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Abstract 

4-(naphthalen-1-yl) thiazol-2-amine (NTA) was synthesized and its corrosion inhibition ability on 

the copper was investigated. The inhibition efficiencies were evaluated by electrochemical 

impedance spectroscopy (EIS), potentiodynamic polarization, scanning electron microscopy (SEM), 

and atomic force microscopy (AFM).The experiments were performed in various concentrations of 

NTA in 1 M HCl solution. Computational studies (molecular dynamics (MD) simulation and 

density functional theory (DFT)) were also executed. The corrosion inhibition efficiency of this 

compound at optimum concentration was about 90%, demonstrating that NTA is an effective 

corrosion inhibitor. The adsorption of inhibitor obeyed the Langmuir adsorption model.  
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Introduction 

Copper and its alloys are extensively used in different industries such as electronic industries, 

marine industries, heat exchangers, power stations, and cooling towers 

systems constructed from copper are usually exposed toaggressive medium containing nitrate, 

chlorideor sulfate [3,4], the protection of copper against corrosion attracted considerable 

attention[5]. 

Among the corrosion protection methods, the use of inhibitors is an

method. It was revealed that organic compounds containing

heterocycles were commonly used to inhibit corrosion 

triazoles, imidazoles, and thiazoles applied as effective corrosion inhibitors 

aromatic heterocyclic compounds which have shown pharmacological properties 

Moreover, thiazoles are susceptible

some thiazoles were well exhibited corrosion inhibition

thiazoles as copper corrosion inhibitors attracted attentions

electron-donating groups on aromatic ring cause more efficiency than electron

[22]. Moreover, the polar group, the

the corrosion inhibition ability [23]

inhibition on the copper in HCl has been examined in no study yet.In th

synthesized, and its corrosion inhibition on the copper in 1 M HCl wasempirically examined

using electrochemical techniques and surface analysis tests.

Figure 1. Chemical structure of 4

 

Experimental 

Materials  

1-Acetylnaphthalene, thiourea, and diiodine were obtained from Sigma

(naphthalen-1-yl)thiazol-2-amine was synthesized
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Copper and its alloys are extensively used in different industries such as electronic industries, 

marine industries, heat exchangers, power stations, and cooling towers [1,2]

systems constructed from copper are usually exposed toaggressive medium containing nitrate, 

, the protection of copper against corrosion attracted considerable 

Among the corrosion protection methods, the use of inhibitors is an essential

method. It was revealed that organic compounds containing polar groups, heteroatoms, and 

heterocycles were commonly used to inhibit corrosion [5–7]. Azole organic compounds such as 

triazoles, imidazoles, and thiazoles applied as effective corrosion inhibitors 

pounds which have shown pharmacological properties 

Moreover, thiazoles are susceptible for application as the corrosion inhibitor. Studies showed that 

some thiazoles were well exhibited corrosion inhibition on the metals [16–20]

thiazoles as copper corrosion inhibitors attracted attentions[6,21–25].Investigations showed that 

donating groups on aromatic ring cause more efficiency than electron

polar group, the situation of the group, and conjugated system are effectual in 

[23].To the best of our knowledge, the NTA

inhibition on the copper in HCl has been examined in no study yet.In this report, the 

synthesized, and its corrosion inhibition on the copper in 1 M HCl wasempirically examined

using electrochemical techniques and surface analysis tests. 

 

Chemical structure of 4-(naphthalen-1-yl) thiazol-2-amine (NTA)

Acetylnaphthalene, thiourea, and diiodine were obtained from Sigma-Aldrich Co., Germany.

amine was synthesizedbased on our modified procedure 

(2021) 

Copper and its alloys are extensively used in different industries such as electronic industries, 

[1,2]. Since the metallic 

systems constructed from copper are usually exposed toaggressive medium containing nitrate, 

, the protection of copper against corrosion attracted considerable 

essential and conventional 

polar groups, heteroatoms, and 

. Azole organic compounds such as 

triazoles, imidazoles, and thiazoles applied as effective corrosion inhibitors [8–10]. Thiazoles are 

pounds which have shown pharmacological properties [11–15]. 

corrosion inhibitor. Studies showed that 

20]. Notably, using some 

Investigations showed that 

donating groups on aromatic ring cause more efficiency than electron-withdrawing groups 

gated system are effectual in 

NTA (Figure 1) corrosion 

is report, the NTA was 

synthesized, and its corrosion inhibition on the copper in 1 M HCl wasempirically examined by 

amine (NTA). 

Aldrich Co., Germany. 4-

based on our modified procedure [26]. HCl 
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prepared from Merck for providing solutions. The measurements were carried out in stationary 1 M 

HCl, which was a solution with varying

diameter copper rod was coated with epoxy resin and was used as the

Synthesis of diamine monomers 

The mixtures of 2.53 g (10 mmol) of diiodine, 1.53 g (20 mmol) of thiourea, and 1.70 g (10 mmol) 

of1-acetylnaphthalene were stirred and heated to melt at 116 °C for 6 h. After reaction mixture 

becomes solid, the reaction media solved into 200 mL water with heating. The obtained solution 

filtered and neutralized with a basic solution (sodium hydroxide 1 M) to precipitate. The acquired 

precipitate was filtered, washed with water, and recrystallized from H

nitrophenyl) thiazol-2-amine. The synthesis procedure of NTA was shown in Figure 2. The 

characterization of the prepared compound (FTIR and NMR spectra) is available in the

supplementary information. 

Figure 2.

 

Electrochemical studies  

All electrochemical tests were executed at room temperature

PGSTAT 204 (Metrohm Autolab, Netherlands) equipped with Nova 2.1 software. The 

electrochemical cell was a three-

KCl as a reference electrode, and

the potential range of -0.4 to 0 VAg/AgCl

circuit potential (OCP) with 10 mV amplitude in the frequency of 10

 

Surface analysis 

The copper surfaces were first abraded using sandpapers (grades 600, 1000, and 2000), then rinsed 

with deionized water, and finally dried and immersed in 1 M HCl solut
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for providing solutions. The measurements were carried out in stationary 1 M 

HCl, which was a solution with varying concentrations of NTA(0, 0.1, 0.5, 1,and2 mM). The 3

diameter copper rod was coated with epoxy resin and was used as the working electro

mixtures of 2.53 g (10 mmol) of diiodine, 1.53 g (20 mmol) of thiourea, and 1.70 g (10 mmol) 

acetylnaphthalene were stirred and heated to melt at 116 °C for 6 h. After reaction mixture 

edia solved into 200 mL water with heating. The obtained solution 

filtered and neutralized with a basic solution (sodium hydroxide 1 M) to precipitate. The acquired 

precipitate was filtered, washed with water, and recrystallized from H2O/EtOH (1:1) to affo

amine. The synthesis procedure of NTA was shown in Figure 2. The 

prepared compound (FTIR and NMR spectra) is available in the

Figure 2.The synthesis procedure of NTA. 

All electrochemical tests were executed at room temperature by a Potentiostat/Galvanostat model of 

PGSTAT 204 (Metrohm Autolab, Netherlands) equipped with Nova 2.1 software. The 

-electrode system using Pt rod as a counter electrode, Ag|AgCl|3 M 

KCl as a reference electrode, and Cu rod as a working electrode. Tafel diagrams were attained in 

Ag/AgCl with the scan rate of 0.001 V.s-1. EIS tests were done at open 

ential (OCP) with 10 mV amplitude in the frequency of 105 to 10-1 Hz. 

The copper surfaces were first abraded using sandpapers (grades 600, 1000, and 2000), then rinsed 

with deionized water, and finally dried and immersed in 1 M HCl solution in the presence and 

(2021) 

for providing solutions. The measurements were carried out in stationary 1 M 

concentrations of NTA(0, 0.1, 0.5, 1,and2 mM). The 3-mm 

working electrode. 

mixtures of 2.53 g (10 mmol) of diiodine, 1.53 g (20 mmol) of thiourea, and 1.70 g (10 mmol) 

acetylnaphthalene were stirred and heated to melt at 116 °C for 6 h. After reaction mixture 

edia solved into 200 mL water with heating. The obtained solution 

filtered and neutralized with a basic solution (sodium hydroxide 1 M) to precipitate. The acquired 

O/EtOH (1:1) to afford 4-(3-

amine. The synthesis procedure of NTA was shown in Figure 2. The 

prepared compound (FTIR and NMR spectra) is available in the 

 

by a Potentiostat/Galvanostat model of 

PGSTAT 204 (Metrohm Autolab, Netherlands) equipped with Nova 2.1 software. The 

t rod as a counter electrode, Ag|AgCl|3 M 

Tafel diagrams were attained in 

. EIS tests were done at open 

Hz.  

The copper surfaces were first abraded using sandpapers (grades 600, 1000, and 2000), then rinsed 

ion in the presence and 
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absence of NTA for 1 h. Then, the specimens were washed with deionized water and dried in Ar 

stream. Lastly, the micrograph images of sample surfaces were obtained using a scanning electron 

microscope (TESCAN VEGA2, Czech Republic) and an AFM (Nanoscope scanning probe 

microscopes digital instruments /USA). 

 

Computational details 

Geometry optimizations of the NTA were done by DFT method at the B3LYP level with 6-

311++g(d,p) basis set [27–29]. Frequency calculations of optimized structures were executed and 

verified the true minima on the potential energy surface. These calculations were carried out using 

the Gaussian 03 software [30]. Since thiazoles can exist in the protonated form in the acidic 

solution, we also performed calculations on the protonated form of NTA. Moreover, DFT 

calculations were executed to optimize thegeometry of the inhibitor (in non-protonated and 

protonated forms) on copper using D mol3 module of Materials Studio software 6.0 [31]. 

Calculations were performed on the Cu (111). Cu plane was composed of 4 layers, where 2 bottom-

most layers were frozen. Cu (111) was enlarged to a (12 × 12) supercell, and separated by a vacuum 

layer of 20 Å. Calculations were performed using the generalized gradient approximation(GGA), 

following the Perdew-BuekeErnzerhof scheme (PBE), for the exchange-correlation functional and 

the DNP double-numeric basis set. The interactions between the inhibitor molecule and the copper 

surface were simulated using DFT Semi-Core Pseudo-potentials.The interaction energy (Eint) 

between inhibitor and copper surface was obtained by (Eq. 1):  

 

Eint=Etot − (Esur +Einh)(1) 

where Etotand Esur are the total energy of the simulation system with and without the inhibitor, 

respectively, and Einhis the total energy of the inhibitor. MD simulation was carried out using the 

Forcite molecular dynamics module of the Materials Studio 6.0 software. The interaction between 

the copper surface, which was enlarged to a (12 × 12) supercell, and NTA was exerted with the 

periodic boundary conditions in the simulation box. A vacuum slab of 30 Å height was considered 

above copper surface to prevents the effect of periodic image of surface above molecule. The 

condensed phase optimized molecular potentials for atomistic simulation studies (COMPASS) force 

field was employed[32]. Van der Waals, Non-bonding, and electrostatic interactions were set as 

atom-based summations using the Ewald summation method and a cutoff radius of 9.50 Å. Cu 

(111) was composed of 10 layers, where 8 bottom-most layers were frozen. The adsorption system 

contained Cl−, H3O
+ ions, H2O molecules and inhibitor molecule. The MD simulation performed at 

298.0 K using canonical ensemble (NVT) with a time step of 1.0 fs and a simulation time of 1000 
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ps. The geometry of the system was first optimized; then, the simulation was done. The interaction 

energy Eint between NTA and copper surface was computed using the relation given below[33]:  

 

Eint=Etot − (Esur+sol +Einh+sol)+ Esol(2) 

where Etot is the total energy of the simulation system, Esur+sol and Einh+sol are the total energy of the 

simulation system without the inhibitor and total energy of inhibitor and solution, respectively; Esol 

is the total energy of the solution without inhibitor. 

 

Results and discussion 

Tafel polarization studies 

Tafel polarization tests were exerted and some important parameters were extracted from the 

polarization curves such as corrosion current density (jcorr), corrosion potential (Ecorr), cathodic and 

anodic Tafel slopes (βa, βc),and inhibition efficiency (IE%). The IE% was obtained by the following 

formula:  

IE% =
�����	–	�����	(���)

�����
× 100(3) 

 

where, jcorr and jcorr(inh) are corrosion current densities of the system without and with inhibitor, 

respectively. Figure 3 shows Tafel diagrams curves for copper, after soaking in 1 M HCl without 

with different concentrations of the NTA for 10 min. After this 10-min period, the open circuit 

potential (OCP) was stable. The parameters acquired from these plots were exhibited in Table 1. As 

shown in this table, the highest IE% for NTAwas obtained at the inhibitor concentration of 2mM. If 

the shift of corrosion potential in the presence of the inhibitor toward the blank solution is less than 

85 mV, it seems to be a mixed-type inhibitor [34]. If the shift of Ecorr in the presence of the inhibitor 

compared with the blank solution is higher than 85 mV; the inhibitor can beclassified as cathodic or 

anodic type. In the present study, the shift in Ecorr values was less than 85 mV, the NTA is a mixed-

type inhibitor [35].According to Figure3, in thepresence of NTA, however, significantly affected 

the cathodic reaction. 



S.M. Mousavi-Khoshdel

 

 

Figure 3.Tafel curves obtained for copper in 1 M HCl solutions without and with various NTA
10-min soaking time 
 

Table 1. Corrosion parameters calculated by polarization
concentrations. 

Cinh 

(mM)  

βa 

(Vdec-

1)  

- 0.090 

0.1 0.073 

0.5 0.058 

1 0.119 

2 0.532 

 

 

Electrochemical impedance spectroscopy (EIS)

The impedance spectra (Figure5) were fitted with the equivalent circuits in Figure 4, 

Ware Warburg element, constant phase element (CPE) of film or layer of oxide, and CPE of the 

double layer, respectively. Rs, R1

film or the oxide layer, and charge transfer resistance

employed to fit the EIS plots for the copper

blank, respectively.  

Figure 4.The electrical equivalent circuit was employed for the (a) copper exposure to 1 M HCl solution containing 
inhibitor and (b) copper exposure to blank
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Tafel curves obtained for copper in 1 M HCl solutions without and with various NTA

. Corrosion parameters calculated by polarization curves for copper in 1 M HCl at various NTAinhibitor 

βc (V 

dec-1)  

Ecorr (V)  icorr (µA)  jcorr(µA 

cm-²)  

IE%

0.174 -0.183 14.54 207.71 - 

0.056 -0.203 3.96 56.57 72.76

0.054 -0.214 2.49 35.57 83.00

0.096 -0.217 2.46 35.14 83.08

0.089 -0.186 2.02 28.86 86.11

Electrochemical impedance spectroscopy (EIS) 

The impedance spectra (Figure5) were fitted with the equivalent circuits in Figure 4, 

are Warburg element, constant phase element (CPE) of film or layer of oxide, and CPE of the 

1, and R2 are the solution resistance, the resistance of the inhibitor 

charge transfer resistance, respectively [36]. Circuits (a) and (b) were

employed to fit the EIS plots for the copper in 1 M HCl solutions with NTA and copper in the 

he electrical equivalent circuit was employed for the (a) copper exposure to 1 M HCl solution containing 
inhibitor and (b) copper exposure to blank. 

(2021) 

Tafel curves obtained for copper in 1 M HCl solutions without and with various NTA concentrations after a 

curves for copper in 1 M HCl at various NTAinhibitor 

IE%Tafel 

72.76 

83.00 

83.08 

86.11 

The impedance spectra (Figure5) were fitted with the equivalent circuits in Figure 4, Q1, Q2, and 

are Warburg element, constant phase element (CPE) of film or layer of oxide, and CPE of the 

the solution resistance, the resistance of the inhibitor 

Circuits (a) and (b) were 

with NTA and copper in the 

 

he electrical equivalent circuit was employed for the (a) copper exposure to 1 M HCl solution containing 
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Figure5. Nyquist plots recorded for copper in 1 M HCl solution without and with various 
min soaking time. 

 

Nyquist plots (Figure5) display two incomplete semicircles;(1): a small incomplete loop contributes 

to the oxide layer or film resistance formed on the surface (

charge transfer resistance (R2). From Figure 5, one can observe that in all investigated 

concentrations, R1 and R2 of NTA 

ideal due to the inhibitor adsorption and surface roughness 

used instead of capacitors. The corrosion products diffusion into the bulk solution or corrosive 

agents diffusion to thecopper surface causes the Warburg impedance

impedance was removed and the radius of the loops was increased significantly by addition of the 

inhibitors to the blank solution, indicating  that the inhibitors form a protective layer on the copper 

surface and inhibit the diffusion of corrosion pro

the copper electrode surface [40

demonstrated in Table 2, where the IE% was calculated by 

��% =
��

where Rp(inh) and Rp are the polarization resistances in the inhibited and uninhibited system, 

respectively and Rp is equivalent to 

5)[44]:  

Cdl = Y0(2π fmax)
n-1                                          

where, Y0 and fmax are the CPE magnitude and frequency at which the imaginary component of the 

impedance reaches the maximum value, respectively. In this equation, 

� = �/(�	/2), and α is the phase angle 
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Nyquist plots recorded for copper in 1 M HCl solution without and with various NTA

Nyquist plots (Figure5) display two incomplete semicircles;(1): a small incomplete loop contributes 

to the oxide layer or film resistance formed on the surface (R1) and (2):a large loop associatedwith 

). From Figure 5, one can observe that in all investigated 

of NTA are more than those of blank. The capacitor behavior can benon

ideal due to the inhibitor adsorption and surface roughness [37].Considering this effect, 

The corrosion products diffusion into the bulk solution or corrosive 

agents diffusion to thecopper surface causes the Warburg impedance [38,39]

impedance was removed and the radius of the loops was increased significantly by addition of the 

inhibitors to the blank solution, indicating  that the inhibitors form a protective layer on the copper 

surface and inhibit the diffusion of corrosion products to the bulk solution or the diffusion of Cl

[40–42]. The electrochemical parameters obtained from EIS test are 

where the IE% was calculated by (Eq. 4)[43]: 

�(���)	–	��

��(���)
× 100                                         (4) 

are the polarization resistances in the inhibited and uninhibited system, 

is equivalent to R1 + R2.Double layer capacitance (Cdl

                                          (5) 

are the CPE magnitude and frequency at which the imaginary component of the 

impedance reaches the maximum value, respectively. In this equation, n is an adjustable factor, 

, and α is the phase angle [45]. 

(2021) 

NTA concentrations after 10-

Nyquist plots (Figure5) display two incomplete semicircles;(1): a small incomplete loop contributes 

) and (2):a large loop associatedwith 

). From Figure 5, one can observe that in all investigated 

more than those of blank. The capacitor behavior can benon-

.Considering this effect, Q1 and Q2 

The corrosion products diffusion into the bulk solution or corrosive 

[38,39]. The Warburg 

impedance was removed and the radius of the loops was increased significantly by addition of the 

inhibitors to the blank solution, indicating  that the inhibitors form a protective layer on the copper 

ducts to the bulk solution or the diffusion of Cl− to 

. The electrochemical parameters obtained from EIS test are 

 

are the polarization resistances in the inhibited and uninhibited system, 

dl) was given by (Eq. 

are the CPE magnitude and frequency at which the imaginary component of the 

is an adjustable factor, 
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According to Table2, in all of the most cases, 

comparison with the blank. The decrease of 

increase of the double layer thickness 

in NTA inhibitor was obtained at 1 mM.

 

Table 2. Electrochemical parameters acquired from EIS test in the different concentrations of the NTA in 1 M HCl aft

10min soaking time. 

Cinh(mM) Rs (Ω cm2)               Q1 

 Y01(Ω
−1cm-2sn)  

- 0.50 0.006 

0.1 0.27 0.007 

0.5 0.26 0.002 

1 0.27 0.002 

2 0.25 0.005 

 

In Figure6, the phase graph shows two maximums for two time constants of two occurring 

processes on the surface [46]. The first time constant (

inhibitor, whereas the second time constant (

phase angle moved to more negative values in the

representing more adsorbed inhibitors on the surface

layer on the surface toward capacitor behavior 

showed an increase in the values of absolute impedance at low frequencies compared with blank 

solution, indicating the higher protection.

Figure 6.Bode and phase angle plots for copper in 1 M HCl solution in the absence and
concentrations. 
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According to Table2, in all of the most cases, Q1and Q2 are declined in the presence of the NTAin 

comparison with the blank. The decrease of Q is due to a decrease in local dielectric constant or the 

thickness [44]. Results of EIS test showed that the maximum efficiency 

inhibitor was obtained at 1 mM. 

Electrochemical parameters acquired from EIS test in the different concentrations of the NTA in 1 M HCl aft

 R1(Ωcm2) Q2 

n1  Y02 (Ω
−1cm-2 sn)  n2 

0.62 0.71 0.019 0.58 

0.52 3.06 0.019 0.57 

0.61 6.06 0.005 0.66 

0.61 4.63 0.010 0.56 

0.52 9.24 0.003 0.70 

In Figure6, the phase graph shows two maximums for two time constants of two occurring 

The first time constant (Q1R1) is related to the film of adsorbed 

inhibitor, whereas the second time constant (Q2R2) is associated with the double layer 

phase angle moved to more negative values in the presence of NTA compared with the blank, 

representing more adsorbed inhibitors on the surface and increasing the formation of the

layer on the surface toward capacitor behavior [48]. Bod plots in all of the inhibitor concentrations 

showed an increase in the values of absolute impedance at low frequencies compared with blank 

solution, indicating the higher protection. 

 

Bode and phase angle plots for copper in 1 M HCl solution in the absence and 

(2021) 

are declined in the presence of the NTAin 

is due to a decrease in local dielectric constant or the 

. Results of EIS test showed that the maximum efficiency 

Electrochemical parameters acquired from EIS test in the different concentrations of the NTA in 1 M HCl after 

R2 (Ωcm2) IE% 

10.02 - 

54.29 80.25 

108.29 90.10 

138.46 92.26 

119.70 91.04 

In Figure6, the phase graph shows two maximums for two time constants of two occurring 

) is related to the film of adsorbed 

with the double layer [47]. The 

of NTA compared with the blank, 

and increasing the formation of the double 

the inhibitor concentrations 

showed an increase in the values of absolute impedance at low frequencies compared with blank 

 presence of various NTA 
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AFM observation 

AFM is a powerful tool to study the surface morphology and corrosion processes at the

solution interface [49]. The AFM 3

M HCl/NTA, and Cu in blank solution are shown in Figure7 (a

figure that in the inhibited sample,

sample in 1 M HCl, indicating less corrosion in the

Figure 7. AFM micrographs from the copper surface (a) before and (b) after 1

(c) Cu in the blank. 

SEM analysis 

Figure8(a-c) shows the SEM micrographs of copper before and after 1

in the absence and the presence of optimal inhibitor concentration

(b) the copper surface was uniformly pitted in the absence of 

holes were noticeably decreased when inhibitor was added. 

Khoshdel, et al., J. Appl. Chem. Res., 15, 3, 88-105 (2021)

96 

AFM is a powerful tool to study the surface morphology and corrosion processes at the

The AFM 3-dimensional (3D) micrographs of freshly polished Cu, Cu in 1 

, and Cu in blank solution are shown in Figure7 (a-c), respectively. Observed from this 

inhibited sample, cervices and damages are less than those in the uninhibited 

sample in 1 M HCl, indicating less corrosion in the presence of inhibitor.  

AFM micrographs from the copper surface (a) before and (b) after 1-h soaking time in 1 M HCl+NTA, and 

c) shows the SEM micrographs of copper before and after 1-h soaking time in 1 M HCl 

in the absence and the presence of optimal inhibitor concentration. It can be observed from Figure8 

(b) the copper surface was uniformly pitted in the absence of the inhibitor while the corrosion black 

decreased when inhibitor was added.  

(2021) 

AFM is a powerful tool to study the surface morphology and corrosion processes at the metal-

of freshly polished Cu, Cu in 1 

c), respectively. Observed from this 

s than those in the uninhibited 

 

h soaking time in 1 M HCl+NTA, and 

h soaking time in 1 M HCl 

It can be observed from Figure8 

inhibitor while the corrosion black 
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Figure 8.Images were taken by SEM from
the absence and (c)the presence of NTA

 

Adsorption isotherm 

Commonly, the adsorption of inhibitors can be clarified using adsorption isotherm 

corrosion rate generally decreased as there was an increase in the

(θ) with inhibitor molecules. Θ was given by

 

The results obtained from electrochemical tests were obeyed the Langmuir adsorption isotherm 

(Figure9). The Langmuir adsorption isotherm can be described by using

where, Kads is the equilibrium constant for the adsorption process, 

the concentration of the inhibitor

8)[52]: 
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from the copper surface (a) before and (b) after 1-h soaking time in 1 M HCl in 
NTA. 

Commonly, the adsorption of inhibitors can be clarified using adsorption isotherm 

corrosion rate generally decreased as there was an increase in the degree of metal surface coverage 

was given by(Eq. 6)[51]: 

θ= 10-2 × IE%    (6) 

The results obtained from electrochemical tests were obeyed the Langmuir adsorption isotherm 

(Figure9). The Langmuir adsorption isotherm can be described by using(Eq. 7)

�

�
=

�

����
+ �(7) 

is the equilibrium constant for the adsorption process, θ is the surface coverage, and 

the concentration of the inhibitor in mM.  Free energy of adsorption (∆G0
ads) was calculated by 

(2021) 

 

h soaking time in 1 M HCl in 

Commonly, the adsorption of inhibitors can be clarified using adsorption isotherm [50].The 

degree of metal surface coverage 

The results obtained from electrochemical tests were obeyed the Langmuir adsorption isotherm 

(Eq. 7)[50]:  

is the surface coverage, and Cis 

) was calculated by (Eq. 
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∆G0
ads

where, R is the universal gas constant (8.314 J mol

concentration of water. The value of 

if ∆G0
ads is less negative than -

interactions; if ∆G0
ads was more

through electron transfer from inhibitor molecules to the metal; wh

40 kJ mol-1, both adsorption types could occur 

occurrence of both physical and chemical

forms of NTA in the acid solution are adsorbed on the metal surface. The chemisorption could 

occur through the interaction between π

atoms with the copper surface, while the physisorption might happen through electrostatic 

interaction between the negatively charged surface and positively charged positions of 

molecules. The negative values of 

the copper surface.  

Figure 9. Langmuir adsorption plots of NTA onthe copper in 1 M HCl solution based on EIS and

 

Table 3. Parameters of Langmuir adsorption isotherm for 
and EIS data. 

Inhibitor type Technique

NTA 
Polarization 

EIS 
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ads= −RTln(55.5 Kads)                             (8) 

is the universal gas constant (8.314 J mol-1 K-1), and value of 55.5 is the molar 

The value of ∆G0
ads expresses the nature of the adsorption process such that 

-20 kJ mol-1, the physical adsorption occurs through electrostatic 

more negative than -40 kJ mol-1, the chemical adsorption could occur 

through electron transfer from inhibitor molecules to the metal; when ∆G0
ads was between 

, both adsorption types could occur [53]. The ∆G0
ads values in Table 3indicate the 

occurrence of both physical and chemical adsorptions. In other words, both protonated and neutral 

in the acid solution are adsorbed on the metal surface. The chemisorption could 

raction between π-electrons of aromatic rings or lone-pair electrons of N or S 

copper surface, while the physisorption might happen through electrostatic 

negatively charged surface and positively charged positions of 

molecules. The negative values of ∆G0
ads indicated spontaneous adsorption of 

Langmuir adsorption plots of NTA onthe copper in 1 M HCl solution based on EIS and

ters of Langmuir adsorption isotherm for NTAon the copper surface in 1 M HCl based on polarization 

Technique r2 Kads (M
-1) ∆G0

ads

Polarization  0.999 63200 -37.36

0.999 121233 -38.97

(2021) 

), and value of 55.5 is the molar 

expresses the nature of the adsorption process such that 

, the physical adsorption occurs through electrostatic 

, the chemical adsorption could occur 

was between -20 and -

in Table 3indicate the 

adsorptions. In other words, both protonated and neutral 

in the acid solution are adsorbed on the metal surface. The chemisorption could 

pair electrons of N or S 

copper surface, while the physisorption might happen through electrostatic 

negatively charged surface and positively charged positions of protonated 

indicated spontaneous adsorption of NTA molecules on 

 

Langmuir adsorption plots of NTA onthe copper in 1 M HCl solution based on EIS and polarization data. 

on the copper surface in 1 M HCl based on polarization 

ads(kJ mol-1) 

37.36 

38.97 
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Computational calculations 

Quantum chemical calculations were performed on NTA (non-protonated form) and NTA+ 

(protonated form) in gas and aqueous phases. To consider the preferred site for the accepting 

proton, protonation energies of NTA were calculated. Calculations revealed that the most favorable 

site for protonation wasN position in the ring. Table 4 presents a list of effective quantum chemical 

parameters in the evaluation of corrosion inhibitors. 

 

Table 4. Quantum chemical parameters for NTA and NTAH+in gas (g) and aqueous (aq) phases 

Inhibitor form Phase EHOMO (eV) ELUMO (eV) ∆Eg(eV) η(eV) P (D) ω(eV) 

NTA aq -5.89 -1.64 4.24 2.12 2.46 1.67 

 g -5.74 -1.44 4.30 2.15 1.85 1.50 

NTAH+ aq -6.50 -1.98 4.51 2.25 11.48 1.99 

 g -9.27 -5.37 3.89 1.94 8.31 6.88 

 

The EHOMO (highest occupied molecular orbital energy) value indicates the electron donating ability 

of the inhibitor. Thus, the higher value of EHOMO shows an increasing interaction of the inhibitor 

with metal, while ELUMO (the lowest unoccupied molecular orbital energy) implies the electron-

accepting ability of the inhibitor. As a result, we may argue that the decrease of ELUMO of inhibitor 

is an indication of the increase of electron-accepting ability of the inhibitor from electrons of 3d 

orbitals of the metal. Therefore, the lower value of ΔEg indicates the higher inhibition efficiency of 

the inhibitors. According to Table 4, the calculated value of ELUMO for NTAH+ in both gas and 

aqueous phases is lower than that of NTA, indicating the higher interaction of the NTAH+ with 

metal and its higher inhibition efficiency. Value of ΔEg in gas for the protonated form of inhibitor is 

detected to be lower than the non-protonated form of inhibitor, indicating that protonated form is 

more reactive than the non-protonated form. Moreover, values of ΔEg in thegas phase are lower 

than the aqueous phase. So, we may conclude that the presence of solvent can affect molecular 

properties. 

 

 

Electron affinity (A) and ionization potential (I) of the molecules could be calculated through the 

following equations [54,55]:  

 

A =-ELUMO(9) 

I =-EHOMO   (10) 
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Applying the following equations, we can measure global hardness (η) and chemical potential (μ) 

through I and A[56–58]: 

 

η=
���

�
(11) 

μ = −
���

�
(12) 

 

η is an effective parameter in molecular reactivity and stability. The lower values of global hardness 

are expected to result in the higher ability of the inhibitor for donating the electron to metal and 

better adsorption of inhibitor on the surface of metal. Based on the values of η in Table 4, NTAH+ 

in gas phase has lowest hardness in investigated cases, which indicates the better adsorption of 

NTAH+ in gas phase comparison with NTA. 

Dipole moment (P) is the measure of the polarity of a polar covalent bond, and the total dipole 

moment for a molecule is the vector sum of individual bond dipole moments [59,60].Any increase 

in the value of P can result in further adsorption on the metal [61]. Table 4 reveals that values of the 

P for NTAH+ are higher than NTA. The results suggest that the better adsorption in protonated form 

as compared with non-protonated form. Moreover, values of the P are found to be more in the 

aqueous phase than the gas phase. So, the presence of solvent can increase the deformation of the 

inhibitor. Electrophilicity (ω), the electron-accepting capability of a molecule, can be acquired 

through η and μ by using the following equation [56,62,63]: 

 

ω= 
��

��
(13) 

 

Table 4 shows that in all examined cases, values of ω for NTAH+ are higher than those of NTA, 

indicating that electron-accepting capability of NTAH+ from the metal is higher than that of NTA. 

Figure10 illustrates HOMO and LUMO density distributions on the NTA and NTAH+. According 

to this figure, HOMO in NTA and NTAH+ in gas and aqueous phases is mostly localized on S and 

also distributed on over C=C double bonds of the thiazol ring, and the amine group. Thus, these 

sites are probably for interacting with metal and donating electron.LUMO distribution is mostly 

localized at naphthalene ring. Hence, these sites are detected to be suitable for feedback bonds with 

metal [64]. 
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Figure 10. The frontier molecular orbitals distribution of the NTA and NTAH+ in the gas (g) and the aqueous(aq) 
phases. 
 

Adsorption of NTA and NTAH+ on the copper surface has been investigated by MD simulation and 

quantum calculations. Figures 11 and 12show the final structure of MD simulation and quantum 

calculations, respectively. In the MD simulation, the energy and temperature of the system reached 

to the equilibrium state. As shown in Figure 11, it can be seen that NTA and NTAH+ have parallel 

adsorption mode. The values of Eint between the metal and inhibitor from MD simulation and 

quantum calculations are summarized in Table 5. Results show that NTAH+ has more negative Eint 

value and stronger interactions with the copperin comparison withNTA. This result can be 

attributed tothe electrostatic reaction with metal surface in addition interaction via π electrons of 

rings and lone pair electrons in N with copper. 

Table 5. The obtained interaction energies for NTA and NTAH+ with Cu surface by using quantum calculations and 
MD simulation. 

System              Eint (kJ mol-1) 

 quantum calculations MD simulation 

NTAH+/Cu -99.27 -117.75 

NTA/Cu -97.23 -94.29 
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Figure 11. The Equilibrium adsorption geometries of (a) 
views). 
 

Figure 12. Optimized adsorption geometries of (a) NTA and (b) NTAH
calculations (side and top views). 

 

Conclusions 

1- The copper corrosion inhibition efficiency of NTA at optimum concentration was about 

90%; hence, this compound can

2- In the present study, the maximum shift in 

compared with the blank solution was less than 85 mV, suggesting that the NTA is a mixed

type inhibitor; however, in 

3- The adsorption of the studied NTA

for this compound were between 

and chemical adsorption. 

4- The phase graph shows two maximums, indicating two time constants for two occurring 

processes on the surface. 
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Equilibrium adsorption geometries of (a) NTA and (b) NTAH+ on Cu (111) 

Optimized adsorption geometries of (a) NTA and (b) NTAH+ on Cu (111) surface from quantum 

The copper corrosion inhibition efficiency of NTA at optimum concentration was about 

hence, this compound can be employed as an effective corrosion inhibitor.  

In the present study, the maximum shift in Ecorr value in the presence of the inhibitor 

blank solution was less than 85 mV, suggesting that the NTA is a mixed

type inhibitor; however, in the presence of NTA significantly affected the cathodic reaction.

The adsorption of the studied NTA obeys the Langmuir adsorption isotherm. 

for this compound were between -20 to -40 kJ mol-1, indicating the occurrence of physical 

 

The phase graph shows two maximums, indicating two time constants for two occurring 

 

(2021) 

 

(111) surface (side and top 

 

on Cu (111) surface from quantum 

The copper corrosion inhibition efficiency of NTA at optimum concentration was about 

be employed as an effective corrosion inhibitor.   

value in the presence of the inhibitor 

blank solution was less than 85 mV, suggesting that the NTA is a mixed-

the presence of NTA significantly affected the cathodic reaction. 

obeys the Langmuir adsorption isotherm. ∆G0
ads values 

, indicating the occurrence of physical 

The phase graph shows two maximums, indicating two time constants for two occurring 
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5- The results of EIS and Tafel tests were in agreement with the results of surface analyses. 

6- NTAH+ had more negative Eint value and stronger interactions with the copper surface in 

comparison with NTA. 
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