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In this study, the inhibition effect of 3-amino-1,2,4-triazole (ATA)  on copper corrosion in 2M HNO3 

solution was studied. Electrochemical techniques such as potentiodynamic polarization curves, weight 

loss (WL) and electrochemical impedance spectroscopy (EIS) were used. Results showed that ATA 

has good inhibition efficiency on the corrosion of copper in 2M HNO3 solution. Polarization 

measurements indicated that, the studied inhibitor acts as a mixed type one. The inhibition efficiency 

depends on the concentration of inhibitor and reaches 82.2% at 10
-2

M ATA. The results obtained from 

the different methods are in good agreement. The adsorption of ATA molecules on the copper surface 

obeys Langmuir adsorption isotherm. The adsorption free energy of ATA on copper (-29.95 kJ / mol) 

reveals a physical adsorption of the inhibition on the metal surface. Quantum chemical calculations 

using DFT at the B3LYP/6-31G* level of theory was further used to calculate some electronic 

properties of the molecule in order to ascertain any correlation between the inhibitive effect and 

molecular structure of 3-amino-1,2,4-triazole. 

 

 

Keywords: Copper; Nitric Acid; Corrosion Inhibition; EIS; Potentiodynamic Polarisation; Weight 

Loss; DFT. 

 

1. INTRODUCTION 

Copper and its alloys are widely used materials for their excellent electrical and thermal 

conductivities in many applications such as electronics [1] and recently in the manufacture of 

http://www.electrochemsci.org/
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integrated circuits [2–4]. Copper is relatively noble metal, requiring strong oxidants for its corrosion or 

dissolution. The chemical dissolution and electrolytic plating are the main processes used in the 

fabrication of electronic devices. The most widely used corrosive solution contains nitric acid, so this 

medium has induced a great deal of research on copper corrosion [5–20]. In order to study the 

corrosion of metals, several techniques have been applied. The use of chemical inhibitors is one of the 

most practical methods for the protection against corrosion in acidic media. Most of the excellent acid 

inhibitors are organic compounds containing nitrogen [21–23], oxygen [24–27], phosphorus [28] and 

sulphur [29–32]. Studies of the relation between adsorption and corrosion inhibition are of 

considerable importance. In the present paper, the inhibition of copper corrosion in 2M HNO3 

solutions by 3-amino-1,2,4-triazole (ATA, Figure 1) has been studied.  

 

N
H

N

N

NH2

 
 

Figure 1. The molecular structure of ATA. 

 

The compound has shown high inhibition efficiency against corrosion of copper in various 

aggressive media [33-37] due to its adsorption onto the metal surface, because it is a heterocyclic 

compound containing a variety of donor atoms. 

 

 

2. EXPERIMENTAL DETAILS 

2.1. Materials and reagents 

Copper  strips containing 99.5 wt.% Cu, 0.001wt.% Ni, 0.019 wt.% Al, 0.004 wt.% Mn, 0.116 

wt.% Si and balance impurities were used for electrochemical and gravimetric studies. The Copper 

samples were mechanically polished using different grades of emery paper, washed with double 

distilled water, and dried at room temperature. Appropriate concentration of aggressive solutions used 

(2M HNO3) was prepared using double distilled water. 3-amino-1,2,4-triazole is Sigma–Aldrich, 99% 

analytical grade. 

 

2.2. Electrochemical measurements 

2.2.1. Electrochemical cell 

The electrolysis cell was a pyrex of cylinder closed by cap containing five openings. Three of 

them were used for the electrodes. The working electrode was copper with the surface area of 0.28 
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cm
2
. Before each experiment, the electrode was polished using emery paper until 2000 grade. After 

this, the electrode was cleaned ultrasonically with distilled water. A saturated calomel electrode (SCE) 

was used as a reference. All potentials were given with reference to this electrode. The counter 

electrode was a platinum plate of surface area of 1 cm
2
. 

The aggressive medium used here is 2M HNO3 solution was prepared with concentrated HNO3 

and distilled water. The molecule structure of triazole tested are shown in Fig. 1. The concentration 

range of this compounds was 10
-5

 to 10
-2

 M.  

 

2.2.2. Polarisation measurements 

The working electrode was immersed in test solution during 30 minutes until a steady state 

open circuit potential (Eocp) was obtained. The polarization curve was recorded by polarization from -

150 mV to 150 mV under potentiodynamic conditions corresponding to  

1 mV/s (sweep rate) and under air atmosphere. The potentiodynamic measurements were carried out 

using Tacussel Radiometer PGZ 301, which was controlled by a personal computer.  

 

2.2.3. EIS measurements 

The electrochemical impedance spectroscopy measurements were carried out using a transfer 

function analyzer (Tacussel Radiometer PGZ 301), with a small amplitude ac. Signal (10 mV rms), 

over a frequency domain from 100 KHz to 10 mHz at 303 K and an air atmosphere. The polarization 

resistance Rp, is obtained from the diameter of the semicircle in Nyquist representation.  

 

2.3. Weight loss measurements 

Gravimetric experiments were carried out in a double walled glass cell. The solution volume 

was 50 cm
3
; the temperature of 303 K was controlled thermostatically. The weight loss of copper in 

2M HNO3 with and without the addition of inhibitor was determined after immersion in acid for 1 h. 

The copper specimens were rectangular in the form (2 cm ×2 cm × 0.20 cm). 

 

2.4. Computational chemistry 

The quantum calculations were performed using the Gaussian 03 program [38]. The geometry 

of the studied compound was evaluated using the DFT level of the three-parameter compound 

functional of Becke (B3LYP) [39]. The 6-31G* basis set was used for all atoms [40-43]. The geometry 

structure was optimized under no constraint. The following quantum chemical indices were 

considered: the energy of the highest occupied molecular orbital (EHOMO), the energy of the lowest 

unoccupied molecular orbital (ELUMO), ∆Egap = EHOMO - ELUMO, the dipole moment (µ) and total energy 

(TE). 
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3. RESULTS AND DISCUSSION 

3.1. Weight loss tests 

3.1.1. Effect of concentration 

Three parallel rectangular copper specimens were used for the determination of corrosion rate.  
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Figure 2. Variation of inhibition efficiency on copper  with different concentrations of ATA inhibitor 

in 2M HNO3 at 303K for 1h immersion time. 

 

The coupons, initial weight using an analytic balance before immersion in 80 ml open beakers 

containing 50 ml of corrosive medium (2M HNO3) without and with different concentrations of ATA. 

The specimens were taken out, washed, dried, and reweighed accurately. The average weight loss of 

the three parallel copper specimens could be obtained. The corrosion rates of  the copper coupons have 

been determined for 1h immersion period at 303K from mass loss, using Eq. (1) where ∆m is the mass 

loss, S is the area, and t is the immersion period [44]. The percentage protection efficiency Ew(%) was 

calculated according the relationship Eq. (2) where W and Winh are the corrosion rates of copper 

without and with the inhibitor, respectively [45]: 
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The value of percentage inhibition efficiency (Ew%) and corrosion rate (CR) obtained from 

weight loss method at different concentrations of ATA in 2M HNO3 at 303K are summarized in Table 

1.  

 

Table 1. Corrosion parameters for copper in aqueous solution of 2M HNO3 in absence and presence of 

different concentrations of ATA from weight loss measurements at 303K for 1h. 

 

Inhibitor Con (M) W(mg/cm
2
.h) Ew (%)   

Blank 2 M 

HNO3 

1.78 -  

ATA 

10
-2

 0.32 82.2 0.822 

5×10
-3

 0.39 77.9 0.779 

10
-3

 0.78 55.9 0.559 

5×10
-4

 0.93 47.9 0.479 

10
-4

 1.43 19.5 0.195 

5×10
-5

 1.50 15.7 0.157 

10
-5

 1.68 05.6 0.056 

 

The variation of inhibition efficiency with increase in inhibitor concentrations is shown in Fig. 

2. It was observed that ATA inhibits the corrosion of copper in HNO3 solution, at all concentrations 

used in study, i.e. from 10
-5

 M to 10
-2

 M. Maximum inhibition efficiency was shown at 10
-2

 M 

concentration of the inhibitor in 2M HNO3 at 303K. It is evident from Table 1 that the corrosion rate is 

decreased from 1.78 mg/cm
2
.h to 0.32 mg/cm

2
.h  on  the addition of 10

-2
M  of ATA. 

 

3.1.2. Adsorption isotherm and thermodynamic activation parameters 

In order to study the effect of temperature on the inhibition efficiencies of ATA, weight loss 

measurements were carried out in the temperature range 303–343K in absence and presence of 

inhibitor at optimum concentration. The various corrosion parameters obtained are listed in Table 2.  

The fractional surface coverage can be easily determined from the weight loss measurements 

by the ratio Ew%/100, where Ew% is the inhibition efficiency that calculated using relation (1). The 

data obtained suggests that ATA get adsorbed on the copper surface at all temperatures studied and 

corrosion rates increased in absence and presence of inhibitor with increasing in temperature in 2M 

HNO3 solutions. In acidic media, corrosion of metal is generally accompanied with evolution of H2 

gas; rise in temperature usually accelerates the corrosion reactions which results in higher dissolution 

rate of the metal.  

Inspection of Table 2 showed that corrosion rate increased with increasing temperature both in 

uninhibited and inhibited solutions while the inhibition efficiency of ATA decreased with temperature. 

A decrease in inhibition efficiencies with the increase temperature  in presence of ATA might be due 

to weakening of physical adsorption. 
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Table 2. Various corrosion parameters for copper in 2M HNO3 in absence and presence of optimum 

concentration of ATA at different temperatures. 

 

Temperature (K) Inhibitor W(mg/cm
2
.h) Ew (%)   

 Blank 1.78 - - 

303 ATA 0.32 82.2 0.822 

 Blank 7.33 - - 

313 ATA 2.02 72.5 0.725 

 Blank 24.97 - - 

323 ATA 8.43 66.2 0.662 

 Blank 70.82 - - 

333 ATA 27.59 61.0 0.610 

 Blank 186.61 - - 

343 ATA 12.08 35.6 0.356 

 

In order to calculate activation parameters for the corrosion process, Arrhenius Eq. (3) and 

transition state Eq. (4) were used [46]: 

 

exp a
R

E
C A

RT

 
  

 
                                                              (3) 

 

a aexp expR

S HRT
C

Nh R RT

     
    

   

                                         (4) 

 

Where CR is the corrosion rate, R the gas constant, T the absolute temperature, A the pre-

exponential factor, h the Plank's constant and N is Avogrado's number, Ea the activation energy for 

corrosion process , aH   the enthalpy of activation and aS   the entropy of activation. 

The apparent activation energie (Ea) at optimum concentration of ATA was determined by 

linear regression between Ln CR and 1/T (Fig. 3) and the result is shown in Table 3. 

 

 Table 3. Activation parameters Ea, aH   and 
aS  for the copper dissolution in 2M HNO3 in the 

absence and the presence of ATA at optimum concentration. 

 

 A (mg/cm
2
.h) Linear 

regression 

coefficient (r) 

 aE  

(kJ/mol) 
aH   

(kJ/mol) 

aS   

(J/mol.K) 

Kads 

(M
-1

) 
G

°
ads 

(kJ/mol) 

Blank 3.6627×10
17

 0.99908 100.21 097,53 082.36 - - 

ATA 1.3933×10
21

 0.99860 125.26 122,58 150.89 2623.69 -29.95 
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Figure 3. Arrhenius plots of log CR vs. 1/T for copper in 2M HNO3 in the absence and the presence of 

ATA at optimum concentration. 
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Figure 4. Arrhenius plots of log CR/T vs. 1/T for copper in 2M HNO3 in the absence and the presence 

of ATA at optimum concentration. 

 

The linear regression coefficient was close to 1, indicating that the copper corrosion in nitric 

acid can be elucidated using the kinetic model. Inspection of Table 3 showed that the value of Ea  

determined in 2M HNO3 containing ATA is higher (125.26 kJ mol
-1

) than that for uninhibited solution 

(100.21 kJ mol
-1

). The increase in the apparent activation energy may be interpreted as physical 

adsorption that occurs in the first stage [47]. Szauer and Brand explained the increase in activation 

energy due to an appreciable decrease in the adsorption of the inhibitor on the copper surface with 

increase in temperature. As adsorption decreases more desorption of inhibitor molecules occurs 

because these two opposite processes are in equilibrium. Due to more desorption of inhibitor 
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molecules at higher temperatures the greater surface area of copper comes in contact with aggressive 

environment, resulting increased corrosion rates with increase in temperature [48]. 

Fig. 4 showed a plot of Ln (CR/T) versus 1/T. The straight lines are obtained with a slope (
aH   

/R) and an intercept of (Ln R/Nh + ΔS°a /R) from which the values of the values of 
aH   and 

aS   are 

calculated and are given in Table 3. Inspection of these data revealed that the thermodynamic 

parameters (
aH   and 

aS  ) for dissolution reaction of copper in  

2M HNO3 in the presence of ATA is higher (122.58 kJ mol
-1

) than that of in the absence of inhibitors 

(97.53 kJ mol
-1

). The positive sign of 
aH   reflect the endothermic nature of the copper dissolution 

process suggesting that the dissolution of copper is slow [49] in the presence of inhibitor.  

The entropy of activation 
aS   in the absence of inhibitor is positive and this value increases 

positively with the ATA. The increase of 
aS  implies that an increase in disordering takes place on 

going from reactants to the activated complex [50]. 

 

3.1.3. Adsorption isotherm 

The adsorption isotherm can be determined by assuming that inhibition effect is due mainly to 

the adsorption at metal/solution interface. Basic information on the adsorption of inhibitors on the 

metal surface can be provided by adsorption isotherm. In order to obtain the isotherm, the fractional 

surface coverage values ( ) as a function of inhibitor concentration must be obtained. The values of 

 can be easily determined from the weight loss measurements by the ratio EW%/100, where EW% is 

inhibition efficiency obtained by weight loss method. So it is necessary to determine empirically which 

isotherm fits best to the adsorption of inhibitors on the copper surface. Several adsorption isotherms 

(viz., Frumkin, Langmuir, Temkin, Freundlich) were tested and the Langmuir adsorption isotherm was 

found to provide the best description of the adsorption behaviour of this inhibitor. The Langmuir 

isotherm is given by following equation [51]: 

 

1
adsK C





                                                                                                                                 (5) 

 

The rearrangement gives the following equation :  
1

ads

C
C

K
 


                                          (6) 

 

Where C is the concentration of inhibitor, Kads is the equilibrium constant of the adsorption 

process, and   is the surface coverage. 

Plot C/Θ versus C yield a straight line (Fig. 5) with regression coefficient, R
2
, almost equal to 

1. This suggests that ATA in present study obeyed the Langmuir isotherm and there is negligible 

interaction between the adsorbed molecules. Free energy of adsorption was calculated using the 

relation [52]: 
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1
exp (- )

55.55  
ads

G
adsK

RT


                                                              (7) 

 

Where R is the universal gas constant and T is the absolute temperature. The value 55.55 in the 

above equation is the concentration of water in solution in mol L
-1

.  
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Figure 5. Langmuir isotherm adsorption model of ATA on the surface of copper in 2M HNO3. 

 

The values of Kads and  G
ads
 were calculated at 303K and are listed in Table 3. The standard 

free energy of adsorption ( G
ads
 ), calculated from Eq. (7), is -29.95 kJ mol

-1  

(Kads = 2623.69 L mol
-1

). The negative value of the standard free energy of adsorption and the high 

values of the adsorption constant indicate a spontaneous adsorption of this inhibitor on copper. This 

means that the inhibitive action of this substance result from the physical adsorption of these molecules 

on the surface of copper. This is also supported by the fact that the inhibition efficiency of the 

investigated inhibitor decreases at higher temperature (343K). 

 

3.2. Potentiodynamic polarization measurements 

Current–potential characteristics resulting from cathodic and anodic polarisation curves of 

copper in 2M HNO3 in the absence and presence of ATA at various concentrations are presented in 

Fig. 6. Table 4 gives values of corrosion current (Icorr), corrosion potential (Ecorr), catholic Tafel slope 

(βc) for ATA at various concentrations in 2M HNO3. In the case of polarisation method the relation 

determines the inhibition efficiency (EI%): 

 

% (1 ) 100corr
I

corr

I
E

I 
                                                        (8) 
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Where I°corr and Icorr are the uninhibited and inhibited corrosion current densities, respectively, 

determined by extrapolation of catholic Tafel lines to corrosion potential. 

 

Table 4. Corrosion data of copper in 2M HNO3 with and without ATA. 

 

Inhibitor Conc (M) Ecorr (mV/ECS) -βc (mV/dec) Icorr 

(μA/m
2
) 

EI (%) 

Blank 2 34.0 304.7 365.1 - 

 

ATA 

10
-2

 39.5 301.4 095.3 73.9 

5×10
-3

 41.3 300.5 117.4 67.8 

10
-3

 40.1 303.9 184.7 49.4 

10
-4

 21.1 274.1 290.7 20.4 

10
-5

 35.2 271.9 334.6 08.3 
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Figure 6. Polarisation plots of copper in 2M HNO3 for various concentrations of ATA. 

 

As it is show in Fig. 6 and Table 4, cathodic current–potential curves give rise to parallel Tafel 

lines indicating that the hydrogen evolution reaction is under activation controlled. The cathodic 

current density decreases with the concentration of ATA however, a slight effect is observed on the 

anodic portions. This result indicates that ATA is adsorbed on the metal surface on the cathodic sites 

and hence inhibition occurs. These results demonstrate that the hydrogen reduction is inhibited and that 

the inhibition efficiency increases with inhibitor concentration to attain 74 % at 10
-2

 M of ATA. We 

remark that the inhibitor acts on the anodic portion and the anodic current density is reduced (Fig. 6). It 

seems also that the presence of the inhibitor change slightly the corrosion potential values in no 

definite direction. These results indicated that ATA acts as a mixed-type inhibitor. 
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The well known Pourbaix diagram for copper-water system, indicates that copper is corroded 

to Cu
2+

 in HNO3 solutions, and no oxide film is formed to protect the surface from corrosion. Copper 

dissolution is thus expected to be the dominant reaction in HNO3 solutions.  

The pure nitric acid and inhibitor-containing nitric acid solutions used in our experiments were 

all aerated where dissolved oxygen may be reduced on copper surface and this will allow some copper 

corrosion to occur [53-55].  

It is a good approximation to ignore the hydrogen evolution reaction and only consider oxygen 

reduction in the aerated nitric acid solutions at potentials near the corrosion potential [56]. Cathodic 

reduction of oxygen can be expressed either by a direct 4e
−
 transfer, Eq. 9: 

 
+ -

2 2O +4H +4e 2H O                         (9) 

 

or by two consecutive 2e
−
 steps involving a reduction to hydrogen peroxide first, Eq. 10, 

followed by a further reduction, according to Eq. 11 [57]: 

 
+ -

2 2 2O +2H +2e H O                          (10) 

 
+ -

2 2 2H O +2H +2e 2H O                       (11) 

 

The transfer of oxygen from the bulk solution to the copper/solution interface will strongly 

affect rate of oxygen reduction reaction, despite how oxygen reduction takes place, either in 4e
−
 

transfer or two consecutive 2e
−
 transfer steps. Dissolution of copper in nitric acid is described by the 

following two continuous steps: 

 

Cu – e
-
 = Cu(I)ads (fast step)  (12) 

 

Cu(I)ads – e
-
 = Cu(II)  (slow step)  (13) 

 

where adsCu(I)  is an adsorbed species at the copper surface and does not diffuse into the bulk 

solution [58,59]. The dissolution of copper is controlled by the diffusion of soluble Cu(II) species from 

the outer Helmholtz plane to the bulk solution.  

Upon addition of ATSA, it is obvious that the slopes of the anodic (βa) and cathodic (βc) Tafel 

lines remain almost unchanged, giving rise to a nearly parallel set of anodic lines, and an almost 

parallel cathodic plots results too.  

Thus the adsorbed inhibitor act by simple blocking of the active sites for both anodic and 

cathodic processes.  

In other words, the adsorbed inhibitor decreases the surface area for corrosion without affecting 

the corrosion mechanism of copper in these solutions, and only causes inactivation of a part of the 

surface with respect to the corrosive medium [61,62]. 
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3.3. Electrochemical impedance spectroscopy 

The impedance behaviour of copper, after 30 min of immersion in 2 M HNO3 solutions without 

and with various concentrations of ATA, was studied. Measurements were conducted under the 

respective corrosion potentials at 303 K; results obtained are depicted in Fig. 7. The recorded 

impedance spectra are, in all cases, characterized by the appearance of two clearly resolved time 

constants related to the capacitive loop in the high frequency (HF) range and an inductive loop in the 

low frequency (LF) range. The capacitive loop was related to charge-transfer in corrosion process [62]. 

The depressed form of the higher frequency loop reflects the surface inhomogeneity of structural or 

interfacial origin, such as those found in adsorption processes [63]. The presence of the LF inductive 

RL-L loop may be attributed to the relaxation process obtained by adsorption species like Hads 
+
 on the 

electrode surface. It may also attribute to the re-dissolution of the passivated surface at low frequencies 

[64]. 
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Figure 7. Nyquist plots of copper in 2M HNO3 containing various concentration of ATA. 

 

Indeed, the impedance behaviour of copper in HNO3 solutions is somewhat similar to that of 

copper in H2SO4 and HCl solutions [65]. The anodic dissolution of copper in the halide-containing 

solutions has been proved to be diffusion limited [66] . The diffusion step was due to the transport of 

CuX2
-
 to the bulk solution [40]. However, the corrosion reaction of copper in halide solutions at Ecorr is 

composed of the oxidation of copper and the reduction of oxygen dissolved in the solutions [67], these 

two half reactions also expected to occur in aerated HNO3 solutions. The increase in the size of the 

capacitive loop with the addition of ATA molecules show that a barrier gradually forms on the copper 

surface. The barrier is probably related to the formation of an inhibitor surface film on the electrode 

surface.  

It is well-known that it is essential to develop the appropriate models for the impedance which 

can then be used to fit the experimental data and extract the parameters which characterize the 

corrosion process. Indeed, we tried with many suggested equivalent circuits to fit our impedance data 
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using computer program EQUIVCRT [42]. However, unfortunately, we failed to get a good fitting 

with our results. It seems that our impedance data are rather complicated (may be due to the formation 

of two time constants), and require further investigation, in a separate paper, to get the suitable 

equivalent circuits. Moreover, the diameter of the HF capacitive loop cannot be taken as an accurate 

measure of the charge-transfer resistance, Rct, since the HF capacitive is composed of two not clearly 

resolved time constants. These were the reasons why we could not present here a Table including the 

impedance parameters extracted, using appropriate equivalent circuits, from the recorded impedance 

data. However, we introduced here the results of impedance to support results obtained from 

polarization and weight loss measurements, that ATA inhibits the nitric acid corrosion of copper. This 

is clearly seen from Fig. 7 that the shapes of the impedance plots for inhibited electrodes are not 

substantially different from those of uninhibited electrodes. The presence of ATA increases the 

impedance (i.e., size of the capacitive loop) but does not change other aspects of the behaviour. This 

means, as previously mentioned, that the inhibitor does not alter the electrochemical reactions 

responsible for corrosion. It inhibits corrosion primarily through its adsorption on the metal surface.  

 

3.4. Theoretical calculations 

Quantum chemical methods have already proven to be very useful in determining the molecular 

structure as well as elucidating the electronic structure and reactivity [68]. Thus, it has become a 

common practice to carry out quantum chemical calculations in corrosion inhibition studies. The 

predicted properties of reasonable accuracy can be obtained from density functional theory (DFT) 

calculations [69,70].  

Some quantum chemical parameters, which influence the electronic interaction between surface 

atoms and inhibitor, are the energy of highest occupied molecular orbital (EHOMO), the energy of lowest 

unoccupied molecular orbital (ELUMO), the energy gap EHOMO- ELUMO (∆E), dipole moment (µ) and 

total energy (TE). All quantum chemical properties were obtained after geometric optimization with 

respect to the all nuclear coordinates using Kohn–Sham approach at DFT level. The optimized 

structure of ATA compound as shown in Fig. 8.  

 

 
 

Figure 8. Optimised structure of the studied molecule obtained by B3LYP-6-31 G(d) method. 
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Table 5. Quantum parameters of ATA calculated with B3LYP/6-31G* 

 

Compound TE  (eV) EHOMO (eV) ELUMO  (eV) ∆Egap (eV) µ (Debye) 

ATA -8092.4984 -6.100144 -0.3468 5.7528 1.3817 

 

The computed quantum chemical properties such as energy of highest occupied molecular 

orbital (EHOMO), energy of lowest unoccupied molecular orbital (ELUMO), HOMO–LUMO energy gap 

(∆EH-L), dipole moment (µ) and total energy (TE) are summarized in the Table 5. As EHOMO is often 

associated with the electron donating ability of a molecule, high values of EHOMO are likely to indicate 

a tendency of the molecule to donate electrons to appropriate acceptor molecules with low-energy, 

empty molecular orbital. Increasing values of the EHOMO facilitate adsorption (and therefore inhibition) 

by influencing the transport process through the adsorbed layer. Therefore, the energy of the ELUMO 

indicates the ability of the molecule to accept electrons; hence these are the acceptor states. The lower 

the value of ELUMO, the more probable, it is that the molecule would accept electrons [71]. As for the 

values of ∆E (ELUMO - EHOMO) concern; lower values of the energy difference ∆E will cause higher 

inhibition efficiency because the energy to remove an electron from the last occupied orbital will be 

low [72]. For the dipole moment (µ), lower values of µ will favor accumulation of the inhibitor in the 

surface layer. 

As we know, frontier orbital theory is useful in predicting the adsorption centers of the 

inhibitors responsible for the interaction with surface metal atoms. The HOMO and the LUMO 

population of ATA were plotted and are shown in Fig. 9.  Analysis of this figure shows that the density 

of LUMO is mainly localized on the NH2 substituent in position 3, while the density HOMO was 

distributed around the entire molecule. 

 

        
 

Figure 9. The frontier molecule orbital density distributions of ATA: HOMO (right); LUMO (left). 

 

Moreover, the gap between the LUMO and HOMO energy levels of the molecule was another 

important factor that should be considered. It has been reported that excellent corrosion inhibitors are 

usually those organic compounds that are not only offer electrons to unoccupied orbital of the metal 

but also accept free electrons from the metal [73]. It is also well documented in literature that the 

higher the HOMO energy of the inhibitor, the greater its ability of offering electrons to unoccupied d-

orbital of the metal, and the higher the corrosion inhibition efficiency. It is evident from Table 5 that 
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ATA has the highest EHOMO in the neutral form. This confirms the experimental results that interaction 

between ATA and copper is electrostatic in nature (physisorption). In addition, the lower the LUMO 

energy, the easier the acceptance of electrons from metal surface, as the LUMO-HOMO energy gap 

decreased and the efficiency of inhibitor improved. It is clear from Table 5 that the ELUMO of ATA 

exhibits the lowest , making the protonated form the most likely form for the interaction of copper with 

ATA molecule. Low values of the energy gap (∆E) will provide good inhibition efficiencies, because 

the excitation energy to remove an electron from the last occupied orbital will be low [71]. The total 

energy of the ATA is equal to -8092.4984 eV. This result indicated that ATA is favourably adsorbed 

through the active centers of adsorption. Lower values of dipole moment (µ) will favour accumulation 

of the inhibitor in the surface layer and therefore higher inhibition efficiency [74]. 

 

 

 

Conclusions 

 Results obtained from the experimental and theoretical data show that ATA acts as an 

effective inhibitor for copper corrosion in nitric acid. 

 The corrosion process was inhibited by adsorption of the organic matter on the copper 

surface. 

 Inhibition efficiency increases with increase in the concentration of the ATA but 

decreases with rise in temperature. 

 The adsorption of ATA on copper surface from 2M HNO3 obeys the Langmuir 

adsorption isotherm. 

 Phenomenon of physical adsorption is proposed from the values of kinetic / 

thermodynamics parameters (Ea, G
ads
 ) obtained. 

 Polarisation measurements show that ATA acts essentially as a mixed type inhibitor.  

 The inhibitor efficiency determined by electrochemical polarisation, electrochemical 

impedance spectroscopy and by gravimetric methods are in good agreement. 
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