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ABSTRACT 
 

2-(1-Naphthylamino)ethylamine 2HCl(NNED) was examined as a novel corrosion inhibitor for a sample 
of mild steel in 1 HCl  in the presence of carbon dioxide by employing the potentio-dynamic polarization 
method as well as the AM1 calculations, and an analysis surface technique, (SEM-EDX). It is observed from the 
experimental results the efficiency of corrosion inhibitor, which acts as "mixed-type inhibitor" with dominant 
cathodic control, increases with concentration at a particular temperature. The adsorption of (NNED) on the 
mild steel electrode conforms with "Langmuir adsorption isotherm". Thermodynamic and kinetic parameters 
demonstration that the adsorption of (NNED) inhibitor on metal surface includes conjointly adsorption kinds. , 
(SEM-EDX) analysis displays a great enhancement for metal surface morphology with (NNED) inhibitor. The 
electronic properties were calculated using the AM1 forcefield for the possible optimized structures, and these 
support the experimental data to protect mild steel and prevent corrosion process.  
Keywords: NNED inhibitor, mild steel, AM1 method, SEM-EDX characterization, corrosion inhibition.  
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INTRODUCTION 
 

Fe and its alloys as mild steel that utilized mainly in several engineering implementations, for instance 
in constructional supplies, due to the benefit of their properties which include the high compliance and low 
cost [1,2].  They are often used as the material forming the main tubular passage through which fluids flow in 
pipelines in the oil transport industry [3]. The consideration of iron alloys is an important topic in a theoretical 
concern as well the enormous practical fields, so, has got a large scope of interest [4,5]. The acid solutions 
(hydrochloric acid is one of the most hazardous) which used for acidifying processes in oil wells, pickling, 
cleaning and removal of remain deposition [6–8]. However, most acidic media cause damage to the resources, 
resulting in great economic losses [9]. This problem cannot be avoided, and organic compounds are commonly 
used as inhibitors to prevent and control it. Thus, the investigation from the corrosion associated with 
materials (e.g. iron and its alloys in acidic media) and the search for corrosion inhibition by using organic 
compounds is a very interesting and attractive as a field of research both from a fundamental academic or 
industrial point of view [10–12].The use of inhibitors is one of the most practical means on a large-scale in such 
situations [9,13] and it is becoming increasingly popular. The addition of small compounds in the aggressive 
medium allows them to migrate and retard the corrosion process of metal by counter-acting the attack by 
acids. It is recognized that hetero-organic materials, or those which contain conjugated multiple bonds, are 
effective, as the nitrogen, oxygen and/or sulfur atoms in their structures, [3,14,15] may act as centers of the 
adsorption of the organic compounds as corrosion inhibitors [1,3,16–24]. There are a number of reports in the 
literature outlining the investigation into the corrosion inhibition of mild steel in HCl solution.  More recent 
studies have included the derivatives of benzimidazole [3,28,32,35], antipyrine [1], pyrimidine [28], thiazole 
[29], benzamides [30], fluconazol [31], indoloimidazoline [32], 1-butyl-3-methylimidazolium tetrachloroferrate 
[33], novel hydrazides [34], 3,4-diaminobenzonitrile [35], cupral inhibitors [12], benzothiazole [36], Cefradine 
[37], 5-(4-Dimethylaminobenzylidene) rhodanine [38] as corrosion inhibitors. The aim of present study focuses 
on the investigation of the potential of 2-(1-Naphthylamino)ethylamine 2HCl (NNED) as a good inhibitor for 
corrosion of mild steel type in aggressive and corrosive conditions: in 1 molar of HCl solution saturated with 
carbon dioxide at a range of temperatures (303.15–318.15) K ±1.  The efficacy of the treatment is measured by 
using a potentiodynamic electrochemical method and scanning electron spectroscopy (SEM) with the benefit 
of the X-ray dispersive electron (EDX) technique. Similarly, AM1 routine is applied to approve the correlation of 
(NNED) structure of inhibitors with experimental results and the compatibility between them.  
 

EXPERIMENTAL METHODS 
 
Electrochemical measurements 
 

Specimens of mild steel (1.0 cm × 1.0 cm) were prepared with a 1 cm
2
 surface area exposed to a 

corrosive aqueous solution of hydrochloric acid (1 M) and the remainder of the body of the sample was 
covered by a cured epoxy resin. Before any electrochemical tests were performed, the specimen was prepared 
according to followed work steps[12] and set aside for analysis. A series freshly prepared solutions of N-(1-
naphthyl)ethylenediamine dihydrochloride (Sigma-Aldrich) were prepared (in different concentrations) and 
transferred to the corrosion cell. Carbon dioxide was then passed through each test solution for one hour. The 
corrosion cell comprised three electrodes: the mild steel (MS) sample as the (WE) working electrode, 
"(SCE)asaturated Calomel electrode" as a reference electrode and a "platinum electrode" as anauxiliary 
electrode in the electrochemical circuit. The electrode terminals were connected to an electrochemical 
instrument using a Gamry interface /Potentiostat/Galvanostat/ZRA to achieve the run test after set 
experiment parameters. To obtain the electrochemical parameters from the polarization scan curves Echem 
Analyst software package (v 6.33) was used the at the polarized electrode ±100 mV with respect to free 
corrosion potential value.  Full details are reported elsewhere [12,23,34,35,39]. Additionally, polarization 
resistance (Rp) values were measured at 318.15 K with an interval time 10 min. to understand the 
effectiveness of corrosion inhibitor by performing the RE/EC routine with respect to the "Tafel slopes" close to 
0.0.12 V decade

-1
.        

 
SEM-EDX analysis 
 

The morphology of surface electrode and the chemical composition of the protective film that formed 
on its surface were inspected by (SEM-EDX) measurements, with and without 2-(1-Naphthylamino)ethylamine 
2HCl(NNED) inhibitor (2.8 mM) in hydrochloric acid solution (1M) saturated with carbon dioxide at 303.15 K 
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after completion of ten hours of immersion time. The SEM measurements were performed using a ZEISS Sigma 
300 type microscope at an accelerating voltage 15 kV with a resolution of less than 2 nm  
 
Computational treatments   
 

The quantum chemical calculations were performed by employing the restricted Hartre-Fock method 
with AM1 parameterization [40–44] (SCF-RHF) and the optimized structure of the 2-(1-Naphthylamino) 
ethylamine 2HCl (NNED) inhibitor was simulated with the COSOM routine [45] which permitted the study of 
the solvent effect by using the VAMP model as a package in Material Studio (v. 8.0.34) from Accelrys Inc. 
Quantum chemical parameters were estimated for optimized geometrical inhibitor structure, including the 
"lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO)", 
respectively as well as the Mulliken atomic charges of hetro-atoms. These theoretical calculations have been 
confirmed the validity of the electrochemical findings. 
 

RESULTS AND DISCUSSION 
 
Polarization Scan Results  
 

Potentiodynamic scan curves of specimen electrode in 1 molar of hydrochloric acid solution with and 
without the 2-(1-Naphthylamino) ethylamine 2HCl (NNED) inhibitor at different concentrations in the existence 
of carbon dioxide over a range of temperatures (303.15–318.15) K are illustrated in Fig. 1. As was mentioned in 
experimental section, the electrochemical parameters, such as the "corrosion current density (icorr..), corrosion 
potential (Ecorr.), anodic Tafel slope ( ), cathodic Tafel slope( )" were calculated from the Tafel polarization 

curves (TPC) by the extrapolation method with respect of the free corrosion potential with high significant 
(and a high degree of confidence).  In contrast, the transfer coefficients for the cathodic and anodic processes 
[46–48] ( ) and ( ),respectively were estimated by the equation (1) as well as using the degree of coverage 
area ( and the percentage of corrosion inhibition ( )[49] according  to the equations (2 and 
(3),respectively. Table 1 shows the all parameters. 
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Fig (1):  TPC for MS in 1 molar of  HCl  ( in the presence of carbon dioxide at various concentrations of 2-(1-
Naphthylamino) ethylamine 2HCl (NNED)inhibitor and different temperatures. 

 

…….…...(1) 

 …………..…….....(2) 

………….………..…(3) 
 

Where " R, T, and F are the absolute gas constant, temperature degree and the Faraday constant " , 
respectively and the symbols of equations (2) and (3) are defined as the "corrosion current density" for the 
blank solution and "corrosion current density"with2-(1-Naphthylamino) ethylamine 2HCl (NNED)at particular 
temperature ( .) and ( .), respectively. The polarization curves, resulting from the presence 
of the 2-(1-Naphthylamino) ethylamine 2HCl (NNED)inhibitor, drifted  towards the cathodic region at the 
temperature ranges and are asymmetric.  The curves in without 2-(1-Naphthylamino) ethylamine 2HCl (NNED) 
inhibitor are depicted in  Fig. 1 and Table 1. Furthermore, the cathodic polarized region is well defined and was 
raised apparently as parallel lines demonstrating that the reaction of "hydrogen evolution" comes under 
effective control [50] which indications a reduction in the "cathodic current densities" with increasing 2-(1-
Naphthylamino) ethylamine 2HCl (NNED) inhibitor concentration. Instead, the minor change in the anodic 
polarized branch of the polarization scan curve is shown in Fig 1 and it appears restricted. The appearance of 
the anodic curves in this style indicates the deposition of the impurities and the products of thecorrosion 
process on the surface electrode and the formation of a film which has non-passive characteristics [51]. At first 
glance, these results show that the adsorption of2-(1-Naphthylamino) ethylamine 2HCl (NNED)molecules 
occurs on the surface of the MS electrode at the site active of the cathodic areas and hence the inhibition of 
corrosion process takes place. Similarly, it is evidenced from data in Table 1 that the values for the degree of 
coverage degree and the efficiency of inhibition corrosion are increased with increasing 2-(1-Naphthylamino) 
ethylamine 2HCl (NNED)concentration at a particular temperature. This indicates that the molecules of 2-(1-
Naphthylamino) ethylamine 2HCl (NNED) inhibitor adsorb on MS surface electrode. It appears (Fig.1) that the 
nature of the potentiodynamic scan curves remains similar with and without 2-(1-Naphthylamino) ethylamine 
2HCl (NNED)with a shift in the corrosion current density towards the lower values and hence the mechanism 
for the retardation of corrosion remains the same mechanism in the aggressive acidic medium.  
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Table (1):  Electrochemical parameters at various concentrations of 2-(1-Naphthylamino) ethylamine 2HCl 
(NNED) inhibitor and different temperatures in the presence of carbon dioxide in 1 molar of HCl solution. 

 

Temperature 
(K) 

 

icorr. 
A/cm² 

- Ecorr 
mV 

mV/decade  
mV/decade 

Corrosion 
Rate 

(mpy) 
    

Blank 1 M HCl 

303.15 333 563.0 62.40 98.40 152.3 4.42 2.80 - - 

308.15 435 543.0 62.10 95.90 199.5 4.52 2.92 - - 

313.15 646 539.0 70.90 99.90 295.8 4.02 2.85 - - 

318.15 816 535.0 80.90 105.5 373.9 3.41 2.62 - - 

1.15 mM 

303.15 117 584.0 101.1 131.4 53.41 2.73 2.10 0.648 64.8 

308.15 131 584.0 130.1 123.9 59.81 2.16 2.26 0.698 69.8 

313.15 144 586.0 149.3 119.0 66.14 1.91 2.40 0.777 77.7 

318.15 175 588.0 168.8 115.3 80.10 1.63 2.39 0.785 78.5 

1.7 mM 

303.15 86.7 596.0 126.0 123.8 39.71 2.19 2.23 0.739 73.9 

308.15 115 595.0 172.0 130.1 52.64 1.63 2.16 0.735 73.5 

313.15 146 596.0 187.1 130.8 66.70 1.52 2.18 0.773 77.3 

318.15 169 595.0 188.2 124.0 77.42 1.47 2.23 0.792 79.2 

2.3 mM 

303.15 86.4 606.0 128.1 165.0 39.60 2.15 1.67 0.740 74.0 

308.15 100 610.0 143.5 138.2 45.80 1.95 2.03 0.770 77.0 

313.15 128 604.0 158.6 140.7 58.50 1.80 2.03 0.801 80.1 

318.15 161 601.0 172.1 142.8 73.80 1.60 1.93 0.802 80.2 

2.8 mM 

303.15 97.6 591.0 111.2 173.5 44.71 2.48 1.59 0.706 70.6 

308.15 99.3 591.0 132.0 134.1 48.10 2.12 2.09 0.778 77.8 

313.15 116 594.0 154.2 135.7 53.30 1.85 2.10 0.820 82.0 

318.15 131 594.0 166.5 128.8 60.02 1.66 2.14 0.839 83.9 

 
These results along with the values of the "Tafel slopes for both the cathodic and anodic reactions", 

and the corresponding transfer coefficients ( ) and (  values, are offered in Table 1. These information 
illustration the Tafel slopes and transfer coefficients values depart from the 0.120 V decade

-1
 (120 m V decade

-

1
)and 0.5 [52–54] indicating that the nature of "rate determining step" varies from a charge transfer process to 

electrochemical desorption [55–58]. The corrosion potential values are somewhat changed in the presence of 
2-(1-Naphthylamino) ethylamine 2HCl (NNED), indicating that it acts as "mixed-type inhibitor" by affecting 
both the "cathodic and anodic reactions" on the surface of the MS electrode [59]. It is noted that the corrosion 
potential values did not exceed ± 85 mV/SCE [60] which is consistent with its classification as a "mixed–type". 
Thus, the maximum offsets of  Ecorr. values in present work were 31 mV/SCE at 303.15 K and more than 55 mV/ 
SCE at 318.15 K. However, the  minor drift of corrosion potential values towards the negative direction 
following the addition of 2-(1-Naphthylamino) ethylamine 2HCl (NNED) inhibitor into the aggressive media 
signifies that cathodic control on the overall reaction is predominant.  
 
Kinetic and thermodynamic considerations 
 

The kinetic and thermodynamic parameters are played a big role of understanding how  the corrosion 
inhibitors are working. So, a study was made of the effect of temperature on corrosion inhibition by 2-(1-
Naphthylamino) ethylamine 2HCl (NNED) inhibitor for MS electrode in the 1M HCl solution with carbon dioxide 
from 303.15 K to 318.15 K. The activation energy ( ) energy for the dissolution of MS electrode in an 
aggressive HCl solution was estimated by calculating the corrosion rate values ( ) shown in Table 1.  
The latter can be determined by the Arrhenius equation [61–63] as expressed in the following. 

 

………. ( 4 ) 
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Where A is the "pre –exponential parameter" and the other symbols in equation (4) are mentioned 

earlier in the present paper. The kinetic values are collected in Table (2) and Fig.2 and represent the 
logarithmic relationship between the corrosion rate and the inverse of the "absolute temperature (Kelvin

-1
)" in 

the absence and the presence of  2-(1-Naphthylamino) ethylamine 2HCl (NNED). It is  manifest from the 
results, the values of ( ) are lower in the uninhibited solution from the blank solution, which demonstrates 
that the adsorption process has occurred [64] and is consistent with a reduction in the energy barrier for the 
formation of ferrous ions. The latter interact with the 2-(1-Naphthylamino) ethylamine 2HCl (NNED)and hence 
form the "protective layer" on the MS surface as stated in previous documents [3,65,66]. Table (1) displays 
that the η% increases with an increase in the temperature range. This behaviour follows the "second type of 
Radovici classification"[66,67] for the relationship between the  percentage as a function of temperature. 
 
Table 2: Kinetic and thermodynamic values of MS specimen in 1 molar of HCl ( saturated with CO2) at various 

concentrations of 2-(1-Naphthylamino) ethylamine 2HCl (NNED) inhibitor and different temperatures. 
 

Kinetic parameters 

Conc.  inh. (mM)  
(kJ/mol) 

A  
(mg/cm

2
) 

r
2
 

Blank 49.5463   1.08 ×10
11 

0.995 

1.15 35.9872 7.90×10
9
 0.986 

1.70 33.8316 9.30 ×10
7
 0.992 

2.30 21.0723 2.81 ×10
5
 0.992 

2.80 15.7910 621.74  0.993 

Thermodynamic parameters  

Temperature  
(K) 

slope  
M

-1
 

 
kJ/mol 

r
2
 

303.15 1.325 3351.85 30.5870 0.992 

308.15 1.175 5566.03 32.3911 0.999 

313.15 1.166 5841.88 33.0426 0.999 

318.15 1.143 6631.43 33.9056 0.998 

 

 
 

Fig (2): "Arrhenius plots" of  "log (corr. rate) (mpy) versus 1/T  (K
-1

)" at various concentrations of 2-(1-
Naphthylamino) ethylamine 2HCl (NNED)inhibitor in the presence of carbon dioxide. 
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This behaviour has been explained by some authors [68,69] of whom perhaps the most important was 

Ivanov [70,71] who showed that the increase in the with temperature follows the change in nature of 
adsorption process type. This means that at low temperature the inhibitor molecules begin the physical 
adsorption process whereas, the chemical adsorption is favoured when temperature increases causing the 
enhancement reported by other authors [69,72]. Considering the Arrhenius equation (Eq. 4 ), it is found the 
other parameters may be introduced as evidence with understanding of the activation energy value. For 
instance, the pre – exponential factor is a parameter whose scale indicates the "number of active sites" on the 
MS surface electrode in a heterogeneous reaction [73,74]. This is illustrated in Table (2), where the A values 
are decreased to below 650 (mg/cm

2
) in an inhibited solution, following the addition of the 2-(1-

Naphthylamino) ethylamine 2HCl (NNED) inhibitor. It is suggested that this is due to the active sites of lower 
activation energy value becoming blocked, leaving the remaining sites uncovered on the surface of the 
electrode, which may be occupied through the corrosion process. This observation was confirmed via the 
existence of a linear relationship between the ( ) and the values [75] with high correlation factor, 0.999 
(Fig.3) This indicates the "compensation effect" that describe the kinetics of heterogeneous reactions on the 
metal’s surface [12,75,76].  

 

 
 

Fig (3): linear relationship between the ( ) and the values. 
 

Finally, The capability of 2-(1-Naphthylamino) ethylamine 2HCl (NNED) compound when used as an 
inhibitor demonstrates good efficiency under the study conditions at high temperature. This was investigated 
through measurements of the polarization resistance (Rp) and the corrosion rate at 318.15 K at different time 
intervals at various concentrations of 2-(1-Naphthylamino) ethylamine 2HCl (NNED)inhibitor by the Rp-EC 
trend technique (see experimental section). Clearly that the average value of Rp increases with increasing 2-(1-
Naphthylamino) ethylamine 2HCl (NNED)inhibitor concentration throughout the selected time as is shown in 
Fig. 4. Furthermore, the corrosion rate declined and Rp increased with time at a particular temperature (Fig 4) 
in the inhibited solution that supports adsorb of the inhibitor molecule in chemisorption process. 
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Fig (4): The relationship between the Rp (Ohm) and the time (sec.) for MS electrode at high temperature. 
 

 
Fig (4): The relationship between the "corrosion rate (mpy) and the time (sec.)" for MS electrode at high 

temperature. 
 

To gain a grasp of the nature of the interaction between 2-(1-Naphthylamino) ethylamine 2HCl 
(NNED)and MS surface, the commonly utilized isotherm models are those of "Langmuir, Temkin, Flory-
Huggins, Bockris-Swinkel, and Frumkin"[66,77,78]. Consequently, the direct relationship between the surface 
coverage values which are displayed in Table 1  with the various concentrations at fixed temperature was 
verified graphically via a plot these data to find a suitable isotherm model by the least squares method with a 
high significant correlation value (r

2
). Thus, the best linear plot was obtained with high (r

2
) value for the 

present experimental results with the Langmuir equation (5). So, the Langmuir parameters are collected in 
Table (2) and graphically in Fig. 5 .    

 

 …………. (5) 

 
The symbols and refer to the concentration of 2-(1-Naphthylamino) ethylamine 2HCl 

(NNED) inhibitor in 1molar of hydrochloric acid in carbon dioxide at specific temperatures and the equilibrium 
constant which relates with the adsorption-desorption processes, respectively. It is noticeable from the data in 
Table 2 that the equilibrium constant values increase with a rise in temperature because of the greater 

number of interactions between the "electrical double layer" and the 2-(1-Naphthylamino) ethylamine 2HCl 
(NNED)molecules at the interface boundary (surface electrode/solution). This leads, in turn, to better 
corrosion inhibition and an enhancement in the number of 2-(1-Naphthylamino) ethylamine 2HCl 
(NNED)molecules participating in chemical adsorption on the MS surface and with an increase in temperature 
will reinforce the process of adsorption [79]. Clearly, the values of slopes deviate from unity as is shown in 
Table 2, due to the interaction of the adsorbed 2-(1-Naphthylamino) ethylamine 2HCl (NNED)molecules 
between  those on the heterogeneous MS surface [80]in addition to the changes in a heat associated with the 
adsorption process which occurs with the increase in the  value[81–83]. Furthermore, importantly estimation 
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the "Gibbs free energy" for adsorption of the 2-(1-Naphthylamino) ethylamine 2HCl (NNED)by using the 
following equation (6)[79]. 

 
 ……..  (6) 

 
Where, "  is the Gibbs free energy of adsorption" for the inhibitor molecules and "the value 

of    refers to the concentration of water in mol L
-1"

". The negative sign obtained for all values of "Gibbs 
free energy" implies the spontaneity for the adsorption process of inhibitor as well as enhancing the stability 
of a film layer on the MS surface. The values decrease as the temperature increases and this 

behaviour indicates that the adsorption of 2-(1-Naphthylamino) ethylamine 2HCl (NNED)inhibitor on mild steel 
is an endothermic process [84,85]. Besides, the values of around -32 kJ mol

-1 
(Table 2) support the adsorption 

of 2-(1-Naphthylamino) ethylamine 2HCl (NNED)molecules on MS surface via both types of adsorption process 
models through the electrostatic interactions of  electrons in "naphthalene aromatic rings" and the charge 
transfer process of N atoms. Furthermore, the adsorption of 2-(1-Naphthylamino) ethylamine 2HCl (NNED) 
inhibitor on the MS surface in 1 molar of HCl of hydrochloric acid saturated carbon dioxide is reinforced by the 
SEM-EDX measurements and AM1 parameterization along with presenting the mechanism of corrosion 
inhibition.  

 

 
 

Fig (5): "Langmuir adsorption isotherm" of the 2-(1-Naphthylamino) ethylamine 2HCl (NNED) inhibitor. 
 
SEM and EDX analysis characterization 
 

The morphologies of the surfaces of MS surface specimens were inspected using the scanning 
electron microscope technique supported with EDX analysis and confirms the efficiency the 2-(1-
Naphthylamino) ethylamine 2HCl (NNED), so the SEM-EDX images for the uninhibited solution (one molar of 
hydrochloric acid solution) saturate with carbon dioxide and with 2.8 mM from the N-(1-
naphthyl)ethylenediamine dihydrochloride inhibitor in 303.15 K are depicted in Fig. (6a,d), respectively. Clearly 
from the Fig. 6a, the surface is extremely damaged and has the appearance of cavities and deep pits (because 
of the action of the chloride and carbonate ions) without the of 2-(1-Naphthylamino) ethylamine 2HCl 
(NNED)inhibitor. It is obviously noticeable that the corrosion process products in the  existence of carbon 
dioxide cover the whole MS surface and appear to be lighter coloured in addition to the appearance of the 
lines from the polishing treatment before the immersion process. However, in the presence of2-(1-
Naphthylamino) ethylamine 2HCl (NNED)(Fig. 6b), the surface of the mild steel seems less damaged and not 
affected by the aggressive solution and clearly even the polishing lines have disappeared (along with the 
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defects such as pits, gullies and cracks) consequently of the formation of a "protective layer" on MS surface.  
This becomes an insulation layer which appears as a bold colour of showing the inhibitor molecules repelling 
the attacked of the hydrochloric acidic solution that deforms the metal surface via chloride ions. So, the 
corrosion rate is reduced to minimum levels and leads to a smooth electrode surface morphology and a 
reduction in the iron band according to EDX analysis (Fig. 6b). It can be concluded that the film layer is very 
fine with strong adhesion formed between the 2-(1-Naphthylamino) ethylamine 2HCl (NNED) inhibitor film and 
MS electrode. 
 

 

 
 

Fig 6 (a) : SEM image and EDX analysis of MS morphology without2-(1-Naphthylamino) ethylamine 2HCl 
(NNED) inhibitor and (b) : SEM image and EDX analysis of MS surface morphology in the presence of 2.8 mM   

2-(1-Naphthylamino) ethylamine 2HCl (NNED) inhibitor. 
 

AM1 calculations 
 

It is recognized today that the quantum chemical calculations are potentially powerful new tools to 
design and develop new corrosion inhibitors based on the best  geometrical structure for the corrosion 
inhibitor, as well as using computational methods[86–90] to enhance and reinforce the experimental methods 
used inspect the degree to which they react with metal surfaces via acceptor–donor interactions. So, the 
theory of frontier orbital is valuable for predicting the active sites in the "adsorption process" to adsorb the2-
(1-Naphthylamino) ethylamine 2HCl (NNED) molecules on the MS surface and responsible for the interactions 
taking place between them. [91]. The electronic parameters were estimated by performing the AM1 semi-
empirical method to achieve an optimized structure of 2-(1-Naphthylamino) ethylamine 2HCl (NNED)with the 
lowest energy. For this structure, "the highest occupied molecular orbital ( ) , lowest unoccupied 
molecular orbital ( )" (Fig 7), and Mulliken atomic charges were calculated when considering the 
influence of water on the whole corrosion reaction, particularly its subsequent displacement from the 
electrode’s surface when the ions have achieved more hydration as chloride ions. Moreover, this method 
enables a study a large number of cases that could occur to achieve corrosion inhibition by looking about the 
possible structures that are believed to participate and retard the corrosion rate (leading to a better 
understanding of the mechanism of inhibition). 
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Fig (7):  HOMO and LUMO for the (NDD),( HN-NHD),( N-HD), and( HN-ND)structures. 
 

Table 3 shows the electronic properties that carried out in AM1 method for the 2-(1-Naphthylamino) 
ethylamine 2HCl (NNED) molecular structure with other structures (NDD, HN-NHD, N-HD, and HN-ND) that 
includes protonation of the nitrogen atom/atoms along with neglecting the effects of the hydrochloride 
molecules to achieve acceptable convergence for the optimized geometric structure. Furthermore, it is useful 
to calculate the "energy gap ( ) "and the values of the" fraction of transferred electrons (ΔN)"[91–95] that 
correlate with the effectiveness of corrosion inhibitor. Table 3 shows that the values of ( for the two 
nitrogen atoms and the protonated middle nitrogen atom of the inhibitor structures are higher, indicating the 
structures have  a tendency towards donating the electrons for a given acceptor molecule. The unoccupied d-
orbital iron and associated expectation that the corrosion inhibition will be higher [96], corresponds to a 
reduction in the ( ) values for accepting the electron density from the metal orbitals. Thus, The lowering 
in important parameters such as ( ) and (ΔN) reveal to improve in the . Thus, in the present study the 
two, protonated nitrogen atoms in the inhibitor structure which display lower values, indicate that it sorbs 
more easily on MS surface than when it carried a negative charge. Additionally, the ability of the 2-(1-
Naphthylamino) ethylamine 2HCl (NNED)to be adsorb on the mild steel is also associated with the nature of 
the charges on the nitrogen atoms. When the atoms display the highest partial atomic charge then it becomes 
easiest to donate its electron to the empty d-orbital [97]. So, Table 3 depicts the nitrogen atoms in other 
possible structures that have higher Mulliken atomic charges, which are also able to participate in the 
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formation of a bond [98] by donating the electronic ion pair, a condition that is not inconsistent with the ( ) 
and (ΔN) values. 
 

Table (3): Quantum chemical parameters for the NND,HN-NHD,N-NHD and HN-ND possible structures of 
corrosion inhibitor. 

 

Electronic properties   

NND 
Structure  

 
point group  

( C1)  
 

HN-NHD 
Structure  

 
point group  

( C1) 
 

N-NHD 
Structure  

 
point group 

 ( C1)  
 

 
HN-ND 

Structure  
 

point group 
 ( C1)  

 
 

HOMO (eV) -8.530 -9.368 -9.335 -8.552 

LUMO (eV) -0.599 -1.079 -1.039 -0.61 

Mulliken atomic charge 1N -0.420 -0.204 -0.204 -0.445 

Mulliken atomic charge 2N -0.535 -0.300 -0.533 -0.299 

ΔE (eV) 
 

7.931 
 

 
8.289 

 

 
8.296 

 

 
7.942 

 

ΔN 0.307086 0.21432 0.218539 0.304583 

 
Mechanism of inhibition of the (NDDE) inhibitor: 
 

To expound the inhibiting action of 2-(1-Naphthylamino) ethylamine 2HCl (NNED)in one molar of HCl 
saturated with carbon dioxide, one must note the main reactions that occur on MS electrode, this means that 
complicated electrochemical reactions participate together depending on the temperature, pressure and the 
acidity of the medium. In general, carbon dioxide is not aggressive and the corrosion takes place through 
carbonic acid (a weak acid) as shown in equations (7)and (8) [99]. Thus, the corrosion process is characterized 
in the presence of CO2 by pitting – a type of corrosion due to the generation of negatively-charged ions such as 
carbonate, oxide, and hydroxide which damage the surface of MS sample along with the effectiveness of 
chloride ions (hydrochloric acid solution) and source of the hydrogen ions. This is in contrast with reports in 
other publications, which specify that the corrosion reaction mainly occurs in the corrosion cell involve the 
reaction of the iron metal with hydrogen ions to evolve hydrogen gas and liberate the free iron ions according 
to equation (9)[99–101] in highly aggressive, acidic media with pH of less than 4.              

 

 

 

 
 

So, the main cathodic reaction comes from the reduction of the hydrogen ions to form the hydrogen 
ions (equation 10 ) besides the possible cathodic reactions as shown in equations (10 and 11 a,b and c )[102].  
This may be happen considering all possibilities of cathodic reactions that generate negative ions whereas, the 
anodic reaction occurs in a one-step (equation 12) [103] 
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The above equations indicate that anions (e.g. commonly chloride ions in corrosive solutions) confer a 
negative charge to the surface of MS electrode (initially, the MS has a positive charge in acidic media 
[4,85,104]) at the electrical double layer which facilitates the adsorption of the protonated of 2-(1-
Naphthylamino) ethylamine 2HCl (NNED) inhibitor molecules by the "electrostatic interaction (physical 
adsorption)". The 2-(1-Naphthylamino) ethylamine 2HCl (NNED) inhibitor may undergo adsorption on MS 
electrode via the electron pairs on the nitrogen atoms in addition to by the " -electrons of the aromatic rings" 
of the naphthalene. The adsorption process takes places through the interactions between the HOMO of the 
2-(1-Naphthylamino) ethylamine 2HCl (NNED) the electron donor (Lewis acid) and the "vacant d-orbitals" of 
MS (iron metal), which acts as a "Lewis base" for accepting electron density in the LUMO  to achieve the 
formation of a bond.  The latter interaction with filled s-orbital, which is attributable to the elemental iron 
element. These interpretations are supported by both the experimental results and theoretical calculations, 
and are consistent with previous reports [105–106] 
 

CONCLUSIONS 
 

The experimental data and quantum chemical calculations have been summarized and the following  
salient points can be stated: 

 
1- The results revealed that 2-(1-Naphthylamino) ethylamine 2HCl (NNED) acts as a excellent inhibitor 

and is effective for the inhibition of corrosion in a 1 molar of HCl acidic solution in the presence 
carbon dioxide over the temperature range (303.15-318.15)K.  

2- The information contained in the potentiodynamic polarization curves confirmed the behaviour of the 
NDDE inhibitor as mixed-type with the cathodic reaction predominant. 

3- The temperature influence on the inhibitory action was examined at various temperatures so as to 
estimate the both parameters kinetic and thermodynamic, such as the "energy activation "and the 
"Gibbs’ free energy" values in addition to the adsorption equilibrium constant (the latter refers to the 
inhibition validity under the present conditions). 

4- The data obtained from SEM-EDX analysis demonstrate that the adsorption of  NDDE occurs on MS 
surface and results in an improvement in the surface morphology. This yields sufficient protection by 
forming a "protective film" on MS surface.  

5- Electronic properties indicators support the experimental results and suggest that the NDDE inhibitor 
undergoes protonation. Furthermore, the mechanism of corrosion inhibition has been established 
and is explained on the basis of the electrostatic interactions and acceptor-donor reactions taking 
place between inhibitor and the mild steel surface.                 
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