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A new Schiff base derivative, N,N-dimethy-4-((E)-4-((E)-(4-methoxybenzylidene) amino) styryl) 

aniline (DSA), was used as an inhibitor for copper corrosion in 3% NaCl solution. Its inhibiting 

performance was evaluated by a series of techniques including weight loss, electrochemical 

measurements, scanning electronic microscope (SEM), and theoretical calculations. Results show that 

the high inhibition efficiency for copper corrosion was successfully achieved jus8t with a small 

amount of DSA. The DSA adsorption on copper surface obeys Langmuir adsorption isotherm. 

Furthermore, theoretical calculations give insightful explanations of the mechanism of DSA inhibition. 
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1. INTRODUCTION 

Copper has been one of the most important materials in industry owing to its high electrical and 

thermal conductivities, mechanical workability, and its relatively noble properties. It is widely used in 

condenser pipes of ships, coastal power plant heat exchangers, and so on. Although its resistance is 

quite good in nearly neutral or slightly alkaline aqueous environment, copper is still vulnerable to 

corrosion in harsh condition [1].  

Inhibition methods are important means for the protection of metal against corrosion, especially 

through the organic inhibitors [2]. Recently, the inhibition of copper corrosion in NaCl solutions by 

different types of organic inhibitors has been extensively studied [3-5]. It is generally accepted that 

inhibitors act via their functional groups adsorbing on the metal surface, changing the corrosion 

resistance properties of the metal [6, 7]. Studies reported that the inhibiting effect mainly depends on 

some physicochemical and electronic properties of the organic compound molecule related to its 

functional groups, steric effects, and the π orbital character of donating electrons [8]. Among them, 
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Schiff base derivatives have proved to be effective inhibitors for copper [9-11]. Based on the above 

considerations, DSA was synthesized as a potential inhibitor. It is expected to get adsorbed through the 

lone pairs of electrons on nitrogen and oxygen atoms of −C=N− group and −OCH3 group, as well as 

delocalized π-electron density on the phenyl rings by their coordination with copper surface. Further, 

literature survey reveals that DSA has not been reported as a corrosion inhibitor. 

Thus, the aim of this work is to study the inhibiting effect of DSA on copper in 3% NaCl 

solution. Electrochemical polarisation, weight loss and impedance measurements are used. Meanwhile, 

theoretical calculations have also been used to give further insights into the adsorption and inhibiting 

mechanism of DSA on copper surface. The mechanisms of adsorption and inhibition are explained at 

the end of this paper.  

 

 

 

2. EXPERIMENTAL 

2.1. Materials and sample preparation 

DSA was synthesized in our laboratory. The compound’s synthetic route and molecular 

structure were illustrated in Scheme 1. It was purified and was characterized by 
1
H-NMR, 

13
C-NMR 

and IR. Tetramethylsilane (TMS) was used as internal standard to determine NMR spectroscopy with 

Bruker 500 MHz apparatus at the room temperature. For DSA, 
1
H-NMR (CDCl3, 500 MHz), δ 

(ppm):1.097-1.125 (t, 6H, CH3), 3.340-3.376 (m, 4H, CH2), 3.850 (s, 3H, OCH3), 6.660-6.678 (d, 2H, 

CH), 6.938-6.971 (d, 1H, ArH), 7.075-7.092 (d, 2H, ArH), 7.122 (s, 1H, ArH), 7.239-7.265 (d, 2H, 

ArH), 7.399-7.416 (d, 2H, ArH), 7.547-7.563 (d, 2H, ArH), 7.891-7.908 (d, 2H, ArH), 8.599 (s, 1H, 

NCH); 
13

C-NMR (CDCl3, 125 MHz), δ (ppm): 162.295, 159.360, 159.306, 150.370, 130.746, 129.544, 

128.638, 127.911, 127.152, 127.083, 123.583, 121.901, 114.732, 112.708, 55.837, 44.157, 12.901; IR 

(KBr) ν: 2930, 1681, 1603, 1520, 1355, 1163, 966, 836 cm
−1

. 

 

 
 

Scheme 1. The synthetic route of and molecular structure of newly synthesized DSA. 

 

DSA was dissolved in 3% NaCl at different concentrations, from 0.04 to 0.10 mmol L
−1

 (mM, 

for short). The solution in the absence of DSA was used as a blank for comparison. Tests were 

performed on pure copper (Cu > 97.5%). In the weight loss experiments, copper samples were 

mechanically cut into 2.00 cm × 2.00 cm × 1.00 cm dimensions. While in the electrochemical 
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experiments, they were cut into 1.00 cm × 1.00 cm × 1.00 cm cubes. The cube was embedded in epoxy 

resin in such a way that the flat surface was in contact with the aggressive solution (test solution) and 

with 1 cm
2
 exposed area. Before each test, all of the specimens were mechanically abraded with emery 

paper up to 2000 grit, then rinsed with distilled water, degreased ultrasonically in acetone and dried at 

room temperature. 

During the weight loss and electrochemical measurements, the temperature of solution was 

controlled at 303 K by a water thermostat with an accuracy of 1 K, and all experiments were open to 

the air and carried out under static conditions. 

 

2.2. Electrochemical tests 

The electrochemical experiments were performed in a classical three-electrode cell assembly 

with copper specimen as the working electrode, platinum foil of 1.5 cm × 1.5 cm as the counter 

electrode, and a saturated calomel electrode (SCE) provided with a Luggin capillary as the reference 

electrode. All potentials were referred to SCE reference electrode. Electrochemical impedance 

spectroscopy (EIS) measurements were carried out at the open circuit potential (EOCP). The ac 

frequency range extended from 100 kHz to 10 mHz with a 10 mV peak-to -peak sine wave as the 

excitation signal. Then the impedance data were analyzed and fitted. The polarization curves were 

obtained from −250 to +250 mV (vs. EOCP) with 0.5 mV s
−1

 scan rate, and the data were collected and 

analyzed.  

 

2.3. Weight loss experiments 

Copper specimens in triplicate were immersed in the test 3% NaCl solution for 9 days under 

different conditions. After that, the specimens were removed from the solutions, rinsed in water and 

absolute ethanol, finally dried and weighted. Weight loss experiments were utilized to calculate the 

mean corrosion rate.  

 

2.4. SEM analysis 

The surface morphology of specimens after immersion in 3% NaCl in the absence and presence 

of different concentration of DSA was performed on a KYKY2800B SEM. The accelerating voltage 

was 25 kV. 

 

2.5. Calculation methods 

The molecular dynamics (MD) simulations were performed using the software, Material Studio 

6.0, Forcite module. Cu(111) surface was chosen for the simulation study. COMPASS [12] 

(Condensed Phase Optimized Molecular Potentials for Atomistic Simulation Studies) force field was 

used to optimize the structures of all components of the system of interest represents a technology 
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break-through in force field method. The MD simulation of the interaction between involved 

molecules and the Cu(111) surface was carried out in a simulation box (28.1 Å  25.5 Å  57.8 Å) 

with periodic boundary conditions to model a representative part of the interface devoid of any 

arbitrary boundary effects. The Cu(111) plane was first cleaved from copper crystal, and then the 

surface was optimized to the energy minimum. The DSA molecule was firstly optimized to most stable 

configuration with molecular mechanics method. The amorphous cell was then constructed with the 

optimized inhibitor and 800 water molecules using Amorphous Cell module. The configurations of 

(DSA + 800 H2O) interacting with Cu(111) are obtained by “build Layers” tool. The MD simulation 

was performed under 303 K, NVT ensemble, with a time step of 1 fs and simulation time of 1 ns.  

Quantum chemical calculations were conducted with the DMol
3
 module [13]. All electronic 

calculations of DSA molecule were accomplished by GGA/BLYP method with a double numerical 

with d and p polarization (DNP) basis set [14]. The computationally economical DNP basis set is 

comparable in size to the Gaussian-type 6-31G (d, p) basis set and the reliability of this level of theory 

in studying the organic molecule has been confirmed [15, 16]. The convergence tolerance for geometry 

optimization was 2.7 × 10
−4

 eV for energy, 0.054 eV/Å for force, and 0.005 Å for displacement, 

respectively. The orbital cut off was set to 3.7 Å, and frequency analysis was performed to ensure the 

calculated structure being the minimum point on potential energy surface (without imaginary 

frequency). 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Potentiodynamic polarization 

Figure 1 represents the potentiodynamic polarization curves of copper in 3% NaCl in the 

presence and absence of various concentrations of DSA.  
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Figure 1. (a) Potentiodynamic polarization curves for copper in 3% NaCl in the presence of different 

concentrations of DSA; (b) tafel extrapolation of the anodic polarization curve. 
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Table 1. Parameters for copper in 3% NaCl solution with different concentrations of DSA. 

 

C (mM) Icorr (μA cm
−2

) Ecorr (V) βa (mV dec
−1

) IE% 

Blank 13.46 ‒0.334 225 / 

0.04 2.249 ‒0.242 98 83.29 

0.06 1.945 ‒0.274 107 85.55 

0.08 1.731 ‒0.286 105 87.14 

0.10 1.412 ‒0.294 95 89.51 

 

From Fig. 1a, it can be clearly seen that DSA has significantly decreased the corrosion rate, 

shifting polarization curves to lower values of corrosion current densities. This result indicates that the 

addition of inhibitor reduces copper anodic dissolution and also retards the oxygen reduction. This 

inhibition became more pronounced with increasing DSA concentration.  

It has been known that in the Tafel extrapolation method, the use of both the anodic and 

cathodic Tafel regions is undoubtedly preferred over the use of only one Tafel region [17]. However, 

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

affect the rate of oxygen reduction, the cathodic polarization curves deviate from the Tafel behaviour, 

exhibiting a limiting diffusion current. Therefore, the corrosion current densities were obtained by 

extrapolation of the anodic polarization curves to Ecorr alone in this study, as shown in Fig. 1b. The 

kinetics of electron transfer at the metal/solution interface can be shown using the Butler–Volmer 

equation [18]. Moreover, for the copper electrode in 3% NaCl solution the Butler–Volmer equation is 

modified to give: 
corr corr( ) (1 ) ( )

corr
e e

n F E E RT nF E E RT
i i

                                 (1) 

where icorr is the corrosion current density at the corrosion potential Ecorr, α is the transfer 

coefficient (usually 0.5), and n is the number of electrons transferred. When the rate of the back 

reaction is negligible, Eq. (1) gives: 

logE a b i                                           (2) 

where a and b are constants. In Eq. (2), when E = Ecorr, then i = icorr. This is the basis for the 

Tafel extrapolation. 

Associated electrochemical parameters such as corrosion potential (Ecorr), anodic Tafel slope 

(βa), and corrosion current density (icorr) are summarized in Table 1. The inhibition efficiency (IE%) 

was evaluated using the following equation: 
0

corr corr

0

corr

% 100
i i

IE
i


                                    (3) 

where
0

corri and corri are the corrosion current densities in the absence and the presence of inhibitor, 

respectively. 

As shown in Table 1, the values of icorr decrease gradually with increasing DSA concentration, 

and the inhibition efficiency reaches a maximum value of 89.51% at 0.10 mM. This indicates that DSA 

shows good inhibition effect on copper in 3% NaCl solution. The significant improvement of the 

corrosion protection may originate from the adsorption of DSA on copper surface and the hydrophobic 

nature of the phenyl groups of DSA. 
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3.2. Electrochemical impedance spectroscopy (EIS) 

To get further information concerning the inhibition process, EIS measurements on the copper 

electrode were performed. Fig. 2 shows the Nyquist plots in the presence and absence of DSA, 

respectively. Several convex arcs exist and each diameter of the arcs increases with the inhibitor 

concentration increases. When the concentration of DSA was 0.10 mM, the capacitive reactance arc 

radius was the greatest.  
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 Figure 2. Nyquist diagrams for copper electrode in 3% NaCl solution with and without DSA. 

 

The equivalent circuit model employed for this system is shown in Fig. 3. As it is seen from the 

Fig. 2, the Nyquist plot obtained in blank solution contains a capacitive loop in high frequency region 

followed by a straight line in low frequencies. The low frequency is generally called as Warburg’s 

impedance [19]. The high frequency capacitive loop is related to the charge transfer resistance. The 

low frequency straight line implies that the corrosion of copper in 3% NaCl solution is diffusion 

controlled which may be due to either the transportation of corrosive ions and soluble corrosion 

products at the metal/solution interface or the diffusion of dissolved oxygen to the copper surface [20]. 

For the copper electrodes in NaCl solution with DSA inhibitor, the Warburg impedance disappears at 

low frequencies, only some large capacitive loops are observed in Nyquist plots. The disappearance of 

Warburg impedance indicates that the DSA is sufficiently densely packed to prevent the diffusion 

process of corrosion reaction and the copper corrosion is controlled by the charge transfer process. The 

diameters of the capacitive loops increase with increasing DSA concentration, suggesting that the 

inhibitor absorbed on the copper surface increases corrosion resistance and reduces the corrosion rate. 

Therefore, two equivalent circuit models are proposed in order to fit and analyze the EIS data. Model a 

(Fig. 3a) involving Warburg impedance is used to simulate corrosion reaction on the bare copper, 

while model b (Fig. 3b) is for the copper with inhibitors, which has been widely used to estimate the 

barrier and protection properties of corrosion inhibitors [21-23]. The corresponding fitting results are 

listed in Table 2. 
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Figure 3. The equivalent circuit model used to fit the EIS experiment data. 

 

In Fig. 3, Rs shows the the solution resistance, Rct reflects the charge-transfer resistance, Rf is 

the resistance of the film formed on the copper surface, Qdl and Qf represent the constant phase 

elements (CPEs), and W is the Warburg impedance. The impedance of a CPE is defined as follows 

[24]: 

( )1

CPE 0

n
Z Y j

                                       (4) 

where Y0 is the modulus, ω is the angular frequency, j is the imaginary root, and n is a deviation 

parameter, which determines the divergence of the CPE from an ideal capacitor varying between 0 and 

1. When n = 0, CPE represents a resistance, for n = 1, an ideal capacitance. The inhibition efficiency 

was calculated from Rct according to the equation:  
0

ct ct

ct

% 100
R R

IE
R


                                      (5) 

where 0

ctR and ctR are the charge transfer resistance in the absence and presence of the inhibitor, 

respectively. 

 

Table 2. Impedance parameters of copper in 3% NaCl solution with different concentrations of DSA. 

 

C 

(mM) 

Rs 

(Ω cm
2
) 

Rf 

(Ω cm
2
) 

Rct 

(Ω cm
2
) 

Qf  Qdl W 

(×10
7 

S
  

s
0.5 

cm
2

)
 

IE% 

Y0 (×10
5 

S
 
s

n 
cm

2
) 

n1  Y0 (×10
5 

S
 
s

n 
cm

2
) 

n2 

Blank 3.749 / 1037 / /  4.703 0.588 2.54 / 

0.04 1.678 3.610 8300 26.14 0.380  1.997 0.921 / 87.51 

0.06 1.722 3.681 9810 18.15 0.375  1.531 0.975 / 89.43 

0.08 2.207 3.800 12920 11.83 0.940  1.256 0.952 / 91.97 

0.10 2.494 4.171 14500 10.11 0.943  1.117 0.923 / 92.84 

 

On the basis of Table 2, the addition of DSA increases the Rct and Rf values. It seems to be 

enhanced with the increasing of the inhibitor concentration. IE% values reach the maximum 92.84% at 

the concentration of 0.10 mM. Table 2 shows that the Qdl and Qf values decrease with increasing DSA 
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concentration. The film capacitance (Cf) and the electrical double layer capacitance (Cdl) could be 

expressed as follows [25, 26]: 
2

f
4

F S
C

RT
                                         (6) 

0

dl
C S

d

 
                                        (7) 

Herein, S is the surface area of the electrode exposed to the corrosive solution, F is the 

Faraday’s constant, ε
0
 is the permittivity constant of the air, ε is the local dielectric constant of the film, 

and d is the thickness of the electrical double layer. The decrease of Cf can be attributed to increasing 

inhibitor adsorption which decreases the exposed electrode surface area. On the other hand, the 

decrease of Cdl can result from a decrease in local dielectric constant and/or an increase in the 

thickness of the electrical double layer.  

 

3.3. Weight loss test and the adsorption isotherm  

The corrosion rate (v) can be obtained from weight loss measurements for different 

concentrations of DSA in 3% NaCl, as provided in Table 3. Corrosion rate v (mg cm
−2

 h
−1

) and the 

corrosion inhibition efficiency were obtained by the following formulas: 

W
v

S t





                                           (8) 

0 i

0

% 100
v v

IE
v


                                     (9) 

where W is the average weight loss (mg), S is the surface area of specimens (cm
2
), t is the 

immersion time (h); v0 and vi signified the corrosion rate in the absence and presence of inhibitors, 

respectively. 

It can be seen that the corrosion inhibitor can protect copper perfectly and the inhibition 

efficiency increased with increasing concentrations. The corrosion rate reached to the minimum at 0.10 

mM, but the inhibition efficiency reached to maximum. This phenomenon suggests that the DSA 

molecules act by adsorption on the copper surface. 

 

Table 3. Weight loss data of copper in 3% NaCl solution with different concentrations of DSA for 9 

days. 

 

C (mM) v (mg cm
−2 

h
−1

) θ η (%) 

Blank 9.82 / / 

0.04 1.76 0.8207 82.07 

0.06 1.39 0.8584 85.84 

0.08 0.98 0.9002 90.02 

0.10 0.86 0.9124 91.24 
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The adsorption of organic inhibitor molecules from the aqueous solution can be considered as a 

quasi-substitution process between the organic compounds in the aqueous phase [Orgsol] and water 

molecules associated with the metallic surface [H2Oads] as represented by the following equilibrium 

[27]: 

sol2adsads2sol OH+Org→OH+Org nn                            (10) 

where n is the number of water molecules removed from the metal surface for each molecule of 

inhibitor adsorbed. The adsorption isotherm can give important information about the interaction of the 

DSA inhibitor and metal surface. In order to clarify the nature and the strength of adsorption, the 

experimental results were fitted to a series of adsorption isotherms, and the best fit was obtained with 

the use of the Langmuir adsorption isotherm, which is presented graphically in Fig. 4. The correlation 

coefficient (0.999) is close to 1 which confirms this assumption. Langmuir adsorption isotherm can be 

expressed by the following equation [28]: 

ads

1C
C

K
                           (11) 

where θ is the surface coverage (see Table 3), C is inhibitor concentration, and Kads is the 

adsorption equilibrium constant. This isotherm assumed that the adsorbed molecules occupied only 

one site and there was no interaction with other molecules adsorbed.  
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Figure 4. Langmuir adsorption isotherm of DSA on the surface of copper. 

 

Gibbs free energy (Gads) could be calculated with the following equation [29]: 

ads adsln(55.5 )G RT K                                   (12) 

where R (J mol
−1

 K
−1

) is the gas equilibrium constant, T (K) is the temperature, 55.5 (mol L
−1

) 

is the molecular concentration of water in solution. In Fig. 4, the intercept on the vertical axis is the 

value of 1/Kads, which is 8.73 × 10
−6

. Then according to Eq. (12), we calculated the Gads = −39.4 kJ 

mol
−1

. The negative value of Gads obtained herein, indicated that the adsorption process of DSA on 

the metal surface is a spontaneous one. Generally, if the absolute value of Gads is lower than 20 kJ 

mol
−1

,
 
the type of adsorption is regarded as physisorption, and the corrosion inhibition takes action due 

to the electrostatic interactions between the charged molecules and the charged metal. If the absolute 
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value of Gads is higher than 40 kJ mol
−1

, it functions by chemisorption due to the covalent bond 

formed by the charge sharing or a charge transfer from (to) the inhibitor molecule to (from) the metal 

surface [30]. According the obtained value of Gads (−39.4 kJ mol
−1

), it can be suggested that the 

adsorption of DSA involves two types of interaction, chemisorption and physisorption. 

 

3.4. SEM Analysis 

The SEM images of copper specimens exposed to 3% NaCl solutions for 3 days with and 

without DSA are given in Fig. 5. Before corrosion, the surface morphology of the sample was a freshly 

polished copper surface, as seen in Fig. 5a. After corrosion in 3% NaCl solution, the surface 

morphology becomes porous and rough as shown in Fig. 5b, which means the copper, was severely 

corroded. Fig. 5c~d show the morphological features of the inhibited surface. Compared with the 

blank, corrosion degree decreased obviously in the presence of the inhibitor. Especially when the 

concentration is 0.10 mM, the surface is very smooth. The inhibitor may form a protective film 

adsorbed on the copper surface, resulting in a decrease in the contact between copper and the 

aggressive solution. 

 

 
 

Figure 5. SEM micrographs of freshly polished copper specimen (a), the specimen immersed in 3% 

NaCl solutions for 3 days without (b), and with 0.06 mM (c), 0.10 mM (d) DSA. 

 

3.5. Quantum chemical calculations 

To investigate the relationship between the molecular structure of this compound and its 

inhibition effect, quantum chemical calculations were performed. The frontier molecular orbital 

energies (EHOMO and ELUMO) are significant parameters for the prediction of the reactivity of a 

chemical species [31]. The frontier molecular orbital density distribution, the total electron density, as 

well as the electrostatic potential (ESP) of DSA molecule are shown in Fig. 6. Apparently, both the 

HOMO and LUMO orbitals are of π-type and are spread through the whole molecule. Thus, all the 

benzene rings are susceptible sites for electrophilic attacks. From an overall perspective, DSA is a 

strong electron donor, for which evidence can be found in the total electron density (Fig. 6c). This has 

been also confirmed by the electrostatic potential map (Fig. 6d), in which the negatively charged red 
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regions are located at the upper/lower surface of the molecular skeleton. These electron-rich areas 

would be preferred sites for adsorption to metal surfaces. 

Employing the finite difference approximation, the ionization potential (I) and electron affinity 

(A) of the inhibitors are calculated using the equations [32]:  

( )1 NN
I E E


                                      (13) 

( )1N N
A E E


                                      (14) 

where E(N−1), EN, and E(N+1) are the ground state energies of the system with N−1, N, and N+1 

electrons, respectively. The values of ionization potential (I) and electron affinity (A) were considered 

for the calculation of the electronegativity (χ) and global hardness (η): χ = (I + A)/2, η = (I – A)/2. The 

fraction of electrons transferred from (to) the inhibitor molecules to (from) the metal surface (ΔN) was 

calculated according to Pearson theory as follows [33]: 

( )
metal inh inh

metal inh inh2 2
N=

+ 

   


  

 
                            (15) 

where the work function (Φ) is uesd for the electronegativity of copper surface, and the global 

hardness is neglected by assuming that for a metallic bulk I = A because they are softer than the neutral 

metallic atoms [34].  

The computed quantum chemical properties such as EHOMO, ELUMO, ionization potential (I), 

electron affinity (A), and the fraction of transferred electrons (ΔN) are listed in the Table 4. As seen 

form the table, the positive ΔN value indicate that the electron transfer from the DSA molecule to 

copper surface is available. 

 

 
 

Figure 6. Electronic properties of the DSA molecule: (a) HOMO orbital, (b) LUMO orbital, (c) total 

electron density, and (d) electrostatic potential. 
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Table 4. Quantum chemical parameters derived for DSA calculated with the GGA/BLYP/DNP 

method. 

 

EHOMO (eV) ELUMO (eV) ΔE (eV) µ (Debye) I (eV) A (eV) χ η ΔN 

−4.175 −2.483 1.692 4.238 4.441 2.195 3.318 1.123 0.374 

 

3.6. Molecular dynamics (MD) simulations 

The molecular dynamics (MD) simulations have been employed to predict the adsorption of 

DSA molecule on Cu(111) surface. And the simulations were made with the participation of water so 

as to make the results more practical. Fig. 7 shows the initial and equilibrium configurations of DSA 

molecule adsorbed on Cu(111) surface in water solution. As time progresses, DSA molecule gradually 

moves to the iron surface, and when the adsorption process reaches a balance, all the atoms are almost 

in the same plane, and the DSA molecule plane is nearly parallel to the target surface. Actually, we 

have predicted this configuration in the quantum chemical analysis mentioned above. The DSA 

molecule is subjected to a substantial degree of deformation. Generally, the deformation degree of 

absorbed molecule can be evaluated by deformation energy (Edeform): 

deform bonded freeE = E E                                   (16) 

where Ebonded and Efree are the energies of a single inhibitor molecule in the adsorbed and free 

states, respectively. As Table 5 shows, the Edeform of DSA is greater than 100 kJ mol
−1

, indicating that 

this molecule have deformed obviously. 

 

 
 

Figure 7. Configurations of DSA molecule adsorbed on Cu(111) surface in water solution: (a) initial 

and (b) equilibrium. (Inset images show the on-top views) 

 

Quantitative appraisal of the interaction was achieved by calculating the adsorption energy 

(Eads) using Eq. (16): 
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( )ads complex Cu inhE = E E E                                  (17) 

where Ecomplex is the total energy of the surface and inhibitor, ECu and Einh is the total energy of 

the copper surface and free inhibitor molecule, respectively. The binding energy is defined to be the 

opposite of the interaction energy, i.e., Ebinding = −Eads. A larger Ebinding implies the corrosion inhibitor 

combines with the copper surface more easily and tightly, therefore, the inhibitive performance will be 

better. One of the most important quantities when considering the results in solution is the solvation 

energy (Esol). It indicates the extent of the solute−solvent interactions on the different inhibitors (i.e., it 

is an indication of solubility). A high tendency to be solvated implies that the inhibitor spends more 

time in the solvent and has fewer tendencies to interact with the metal surface [35]. In this work, Esol 

was calculated according to the following equation: 

( )sol inh+water water inhE = E E E                               (18) 

where Ewater+inh and Ewater are the total potential energy of the inhibitor molecule plus the water 

molecules and the pure water phase, respectively. The binding energy of the interaction system and the 

corresponding solvation energy of DSA molecule are listed in Table 5. The binding energy in Table 5 

is positive, showing that the combination processes of DSA with copper surface is exothermic. While a 

relatively high value of Esol of DSA may originate from the large molecular volume.  

Moreover, for the deeper insight of the molecule’s interaction with the surrounding medium 

and copper surface, the energy differences (ΔE) were calculated according the below formula [36]: 

without-inh with-inhE = E E                                  (19) 

where Ewith-inh is the energy of whole system with inhibitor molecule inside, and Ewithout-inh is the 

energy of the system in which the inhibitor molecule has been removed. The differences of non-bond 

energies (ΔEnon-bond), which include van der Wals energy (ΔEvdw), long range correction energy (ΔElrc) 

and electrostatic energy (ΔEelec), were examined and given in Table 5. It is not hard to conclude that 

the van der Wals and electrostatic interactions are the dominant factors for the inhibitor absorption, 

and the contribution from the former interaction is greater than the latter. 

 

Table 5. Several energy parameters (all in kJ mol
−1

) for the DSA/Cu(111) system. 

 

Eads Ebinding Edeform Esol ΔEvdw ΔEelec ΔElrc ΔEnon-bond 

–506.3 506.3 293.1 –106.5 493.5 122.7 4.8 621.1 
 

3.7. Mechanism of adsorption and inhibition 

A clarification of the mechanism of inhibition requires full knowledge of the interaction 

between the protective organic inhibitor and the metal surface. The corrosion behavior of copper in 

NaCl solution has received considerable attention in the literature [37, 38]. The mechanism of the 

anodic dissolution of copper is shown in the following equations [39]: 

Cu Cl CuCl e       (fast)                             (20) 

2 ads
CuCl Cl (CuCl )      (slow)                           (21) 

2

2 ads
(CuCl ) Cu 2Cl e                                     (22) 
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The anodic copper dissolution was controlled by both electrodissolution of copper and 

diffusion of soluble 
2 ads

(CuCl ) to the bulk solution. Cathodic chemical process occurs as following: 

2 2O 4 2H O 4OHe                                    (23) 

As illustrated in Fig. 8, a mechanism has been proposed to explain the high inhibiting 

efficiency of DSA. It attributes the phenomenon to the formation of an adsorbed layer of DSA 

molecules, i.e.,  

( ) ( )ads
Cu 0 + DSA Cu : DSA                                 (24) 

where Cu: DSA(ads) refers to DSA adsorbed on the copper surface. Yet, at low DSA 

concentrations, a localized corrosion may occur at anode area, as validated by Fig. 5c. A perfect DSA 

organic film can be formed on copper surface with increasing concentration of DSA, which can be 

seen as a barrier to copper dissolution and O2 reduction. Several types of adsorption may take place in 

the inhibiting phenomena involving DSA molecules at the copper surface as follows: (i) non-covalent 

interaction of DSA (or protonated) molecules with copper atoms (physisorption); (ii) interaction 

between unshared electron pairs of N/O atoms or π-electrons of phenyl ring and copper surface 

(chemisorption); and (iii) a combination of the above processes. 

 
 

Figure 8. Proposed mechanism for the adsorption of DSA molecules on the copper surface in NaCl 

medium. 

 

 

 

4. CONCLUSIONS 

(1) DSA exhibited good inhibition for copper corrosion in 3% NaCl solution. The 

inhibition efficiency increased with increasing concentration of DSA and reached its maximal value of 

92.84% at 0.10 mM. 

(2) EIS plots show that the charge transfer resistance increases and double layer 

capacitance declines in the presence of DSA, which is caused by the adsorption of DSA molecules on 

the copper surface. 

(3) Adsorption of the DSA on copper surface obeys the Langmuir isotherm, and the 
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negative values of Gads show the adsorption of this compound was a spontaneous process. The 

adsorption of it was the result of the combined action of the physical and chemical interactions. 

(4) SEM micrographs showed that the inhibitor molecules form a good protective film on 

the copper surface. 

(5) MD simulations reveal that DSA molecules adsorb on the copper surface in a nearly flat 

manner. 
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