors at 293 -323K. 

 

T 

(K) 

Species βc 

(mV/dec) 

βa  

(mV/dec) 

I 

(uA/cm
2
) 

E 

(mV) 

IE 

(%) 

 Blank 117 55 139 473 / 

293 CFA 135 57 12 433 91.4 

 NFA 118 80 18 454 87.0 

 OFA 104 57 25 470 82.0 

 Blank 80 38 242 460 / 

303 CFA 98 69 31 453 87.2 

 NFA 110 68 33 462 86.4 

 OFA 94 66 30 465 87.6 

 Blank 105 69 340 464 / 

313 CFA 124 64 40 457 88.2 

 NFA 153 50 38 453 88.9 

 OFA 108 80 60 469 82.4 

 Blank 97 78 665 452 / 

323 CFA 116 65 127 453 80.9 

 NFA 111 66 123 477 81.5 

 OFA 113 73 182 442 72.6 
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Figure 10. Potentiodynamic polarization curves for steel at 1 M  HCl with inhibitors at 3.16×10
-4 

mol/L. (A) CFA, (B) NFA, (C) OFA. 

 

3.3 Adsorption isotherm 

The coverage degree (θ) is obtained by the following formula (5): 

100
'

'





ct

ctct

R

RR
                                               (5) 

Obviously, as the concentrations of CFA, NFA, and OFA increases, the values of coverage 

increase significantly. A variety of isothermal adsorption equations were used to fit the adsorption of 

CFA, NFA, and OFA molecules on the steel surface. The results show that Langmuir adsorption is 

most suitable. Its expression is shown in Equation 6 [37-44]. According to Equation 7, we can 

calculate the Gibbs free energy of the reaction. 

 

K
C

C 1



                                                        (6) 










 


RT

G
K ad

0

exp
5.55

1

                                                      (7) 

where 55.5 is the molar concentration of H2O molecule. Figure 11 presents the perfect fitting 

data with the correlation coefficient (R
2
) 0.99999, 0.99969, 0.99968 of CFA, NFA and OFA, 

respectively. The equilibrium constants (K) are 4.21×10
6
, 2.98×10

6 
, and 2.85×10

6
 and the obtained 

values 
0

adsG  are 48.54, 47.67 and 47.55 kJ/mol for CFA, NFA and OFA at 303 K, respectively. 

All compounds presents high K values at 303 K, manifesting that they are strong adsorption on the 
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surface of steel [1]. The negative values of 
0

adsG  indicate that CFA, NFA and OFA are spontaneously 

adsorbed on the steel surface [17, 45, 46]. In addition, the absolute value of 
0

adsG  exceeds 40 kJ/mol, 

indicating that CFA, NFA and OFA are mainly chemically adsorbed on the steel surface [39, 47, 48 ]. 

And it can be seen that ciprofloxacin adsorbs strongest on the metal surface from the values obtained.   

 

 
 

Figure 11. CFA, NFA, and OFA of Langmuir adsorption isotherm in 1 mol/L HCl at 303 K for steel. 

 

3.4 Quantum chemical research 

The CFA, NFA, and OFA optimized geometry are shown in Figure 12. The parallel structure of 

CFA, NFA, and OFA facilitates adsorption on metal surface. Some quantum chemical parameters are 

showed in Table 5. We know, The Fe contains 3d empty orbits, this unfilled 3d empty orbit can be 

bonded to the lone pair of corrosion inhibitor molecules. Figure 13 shows the electron cloud density 

distribution of CFA, NFA, and OFA. Only the energy highest/lowest ones of the two spin degeneracy 

orbital are taken into account here. For the HOMO, it can be found that cycle pyridine of all 

compounds have larger electric density and are more favour to bind with Fe 3d orbital. For the LUMO, 

cycle quinoline and O atoms of carboxyl of all compounds had larger electron density and could 

interact preferentially with Fe 4s orbital. It can be found that CFA has the largest electron orbital 

density whether EHOMO or ELUMO, which cause the highest inhibition efficiency [49]. As well known, 

EHOMO was associated with ability of electron donating the molecule [10,13]. Table.5 indicts the 

relationship between HOMO energy and inhibition efficiency of the compounds, but LUMO energy 

does not give a linear relationship [50,51]. The lower ΔE cause higher inhibition efficiency, also which 

is proved that CFA with the lowest ΔE (Table.5) shows the best inhibition effect. High dipole (Table.5), 

especially that of CFA, also makes for the inhibitors physical adsorption to surface of Fe being in favor 

of the improvement ability of the inhibition [52,53]. We can be concluded that the CFA, NFA, and 

OFA, which had approximat planar structure could form firm and uniform adsorption layer on the mild 

steel surface. Both bindings strengthened chemical interaction from the evidence that large negatives 
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0

adsG  values (48.54, 47.67, and 47.55 kJ/mol, respectively) were obtained.  

 

 
 

Figure 12. Optimized geometry for inhibitors: (A) CFA; (B) NFA; (C) OFA. 

 

Table 5.The parameters of quantum chemical of all compounds. 

 

Quantum parameters EHOMO (a.u) ELUMO (a.u) ΔE(LOMO-HOMO) (a.u) μ (Debye) 

CFA   0.15074 9.7654 

NFA   0.15830 9.3929 

OFA   0.15428 9.0235 

 

 
 

Figure 13. The electron cloud density map: (a) CFA (left: HOMO; right: LUMO),  (b) NFA (left: 

HOMO; right: LUMO), (c) OFA (left: HOMO; right: LUMO). 

 

3.5 Molecular dynamics simulation 

Molecular dynamics simulation (MDS) studies have predictive and evaluation implications for 
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the interaction between CFA, NFA, and OFA molecules and metal matrices. In this work, MD 

simulation was executed to study their mechanism. As shown in Figure 14.  

 

 

 

 
 

Figure  14. Equilibrium adsorption configurations of three corrosion inhibitor molecules on the Fe 

(110) surface: CFA side view (A) and top view (B), NFA side view (C) and top view (D), OFA 

side view (E) and top view (F). 

 

The top and side views of stable equilibrium adsorption configurations of CFA, NFA, and OFA 

molecules on the Fe (110) surface. The CFA, NFA, and OFA molecules all adsorbed on the mild steel 

surface via the parallel way. Furthermore, the Einteract is defined with formula (8) as following [54-57]: 

)(int inhsubstoteract EEEE                                              (8) 

wherein Etot is the total energy. Esubs is the energy of Fe (110) and H2O. Einh is the research 

inhibitor energy. bindingE  is defined with formula (9) as following [58, 59]: 

eractbinding EE int                                                    (10) 

The bindingE  values of CFA, NFA and OFA are 889.4 kJ/mol, 819.2 kJ/mol and 753.8 kJ/mol, 
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respectively. Apparently, the order of binding energy of the three corrosion inhibitor molecules of CFA, 

NFA and OFA is consistent with the electrochemical experiment. 

 

4. CONCLUSION 

CFA, NFA and OFA are effective inhibitors for steel in 1 M HCl. With increasing temperature, 

the inhibition efficiency has not dropped down but 323 K. The inhibition ability increases in sequence 

of OFA< NFA< CFA at all temperatures. 

Electrochemical impendence spectroscopy displays mainly a single capacitive loop ascribed to 

the covering of inhibitor adsorption film on the surface of steel. Potentiodynamic polarization (PDP) 

curves indicated CFA, NFA and OFA belongs mixed-type inhibitors. 

The data of quantum chemical calculation indicates that inhibition efficiency increased with the 

decreasing CFA, NFA and OFA molecule’s HOMO energy and ΔE. High dipole especially also makes 

for the physical adsorption of CFA, NFA and OFA molecules on surface of mild steel. Molecular 

dynamics simulations demonstrate that three inhibitor molecules are adsorbed on the surface of the 

steel via a parallel manner. 
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