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Abstract The inhibitive performance of seven synthesized

2-(2-benzimidazolyl)-4 (phenylazo) phenol (BPP_1–7)

derivatives was investigated experimentally on the corrosion

of copper in 2.0 M HNO3 acid using mass loss, thermometric

and DC potentiodynamic polarization techniques. Quantum

chemical calculations was investigated to correlate the

electronic structure parameters of the investigated benzim-

idazole derivatives with their inhibition efficiencies (IE%)

values. Global reactivity parameters such asEHOMO,ELUMO,

the energy gap between ELUMO and EHOMO (DE), chemical

hardness, softness, electronegativity, proton affinity, elec-

trophilicity and nucleophilicity have been calculated and

discussed. Molecular dynamics simulation was applied on

the compounds, to optimize the equilibrium configurations

of the molecules on the copper surface. The areas containing

N atoms are most possible sites for bonding Cu (111) surface

by donating electrons. Binding constant (Kb), active sites

(1/y), lateral interaction (f), equilibrium constant (Kads) and

standard free energy of adsorption (DG�) values obtained

from either kinetic model and/or Frumkin adsorption iso-

therm were compared and discussed. Thermodynamic

functions and activation parameters such as: Ea, DH*, DS*
and DG* at temperatures 303, 313, 323 and 333 K were

determined and explained. IE% values of the examined

compounds on Cu (111) surface followed the order

arrangement: BPP_1[BPP_2[BPP_3[BPP_4 >

BPP_5[BPP_6[BPP_7. The theoretical data obtained as

compatible with experimental results showed that the studied

benzimidazole derivatives (BPP_1–7) are effective inhibi-

tors for the corrosion of copper in nitric acid solution.

Keywords Corrosion inhibition � Copper �
Benzimidazole derivatives � Quantum chemical

calculations � Molecular dynamics simulation � Kinetic �
Thermodynamic parameters

Introduction

Copper and its alloys are widely used materials for their

excellent electrical and thermal conductivities in many

applications such as electronics, production of wires,

sheets, tubes and recently in the manufacture of integrated

circuits [1]. Copper is resistant toward the influence of

atmosphere and many chemicals; however, it is known that

in aggressive media, it is susceptible to corrosion. Copper

is relatively noble metal, requiring strong oxidants for its

corrosion or dissolution. Nitric acid is one of the most

widely used corrosive media that attracted a great deal of

research on copper corrosion [2, 3]. The use of copper

corrosion inhibitors in such conditions is necessary since

no protective passive layer can be expected. Experimental

techniques are very convenient in the understanding of

inhibition mechanism but they are generally expensive and

time-consuming. With the improvement of computer

hardware and software, density functional theory (DFT) [4,

5] and molecular dynamics (MD) simulation methods in

recent times have become fast and powerful tools to predict

the corrosion inhibition efficiencies of inhibitor molecules

[6–11]. In the conceptual DFT, quantum chemical param-

eters such as chemical hardness [12, 13], softness [14],
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electronegativity [15], proton affinity [16], electrophilicity

[17] and nucleophilicity are considered in the prediction of

chemical reactivity or stability. In the calculation of these

mentioned chemical properties, Koopmans Theorem [18]

provides great facilities to computational and theoretical

chemists. According to this theory, ionization energy and

electron affinity values of chemical species are associated

with their HOMO and LUMO energy values, respectively.

Hard-soft acid and base (HSAB) [19] principle introduced

by Pearson states that ‘‘hard acids prefer to coordinate to

hard bases and soft acids prefer to coordinate to soft

bases.’’ Polarizable chemical species is defined with soft

concept. As can be understood from this classification of

Pearson, nitrogen containing structures give electrons

easily to metals [20]. In recent years, there is a considerable

amount of effort devoted to studying inhibition properties

of benzimidazole and its derivatives for metallic corrosion

[21]. Benzimidazole is a heterocyclic aromatic organic

compound with a bicyclic structure consisting of the fusion

of benzene and imidazole rings [10], and hydrogen atoms

on the rings can be substituted by other groups or atoms.

Some derivatives of benzimidazole have been demon-

strated as excellent inhibitors [22–27] for copper and its

alloys in acidic solution, and exhibit different inhibition

performance with the difference in substituent groups and

substituent positions on the imidazole ring [21, 28, 29].

Thus, benzimidazoles are N- and O-containing compounds

and good electron donors; this will enhance their adsorp-

tion on the surface of the copper metal and increase binding

capabilities. Chemical structures of 2-(2-benzimidazolyl)-

4(phenylazo) phenol (BPP_1–7) molecules considered in

this study are shown in Fig. 1. The corrosion characteristics

of copper surface and effectiveness of these compounds as

chemical inhibitors were described from a quantitative

point of view.

Experimental details

Weight loss measurements

Weight loss experiments were done according to the

standard methods as reported in literature [30].

The corrosion rate, W (expressed in mg cm-2 min-1) as

well as the inhibition efficiency (EW%) over the exposure

time period were calculated. The corrosion rates of the

copper coupons have been determined for 4-h immersion

period at 30 ± 1 �C from mass loss, using Eq. (1) where

Dm is the mass loss, S is the area, and t is the immersion

period [31]. The standard deviation of the observed weight

loss was ±1 %. 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 [32]:

W ¼ Dm
S:t:

ð1Þ

The corrosion rate W (expressed in mg cm-2 min-1) as

well as the inhibition efficiency (EW%) over the exposure

time period were calculated according to the following

equation:

EW% ¼ W�Winh

W
� 100: ð2Þ

Thermometric measurements

The reaction vessel used was basically the same as that

described recently in the previous article [30]. The reaction

number (RN) and the reduction in reaction number (% red

RN) were calculated using the following Eqs. (3) and (4):

RN ¼ Tmax�Tið Þ
t

ð3Þ

% reduction in RN ¼ ðRNfree�RNinhÞ
RNfree

� 100 ð4Þ

where Tmax and Ti are the maximum and initial tempera-

tures, respectively; t is the immersion time (in minutes)

required to reach Tmax; RNfree and RNinh are the reaction

number in the absence and presence of BPP inhibitors,

respectively.

Electrochemical measurements

The copper metal (99.98 % Copper Egyptian Company)

was used as foils with a surface area of 2.54 cm2,

X = o-OCH3        (BPP_1) 

   = p-OCH3        (BPP_2) 

   = o-CH3           (BPP_3) 

   = m-CH3          (BPP_4) 

   = m-OCH3       (BPP_5) 

   = p-NO2           (BPP_6) 

   = m-NO2          (BPP_7) 

Fig. 1 Molecular structure of 2-(2-benzimidazolyl)-4 (phenylazo)

phenol (BPP_1–7) derivatives
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containing \0.001 % Ag, 0.001 % Sn as impurities.

Description details of the electrochemical corrosion cell

were explained in my published papers [33, 34].

The corrosion rate Rcorr in milli-inches per year (MPY)

can be obtained from the following equation:

Rcorr ¼ 0:13IcorrE �W=d ð5Þ

where Icorr is the corrosion current density (lA cm-2), E�W
is the equivalent weight of copper and d is its density.

Computational details

Quantum chemical calculations

Density functional theory (DFT) is certainly most widely

used for the prediction of chemical reactivity of molecules,

clusters and solids. It is important to note that DFT

methods have become very popular in recent times [30,

35–37]. In the present study, quantum chemical calcula-

tions were performed with complete geometry optimiza-

tions using Gaussian-09 software package [38]. Geometry

optimization were carried out by B3LYP functional at the

6–31G (d,p) basis set [39–42] and at the density functional

theory (DFT) level. Frequency calculations were carried at

the same levels of the theory to characterize the stationary

points as local minima. The molecular orbital structures

and energies were also calculated at the B3LYP method

with 6-31?G** basis sets for both HOMO and LUMO

levels.

In the conceptual density functional theory, chemical

reactivity indices such as chemical hardness, electronega-

tivity, chemical potential are defined as derivatives of the

electronic energy (E) with respect to number of electrons

(N) at a constant external potential, t(r). Within the

framework of this theory, mentioned chemical properties

are given as [43, 44]:

v ¼ �l ¼ � oE

oN

� �
mðrÞ

ð6Þ

g ¼ 1

2

ol
oN

� �
mðrÞ

¼ 1

2

o2E

oN2

� �
mðrÞ

ð7Þ

With the help of finite differences method, for chemical

hardness, electronegativity and chemical hardness, the

following expressions based on first vertical ionization

energy and electron affinity values of chemical species are

given.

g ¼ I � A

2
ð8Þ

v ¼ �l ¼ I þ A

2
ð9Þ

According to Koopmans’s Theorem [18], the negative of

the highest occupied molecular orbital energy and the

negative of the lowest unoccupied molecular orbital energy

corresponds to ionization energy and electron affinity,

respectively (-EHOMO = I and -ELUMO = A). As a result

of this theorem, chemical hardness and chemical potential

can be expressed as [45]:

l ¼ ELUMO þ EHOMO

2
ð10Þ

g ¼ ELUMO � EHOMO

2
ð11Þ

The global softness is defined as the inverse of the

global hardness and this quantity is given as [14]:

S ¼ 1

g
¼ � oN

ol

� �
mðrÞ

ð12Þ

The global electrophilicity index (x) introduced by Parr

[46] is the inverse of nucleophilicity and is given below in

Eq. 8. From the light of this index, electrophilic power of a

chemical compounds is associated with its electronegativ-

ity and chemical hardness. Nucleophilicity (e) is the inverse

of the electrophilicity as is given below in Eq. (14) [17]:

e ¼ 1=x ð13Þ

x ¼ l2

2g
¼ v2

2g
: ð14Þ

Molecular dynamics simulations

Molecular dynamics (MD) simulation is very popular for

the investigation regarding the interaction between the

inhibitor molecule and the concerned metal surface. The

interaction between inhibitors and the copper surface was

simulated using Forcite module of Materials Studio 6.0

program developed by Accelrys Inc. [47]. Herein, we had

chosen the Cu (111) surface to simulate the adsorption

process. Five layers of copper atoms were used to ensure

that the depth of the surface was greater than the non-bond

cutoff radius used in the calculation. The MD simulation

was performed at 298 K controlled by the Andersen ther-

mostat, NVT ensemble, with a time step of 1.0 fs and

simulation time of 1000 ps, using the COMPASS forcefield

[48]. Non-bond Interactions, Van der Waals and electro-

static, were set as atom-based summation method and

Ewald summation method, respectively, with a cutoff

radius of 1.55 nm. Details of simulation process can be

referred to some previous literature [49, 50].

The interaction energy between the inhibitor molecules

and the Cu (111) surface is calculated by Eq. (15).

Einteraction ¼ Etotal � ðEsurface þ EinhibitorÞ ð15Þ
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Herein, the total energy of the surface and inhibitor

molecule is designated as Etotal, Esurface is the surface

energy without the inhibitor and Einhibitor is the energy of

the adsorbed inhibitor on the surface. The binding energy

of the inhibitor molecule is expressed as

Ebinding = -Einteraction.

Obviously, a larger Ebinding implies that the corrosion

inhibitor combines with the copper surface more easily and

tightly, and a higher and spontaneous inhibitive perfor-

mance of the benzimidazole (BPP_1–7) derivatives.

Results and discussion

Chemical measurements

Weight loss measurements

The value of percentage inhibition efficiency (EW %) and

corrosion rate (Wcorr) obtained from weight loss method at

different concentrations of (BPP_1) in 2.0 M HNO3 at 303

K are summarized in Table 1 and shown in Fig. 2. It is

evident from Table 1 that the corrosion rate is decreased

from 1.87 mg/cm2 h to 0.11 mg/cm2 h on the addition of

10-3M of BPP_1. The corrosion data for benzimidazole

(BPP_1–7) inhibitors are reported in Table 2. According to

this data, it is clear that the addition of BPP compounds

reduces the corrosion rate of copper in nitric acid solution.

The variation of inhibition efficiency with increase in

inhibitor concentrations is shown in Fig. 3. It was observed

that BPP_1 inhibits the corrosion of copper in HNO3

solution, at all concentrations, i.e., from 10-9 to 10-3 M.

Maximum inhibition efficiency was shown at 10-3 M

concentration of the inhibitor in 2.0 M HNO3 to depend on

the substituents.

Thermometric measurements

In this method, the temperature change of the system

involving copper dissolution in 2.0 M HNO3 was followed

without and with different concentrations of the investi-

gated BPP_1 derivative, as tabulated in Table 3 and shown

in Fig. 4 for BPP_1 as an example for the additives. An

incubation period is first recognized along which the tem-

perature rises gradually with time. The temperature–time

curves provide a mean of differentiating between weak and

strong adsorption. The thermometric data for all benzimi-

dazole (BPP_1–7) derivatives are depicted in Table 4. It is

evident that the dissolution of copper in 2.0 M HNO3 starts

from the moment of immersion. On increasing the con-

centration of the inhibitor from 10-6 to 10-4 M the value

of Tmax decreases, whereas the time (t) required for

reaching Tmax increases, and both factors cause a large

Fig. 2 Variation of weight loss against time for copper corrosion in

2.0 M HNO3 in the presence of different concentrations of BPP_1 at

303 K

Table 1 Corrosion parameters for copper in aqueous solution of

2.0 M HNO3 in the absence and presence of different concentrations

of BPP_1 from weight loss measurements at 303 K for 4 h

Inhibitor Conc (M) Wcorr (mg/cm2 h) EW (%) h

Blank 2.0 M HNO3 1.87 – –

BPP_1 10-9 1.46 22 0.22

10-8 1.38 26 0.26

10-7 1.33 29 0.29

10-6 1.27 32 0.32

5 9 10-6 1.14 39 0.39

10-5 1.08 42 0.42

5 9 10-5 0.67 64 0.64

10-4 0.24 87 0.87

10-3 0.11 94 0.94

Table 2 Corrosion rate of copper in 2.0 M HNO3 with and without

benzimidazole (BPP_1–7) additives at 10-4 M, and the correspond-

ing inhibition efficiency from weight loss measurements at 303 K for

4 h

Solution Wcorr (mg/cm2 h) EW (%)

Blank 1.87 –

BPP_1 0.24 87

BPP_2 0.52 72

BPP_3 0.56 70

BPP_4 0.60 68

BPP_5 0.77 59

BPP_6 0.84 55

BPP_7 0.88 53
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decrease in RN and increasing of % red RN of the system,

as shown in Tables 3 and 4. This indicates that the syn-

thesized BPP_1–7 additives retard the dissolution pre-

sumably by strong adsorption onto the copper surface. The

extent of inhibition depends on the degree of the surface

coverage (h) of the copper surface with the adsorbate.

Strehblow and Titze [51] showed that the Cu passive layer

consists of a duplex structure of oxides, with an inner

cuprous oxide and an outer cupric hydroxide. Copper will

not corrode in non-oxidizing acidic environments, since

hydrogen evolution is not a part of its corrosion process.

However, when oxygen or other oxidants such as Fe3? and

NO3
- ions are present, corrosion becomes important.

Copper oxides are stable only in the pH range of 8–12 [52],

but not in acidic solutions [Eqs. (16) and (17)] in which

surface roughening can occur:

Cu2O þ 2Hþ
� 2Cuþ þ H2O ð16Þ

CuO þ 2Hþ
�Cu2þ þ H2O ð17Þ

Moreover, Cu? ions can undergo disproportionation

according to Eq. (18).

2Cuþ
�Cu2þ þ Cu ð18Þ

These reactions take place along the incubation period.

The heat evolved from the above reactions accelerates fur-

ther dissolution of the oxide and activates the dissolution of

the copper metal exposed to the aggressive medium. The

thermometric parameters measured experimentally such as

RN, time delay (Dt) and/or log (Dt) versus molar concen-

tration of the investigated benzimidazole (BPP_1-7)

derivatives confirms and support a two-step adsorption

process, at first a monolayer of the adsorbed is formed on the

copper electrode surface, and then it is followed by the

adsorption of a second adsorbed layer or a chemical reaction

leading to the deposition of the BPP-Cu complex on the

metal surface. The plot of Dt and/or log (Dt) as a function of

logCIn yields a linear relation shape for the first region of the

curve then a region of constancy; this reveals the completion

of the adsorbed monolayer of the inhibitor. In thermometric

measurements % red RN values are taken as the measure for

the corrosion inhibition efficiency (IE%). Plots of % red RN

versus molar concentration (CIn) of the additives for copper

corrosion in 2.0 M HNO3 are invariably sigmoidal in nature

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x 10
−3

20

30

40

50

60

70

80

90

100

C (mol/L)

E
w

 (
%

)

BPP1

Fig. 3 Variation of inhibition

efficiency EW (%) on copper

with different concentrations of

BPP_1 inhibitor in 2.0 M HNO3

at 303 K for 4 h immersion time

Table 3 Effect of different

concentrations of BPP_1 on the

thermometric parameters of

copper in 2.0 M HNO3

Conc. (M) LogC Ti (�C) Tmax (�C) t (min) Dt (min) LogDt h R.N. % red in R.N.

2.0 M HNO3 26.0 35.5 120 0.079

10-6 -6.0 25.9 34.6 165 45 1.65 0.342 0.052 34.17

5 9 10-6 -5.3 26.0 33.5 180 60 1.77 0.481 0.041 48.10

10-5 -5.0 26.0 32.1 210 90 1.95 0.658 0.027 65.82

5 9 10-5 -4.3 26.1 31.4 225 105 2.02 0.708 0.023 70.88

10-4 -4.0 26.2 29.6 240 120 2.07 0.823 0.014 82.27
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as shown in Fig. 5. The inhibition efficiency of the benz-

imidazole (BPP_1–7) derivatives depends on many factors,

including the molecular size, heat of hydrogenation, mode of

interaction with copper electrode surface, formation of

metallic complexes and the charge density on the adsorption

sites. Adsorption is expected to take place primarily through

functional groups; essentially OH and OCH3 would depend

on its charge density. The thermometric technique cannot be

applied for the copper corrosion in alkaline media because of

the formation of Cu2O, CuO and Cu (OH)2 oxide films on the

copper electrode surface, which formed only in near neutral

and slightly alkaline solutions (pH = 8–12) [52].

Electrochemical measurements

Potentiodynamic polarization measurement

Potentiodynamic measurements were performed in the

presence of different concentrations of 2-(2-benzimida-

zolyl)-4(phenylazo) phenol (BPP_1–7) derivatives. The

results are tabulated in Tables 5, 6 and plotted in Figs. 6, 7,

which show that the anodic and cathodic polarization

curves of copper in 2.0 M HNO3 solution, without and with

BPP_1 derivative at 303 K. It is observed that both the

cathodic curves and anodic curves show lower current

density in the presence of the investigated inhibitors (BPP)

than that of the blank. This indicates that the benzimida-

zoles inhibit the corrosion rate. Potentiokinetic polarization

curves were plotted for copper corrosion in 2.0 M HNO3 in

the presence of the benzimidazole (BPP_1–7) derivatives

as given in Fig. 7. A linear region with apparent Tafel was

observed. The cathodic reaction was activation controlled

and the addition of the compounds tested decreased the

current densities in large anodic and cathodic domains of

potential. The results indicated that the BPP_1–7 deriva-

tives acted as mixed-type inhibitors. Generally, the addi-

tion of mixed inhibitors in solution does not change

corrosion potential significantly because they inhibit both

the anodic and cathodic reactions. Small changes in

potentials can be a result of the competition of the anodic

and the cathodic inhibiting reactions, and of the copper

surface condition. The results of Fig. 7 illustrate that all

BPP_1–7 derivatives bring down the corrosion current

without causing any considerable change in the corrosion

mechanism. According to corrosion theory, the rightward

shift of the cathodic curves reveal that corrosion is mainly

accelerated by cathode reactions. HNO3 is a strong copper

oxidizer capable of rapidly attacking copper. The poten-

tiodynamic behavior of pure Cu in near neutral and slightly

alkaline solutions exhibits three anodic peaks associated

with the formation of Cu2O, CuO and Cu (OH) 2. Cu2O is

first formed [Eq. (19)], which subsequently oxidizes to

CuO [Eq. (20)] or, at more positive potentials, to Cu (OH)

2 [Eq. (21)].

Fig. 4 Temperature versus time curves of copper corrosion in 2.0 M

HNO3 solution in the absence and presence of different concentra-

tions of BPP_1

Table 4 Effect of different

concentrations of benzimidazole

(BPP_1–7) derivatives on the

inhibition efficiency IE% of

copper in 2.0 M HNO3 solution

as determined by thermometric

technique

Conc. (M) % red in R.N.

BPP_1 BPP_2 BPP_3 BPP_4 BPP_5 BPP_6 BPP_7

1 9 10-6 34.17 32.91 30.37 35.44 13.92 34.17 15.18

5 9 10-6 48.10 41.77 43.03 44.30 26.58 45.56 29.11

1 9 10-5 65.82 63.29 48.10 51.89 37.97 49.36 39.24

5 9 10-5 70.88 67.08 54.49 56.96 49.36 53.16 46.83

1 9 10-4 82.27 74.68 68.30 63.29 62.02 58.22 55.65
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2Cu þ H2O�Cu2O þ 2Hþ þ 2e� ð19Þ

Cu2O þ H2O� 2CuO þ 2Hþ þ 2e� ð20Þ

Cu2O þ 3H2O� 2Cu OHð Þ2þ2Hþ þ 2e� ð21Þ

Additionally, the potentiodynamic polarization curves in

Figs. 6, 7 exhibit no steep slope in the anodic range,

meaning that no passive films are formed on the copper

surface. Consequently, copper may directly dissolve in
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Fig. 5 Effect of concentration

of BPP_1 on % reduction in

RN for copper in 2.0 M HNO3

Table 5 Polarization corrosion parameters of Cu in 2.0 M HNO3 solution containing BPP_1 at 295 K

Inhibitor type Conc.

(M)

Rp

(X cm2)

Icorr (lA

cm-2)

Rcorr

(MPY)

-Ecorr

(mV(SCE))

bc

(V dec-1)

ba

(V dec-1)

ERp
%

(X cm2)

IE%

2.0 M HNO3 – 7.053 7236 6671 61 0.233 0.237 _ _

2.0 M

HNO3 ? (BPP_1)

10-7 13.52 3468 3197 68 0.196 0.241 47.83 52.07

10-6 17.74 2317 2137 47 0.176 0.204 60.24 67.96

5 9 10-6 221.7 104.8 96.63 10 0.160 0.081 96.82 98.55

Table 6 Polarization corrosion parameters of Cu in 2.0 M HNO3 solution containing 1 9 10-6 M of benzimidazole (BPP_1–7) derivatives at

303 K

Inhibitor type Rp (X cm2) Icorr (lA cm-2) Rcorr (MPY) Ecorr (mV(SCE)) bc (V dec-1) ba (V dec-1) ERp
% (X cm2) IE%

2.0 M HNO3 6.360 7287 6719 29 0.302 0.165 – –

BPP_1 45.08 235 731.3 23 0.177 0.154 85.9 96.8

BPP_2 75.34 406.7 374.9 12 0.162 0.125 91.5 94.4

BPP_3 63.36 507 467.4 7 0.145 0.151 89.9 93.0

BPP_4 30.93 1180 1206 26 0.185 0.188 79.4 83.8

BPP_5 76.40 397.2 366.2 7 0.202 0.107 91.7 94.5

BPP_6 147.9 320 295.1 6 0.204 0.234 95.7 95.6

BPP_7 113.0 242.5 290 -3 0.124 0.129 94.4 96.6
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2.0 M HNO3 solutions. The Pourbaix diagram for copper–

water system is shown in Fig. 8 [53]. It indicates that

copper is corroded to Cu2? 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 electrochemical reactions

for copper in HNO3 solution can be described as follows:

Anodic reaction:

Cu ! Cu2þ þ 2e� ð22Þ

Cathodic reactions [54]:

NO�
3 þ 3Hþ þ 2e� ! HNO2 þ H2O ð23Þ

NO�
3 þ 4Hþ þ 3e� ! NO þ 2H2O ð24Þ

O2 þ 4Hþ þ 4e� ! 2H2O ð25Þ

Figure 7 shows the anodic and cathodic Tafel plots of

copper in the presence of all seven studied BPP_1–7

inhibitors, for comparison polarization curves measured in

2.0 M HNO3 acid solution are plotted. These compounds

induce an increase in both the cathodic and anodic over

voltages and cause a parallel displacement of both the

cathodic and the anodic Tafel curves. The results indicate

that the presence of the BPP compounds in the solution

inhibits both the hydrogen evolution and the anodic dis-

solution processes. The data suggest that all tested BPP act

as mixed-type inhibitors. They also indicate that the BPP

molecules are mainly adsorbed at the copper surface via the

oxygen and nitrogen centers of adsorption. The corrosion

current density, Icorr, for copper in free 2.0 M HNO3 acid is

7236 (l A cm-2). Addition of the BPP derivatives tested

induces a decrease in both Icorr and Rcorr whereas, the Rp

values at the same time increases; thus BPP derivatives act

as inhibitors for copper dissolution in nitric acid. Table 5

gives the effect of BPP_1 concentrations on corrosion

Fig. 6 Cathodic and anodic polarization curves of copper in 2.0 M

HNO3 solution with the BPP_1 in different concentrations at 303 K

Fig. 7 Potentiodynamic polarization curves of copper in 2.0 M

HNO3 solution with the 5 9 10-6 M of different BPP_1–7 inhibitors

at 303 K

Fig. 8 Potential–pH equilibrium diagram for the system, copper–

water, at 25 ± 1 �C [53]. The dashed regions and the equilibrium

components corresponding to the Pourbaix diagram in HNO3
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parameters. In general, the inhibition efficiency depends on

the concentration of the inhibitors. When an external emf

was applied, both the cathode and the anode were polarized

due to the presence of the nitrogen atom which is respon-

sible for the cathodic behavior and the oxygen atom which

is responsible for the anodic behavior. Similar behavior

was observed in the presence of different BPP additives,

from Table 5, the slopes of cathodic and anodic Tafel lines

(bc and ba) were more changed on increasing the concen-

tration of the tested inhibitor and have the values

bc = 0.233 - 0.160 V/decade and ba = 0.237 - 0.081 V/

decade. This behavior indicates that the adsorbed BPP

derivatives mechanically screen the coated part of the

copper electrode and therefore, protect it from the action of

the corrosive medium. BPP inhibitor molecules have the

effect on the mechanism of dissolution of copper and cause

activation of a part of the surface respect to the corrosive

medium. The high Tafel constant values support the

probability of the presence of a complicated surface pro-

cesses involving Cu ions and BPP molecules. Moreover,

Tafel slopes of about 75 mV decade-1 can be attributed to

a surface kinetic process rather than a diffusion controlled

process. Inspection of polarization curves in Figs. 6, 7

show that, it was not possible to evaluate the cathodic Tafel

slope as there is no visible linear region that prevents linear

extrapolation to Ecorr of the cathodic polarization curves. It

has been shown that in the Tafel extrapolation method, use

of both the anodic and cathodic Tafel regions is undoubt-

edly preferred over the use of only one Tafel region [55].

However, the corrosion rate can also be determined by

Tafel extrapolation of either the cathodic or anodic polar-

ization curve alone. If only one polarization curve alone is

used, it is generally the cathodic curve which usually

produces a longer and better defined Tafel region. Anodic

polarization may sometimes produce concentration effects,

due to passivation and dissolution, as noted above, as well

as roughening of the surface which can lead to deviations

from Tafel behavior. The situation is quite different here;

the anodic dissolution of copper in aerated 2.0 M HNO3

solutions obeys Tafel’s law. The anodic curve is, therefore,

preferred over the cathodic one for the Tafel extrapolation

method. However, the cathodic polarization curve displays

a limiting diffusion current due to the reduction of dis-

solved oxygen. Thus, the cathodic process is controlled, as

will be seen latter, by concentration polarization rather than

activation polarization, which prevented linear extrapola-

tion of the cathodic curves. The corrosion current densities

were obtained here by extrapolation of the anodic polar-

ization curves to Ecorr. Similar results were reported pre-

viously [54, 56, 57]. This irregularity was confirmed by

other researchers and can be explained as the superposition

of at least two cathodic current contributions: one arises

from oxygen reduction and the second one consequential of

copper ion re-deposition [58]. It is common practice and it

was possible in this case to evaluate Icorr by extrapolation

of the anodic polarization curves only to Ecorr. At more

cathodic potential with respect to Ecorr, the characteristic

horizontal line resulting from limiting current density for

oxygen reduction can be observed. Because of uncertainty

and source of error in the numerical values of the cathodic

Tafel slope (bc) calculated by the software; We did not

introduce here bc values recorded by the software. Table 5

gives the values of the associated electrochemical param-

eters of corrosion such as corrosion current density Icorr

which calculated with the extrapolation of the linear parts

of Tafel lines, corrosion potential Ecorr, anodic Tafel con-

stants ba. The inhibition efficiency (IE%) was determined

from the polarization curves using the Eq. (26):

IE% ¼ Icorr�I0corr

Icorr

� 100 ð26Þ

Icorr and I0corr are the uninhibited and inhibited corrosion

current densities, respectively, determined by extrapolation

of the cathodic Tafel lines to corrosion potential (Ecorr). It

was clearly seen that cathodic slope was found equal

indicating that the reduction of hydrogen did not modified

in the presence of the azoles (BPP_1–7) inhibitors. Thus,

the presence of the inhibitors at 10-6 M leads to decrease

in the values of Icorr, which was particularly significant in

the case of BPP_1 as shown in Table 5. The inhibition

properties of BPP derivatives were evaluated also by

polarization resistance method. Tables 5 and 6 gathered the

corresponding values of polarization resistance Rp and the

inhibition efficiency (ERp
%) which is calculated using the

Eq. (27).

ERp
% ¼

R0
p�Rp

R0
p

� 100 ð27Þ

Rp and R0
p are the polarization resistance values without and

with inhibitor, respectively. From polarization resistance

measurements, the weakest value of Rp is found for copper

in 2.0 M HNO3 without inhibitor. However, the addition of

the BPP derivatives in solution leads to an increase in the

polarization resistance values. In fact, the value of Rp is

45.08 X cm2 in the case of BPP_1 and increases to

(63.36 X cm2) for BPP_3, then, increases to (76.40 X cm2)

for BPP_5 and reaches to (147.9 X cm2) for BPP_7 as

given in Table 6. This in turn leads to a decrease in cor-

rosion current density Icorr values because this later is

inversely proportional to Rp. Table 5 show that the

increasing of the concentration from 10-7 to 5 9 10-6 M

(BPP_1) reduces significantly the dissolution rate of copper

and consequently increasing IE%. Anodic Tafel constants

change with inhibitor concentration, which is an indication

of its effect on the copper dissolution reaction. No definite
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trend was observed in the shift of Ecorr values, in the

presence of various concentrations of BPP derivatives in

2.0 M HNO3 solutions. BPP_1–7 derivatives may be

classified as mixed-type inhibitors. Figure 7 shows that the

polarization curves of copper in the presence of 5 9 10-6

M of all BPP_ 1–7 inhibitors. The arrangement of IE%

follows the order: BPP_1[BPP_2[BPP_3[
BPP_4 > BPP_5[BPP_6[BPP_7. In the case of p-nitro

derivative BPP_6, the inhibition efficiency (IE%) firstly

increases, then sharply decreases by increasing the inhi-

bitor concentration. This can be explained on the basis that,

the p-NO2 group characterized by critical inhibitor con-

centration (CIC) as well as the critical micelle concentra-

tion (CMC). The inhibition efficiency (IE%) of BPP

derivatives depend on many factors, including the number

of adsorption sites, their charge density, molecular size and

mode of interaction with the copper metal surface. Retar-

dation of copper dissolution by the BPP substituents is

expected to be due to their adsorption on the copper surface

via oxygen and nitrogen atoms. In general o-OCH3

2-(2(benzimidazolyl)-4-(phenylazo)-phenol (BPP_1) inhi-

bitor is found to be the most efficient inhibitor; this may be

due to the position of –OCH3 group at ortho position in the

phenylazo and its nature to the nearest on the phenol ring.

This aids the more flat of the molecules and coverage the

copper substrate to be more possible. This flat formation

and coating effect decreases in the case of m-OCH3

derivative.

Adsorption isotherm and thermodynamic activation

parameters

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 adsorp-

tion of inhibitors on the metal surface can be provided by

adsorption isotherm. In order to obtain the isotherm, the

fractional surface coverage values (h) as a function of

inhibitor concentration must be obtained. The values of h
can be easily determined from the weight loss measure-

ments by the ratio EW%/100, where EW% is inhibition

efficiency obtained by weight loss method. So it is neces-

sary to determine empirically which isotherm fits best to

the adsorption of inhibitors on the copper surface. Several

adsorption isotherms (viz., Frumkin, Langmuir, Temkin,

and Freundlich) were tested. Data were tested graphically

by fitting to various isotherms. Figure 9 shows the depen-

dence of the fraction (h) as function of the logarithm of the

concentration of BPP_1. The obtained plot is consistent

with an S-shape adsorbed isotherm for BPP_1 showing an

adsorption on the copper surface according to the Frumkin

isotherm.

h
1 � h

exp �fhð Þ ¼ KadsC ð28Þ

with

Kads ¼
1

55:5
exp

�DG
�

ads

RT

� �
or

DG
�

ads ¼ �RT ln 55:5Kadsð Þ
ð29Þ

where C is the concentration of the adsorbed substance in the

bulk of the solution and h is the degree of surface coverage of

the metal surface by the inhibitor. Kads is the modified

equilibrium constant of the adsorption process, f is a constant

depending on intermolecular interactions in the adsorption

layer and on the heterogeneity of the surface, R is the uni-

versal 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. The values of Kads and DG
�
ads

were calculated at 303 K and are listed in Table 7. DG
�
ads is

the free energy of adsorption and f is a function of adsorption

energy. The average value of K, f and DG
�
ads calculated from

h = Log ([BPP_1]) curve are: f = -7.59; K = 4.66 9 106

and DG
�
ads = -48.75 kJ�mol-1.

It is well known that values of DG
�

ads [-40 kJ mol-1

(Table 7), indicate a chemisorption mechanism. In addition

to electrostatic interaction, there may be some other

interactions [59]. The high Kads and DG
�

ads values may be

attributed to higher adsorption of the inhibitor molecules at

the metal–solution interface [60]. Moreover, the inhibition

of copper by BPP compounds is often explained by the

formation of Cu (II)-BPP through its heteroatoms [61]. A

plot of IE% versus Log ([BPP]) substituents has the char-

acter of an S-shape adsorbed isotherm as shown in Fig. 10.

In physisorption process, it is assumed that acid anions

such as NO3
- ions are specifically adsorbed on the metal

surface, donating an excess negative charge to the metal

surface. In this way, potential of zero charge becomes less

negative which promotes the adsorption of inhibitors in

cationic form [62]; those of order of 40 kJ mol-1 or higher

involve charge sharing or transfer from the inhibitor

molecules to the metal surface to form a coordinate type of

bond (chemisorption) [63]. The strong correlation coeffi-

cients of the fitted curves, reveals that the inhibition ten-

dency of the inhibitors is due to the adsorption of these

synthesized molecules on the metal surface [64], as given

in Table 7. The slopes of ln (h/1 - h)C versus h plots are

close to :7–18 in case of nitric acid solution which

indicates the ideal simulating and expected from Frumkin

adsorption isotherm [64]. Kads values were calculated from

the intercepts of the straight lines on the ln (h/1 - h) C

[65]. Generally, the relatively high values of the adsorption

equilibrium constant (Kads) as shown in Table 7, reflect the
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high adsorption ability [66] of the BPP_1–7 molecules on

the copper surface.

The corrosion inhibition mechanism for the BPP inhi-

bitors on Cu surface in HNO3 is confirmed by finding the

correlation between the kinetic parameters or the general-

ized mechanistic scheme of the kinetic–thermodynamic

model proposed by El-Awady et al. [67, 68] (Eq. 30) with

the experimental Frumkin adsorption isotherm.

h= 1 � hð Þ ¼ K 0 I½ �y or log h=1 � hð Þ ¼ logK 0 þ y log I½ �
ð30Þ

where y is the number of inhibitors molecules [I] occupy-

ing one active site, and K0 is a constant, the relationship in

Eq. (30) gives a satisfactory linear relation. Hence, the

suggested model fits the obtained experimental data. The

slope of such lines is the number of inhibitor molecules

occupying a single active site, (y) and the intercept is the

binding constant (logK0). As mentioned, 1/y gives the

number of active sites occupied by a single organic

molecule and K 0y is the equilibrium constant for the

adsorption process. The binding constant (Kb) corre-

sponding to that obtained from the known adsorption iso-

therms curve fitting is given by the following equation:

Kb ¼ K 0ð1=yÞ ð31Þ

Table 7 comprises the values of 1/y and Kb for the

studied BPP. This table show that the number of active

sites occupied by one molecule in the case of BPP (1/

y : 2–6). Values of 1/y greater than unity implies the

formation of multilayer of the inhibitor molecules on the
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Fig. 9 Frumkin isotherm

adsorption of (BPP_1) on the

copper surface in 2.0 M HNO3

solution

Table 7 Binding constant (Kb),

active sites (1/y), lateral

interaction (f), equilibrium

constant (Kads) and standard free

energy of adsorption (DG�) for

copper in 2.0 M HNO3 for

benzimidazole (BPP_1–7)

molecules at 303 K

BPP_1–7 inhibitors Kinetic model Frumkin adsorption isotherm

1/y Kb -DG� (kJ/mol) -f Kads �DG
�

ads (kJ/mol)

BPP_1 1.88 499.39 25.75 7.59 4.66 9 106 48.75

BPP_2 2.62 92.73 21.51 7.08 4.05 9 106 48.40

BPP_3 1.77 570.29 26.08 6.83 2.20 9 106 46.87

BPP_4 3.14 16.43 17.16 3.37 1.16 9 105 39.46

BPP_5 2.12 104.04 21.80 5.13 2.53 9 105 41.42

BPP_6 5.78 6.23 14.72 18.50 4.28 9 108 60.13

BPP_7 5.88 4.99 14.16 18.58 1.56 9 108 57.60
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metal surface, whereas, values of 1/y less than unity indi-

cates that a given inhibitor molecule will occupy more than

one active site [68]. According to the proposed kinetic–

thermodynamic model, the adsorption takes place via for-

mation of multilayer of the inhibitor molecules on the

copper electrode surface. The slope values do not equal

unity (gradient slopes\1); hence, the adsorption of these

synthesized BPP on copper surface does not obey a

Langmuir adsorption isotherm. Frumkin adsorption iso-

therm (Eq. 28) represents best fit for experimental data

obtained from applying BPP as chemical inhibitors on

copper in 2.0 M HNO3 acid solution. The values of Kads

(equilibrium constant of the inhibitor adsorption process)

and (f) are tabulated in Table 7. The lateral interaction

parameter (f) has negative values; this parameter is a

measure of the degree of steepness of the adsorption iso-

therm. The adsorption equilibrium constant (Kads) calcu-

lated from Frumkin equation acquires lower values than

those binding constant (Kb) obtained and calculated from

the kinetic–thermodynamic model. The lack of compati-

bility of the calculated (Kb) and experimental (Kads) values

may be attributed to the fact that Temkin adsorption iso-

therm is only applicable to cases where one active site per

inhibitor molecule is occupied. The lateral interaction

parameter was introduced to treat of deviations from

Langmuir ideal behavior, whereas the kinetic–thermody-

namic model uses the size parameter. The values of the

lateral interaction parameter (-f) were found to be negative

and increase from :6.83 to 18.58. This denotes that an

increase in the adsorption energy takes place with the

increase in the surface coverage (h). Adsorption process is

a displacement reaction involving removal of adsorbed

water molecules from the electrode metal surface and their

substitution by inhibitor molecules. Thus, during adsorp-

tion, the adsorption equilibrium forms an important part in

the overall free energy changes in the process of adsorp-

tion. It has been shown that, the free energy change (DG
�

ads)

increases with increase of the solvating energy of adsorb-

ing species, which in turn increases with the size of

hydrocarbon portion in the organic molecule and the

number of active sites. Hence, the increase of the molecular

size leads to decreased solubility, and increased absorba-

bility. The large negative values of the standard free energy

changes of adsorption (DG
�
ads), obtained for BPP, indicate

that the reaction is proceeding spontaneously and accom-

panied with a high efficient adsorption. Although, the

obtained values of the binding constant (Kb) from the

kinetic model and the modified equilibrium constant (Kads)

from Temkin equation are incompatible, generally have

large values (Table 7), mean better inhibition efficiency of

the investigated synthesized BPP_1–7, i.e., stronger elec-

trical interaction between the double layer existing at the

phase boundary and the adsorbing molecules. In general,

the equilibrium constant of adsorption (Kads) was found

to become higher with increasing the inhibition effi-

ciency of the inhibitor studied as given in Table 7.

Application of kinetic–thermodynamic model on benzim-

idazole (BPP_1–7) inhibitors of copper in 2.0 M HNO3 at

303 K is shown in Fig. 11.

Effect of temperature

Temperature has a great effect on the rate of metal elec-

trochemical corrosion. In case of corrosion in a neutral
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solution (oxygen depolarization), the increase in tempera-

ture has a favourable effect on the overpotential of oxygen

depolarization and the rate of oxygen diffusion but it leads

to a decrease of oxygen solubility. In case of corrosion in

acidic medium (hydrogen depolarization), the corrosion

rate increases exponentially with temperature increase

because the hydrogen evolution over potential decreases

[69]. The potentiodynamic polarization curves for copper

corrosion in 2.0 M HNO3 acid in the presence of 1 9 10-6

M BBP_1 at temperatures 30, 40, 50 and 60 �C is given in

Fig. 12.

The relationship between the corrosion rate (Rcorr) of

copper in acidic media and temperature (T) is often

expressed by the Arrhenius equation [70, 71]:

lnRcorr ¼ lnA� Ea

RT
ð32Þ

where Ea is the apparent activation energy, R is the molar

gas constant (8.314 J K-1 mol-1), T is the absolute tem-

perature, and A is the frequency factor. The plot of Ln Rcorr

against 1/T for copper corrosion in 2.0 M HNO3 in the

absence and presence of different concentrations of BPP is

shown in Fig. 13. All parameters were given in Table 8.

The activation energy increased in the presence of BPP,

which indicated physical (electrostatic) adsorption. Fur-

thermore, the activation energy rose with increasing inhi-

bitor concentration, suggesting strong adsorption of

inhibitor molecules at the metal surface [60]. The increase

in activation energy was due to the corrosion reaction

mechanism in which charge transfer was blocked by the

adsorption of BPP molecules on the copper surface [72]. It

also revealed that the whole process was controlled by the

surface reaction since the energy of the activation corrosion

process in both the absence and presence of BPP was

greater than 20 kJ mol-1 [73].

Experimental corrosion rate values obtained from

Potentiodynamic polarization measurements for copper in

2.0 M HNO3 in the absence and presence of BPP was used

to further gain insight on the change of enthalpy (DH*) and

entropy (DS*) of activation for the formation of the acti-

vation complex in the transition state using transition

equation [63]:

Rcorr ¼
RT

Nh
exp

DS�ð Þ
R

exp �DH
RT

�� �
ð33Þ

where h is the Plank’s constant (6.626176 9 10-34 J s), N

is the Avogadro’s number (6.02252 9 10-23 mol-1), R is

the universal gas constant and T is absolute temperature.
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Fig. 11 Application of kinetic–thermodynamic model on benzimi-

dazole (BPP_1–7) inhibitors of copper in 2.0 M HNO3 at 303 K

Fig. 12 Potentiodynamic polarization curves of copper in 2.0 M

HNO3 solution with the 1 9 10-6 M of BPP_1 at different

temperatures
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The free energy change of activation (DG*) is obtained

from the Eyring equation: (Eq. (34).

k ¼ kBT

h
e�DG�=RT ð34Þ

Another convenient form of Eq. (34) is Eq. (35).

DG� ¼ DH� � TDS� ð35Þ

The relation of Ln Rcorr/T versus 1/T for copper corro-

sion in 2.0 M HNO3 in the absence and presence of dif-

ferent concentrations of BPP is given in Fig. 14. Straight

lines were obtained with slope of (DH*/R) and an intercept

of [Ln (R/Nh) ? (DS*/R)] from which the values of DH*
and DS*, respectively, were computed.

The activation parameters were computed and listed in

Table 9. Inspection of these data reveal that the activation

parameters (Ea, DH*, DS* and DG*) of dissolution reaction

of copper in 2.0 M HNO3 in the presence of BPP are higher

than in the absence of inhibitor. The positive sign of the

enthalpy of activation reflect the endothermic nature of

copper dissolution process meaning that dissolution of cop-

per is difficult [74]. The entropy of activation was negative in

absence of BPP, whereasDS*was changed between negative

and positive values in presence of BPP implying that the rate-

determining step for the activated complex is dissociation

step rather than association. In other words, the adsorption

process is accompanied by an increase in entropy, which is

the driving force for the adsorption of inhibitor onto the

copper surface [75]. From the thermodynamic parameters in

Table 9, it can be seen that Ea increases as the inhibition

efficiency of the additives increases. This suggests that the

process is controlled by a surface reaction, since the energy

of activation for the corrosion process is above 20 kJ mol-1.

The higher entropy values (DS*) as shown in Table 9 in the

case of different inhibitors compared to a high negative

values of (-121.16 J. K-1 mol-1) in the case of free nitric

acid solution indicates a slower reaction [76]. The negative

entropy (DS*) values only in the case of BPP_1 and BPP_4

inhibitors, with their lower activation energy (Ea) values

indicate that the copper corrosion inhibition process in these

derivatives only is entropy controlled rather than activation

energy controlled (Table 9). The copper corrosion inhibition

process in the case of all other BPP inhibitors is activation

energy controlled, since the activation energy (Ea) values are

relatively high, as shown in Table 9. The activation energy

(Ea) values support the sequence arrangement of different

inhibitors according to their increasing inhibition efficiency

(IE%) values. The activation energy for copper was found

between 2, 4.6 and11.7 kcal mol-1 in 0.1 M HCI, 4.0 M

HNO3 and 3.0 M HNO3 solutions, respectively. Generally,

one can say that the nature and concentration of the elec-

trolyte greatly affect the activation energy for the corrosion

process.

Theoretical study

Quantum chemical calculations

For the purpose of determining the active sites of the

inhibitor molecule, three influence factors: natural atomic
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Fig. 13 Arrhenius plots of Ln
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2.0 M HNO3 in the absence and
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charge, distribution of frontier orbital, and Fukui indices

are considered. According to classical chemical theory, all

chemical interactions are by either electrostatic or orbital.

Electrical charges in the molecule were obviously the

driving force of electrostatic interactions it has been proven

that local electron densities or charges are important in

many chemical reactions and physico-chemical properties

of compounds [30]. The inhibition efficiencies of seven

benzimidazole (BPP_1–7) derivatives on the corrosion of

copper were investigated by quantum chemical and

molecular dynamics simulation studies.

The molecular reactivity of the studied molecules was

investigated and compared via analysis of frontier molec-

ular orbitals. The energy of HOMO is associated with the

electron donating ability of a molecule. High values of

energy of HOMO state that the molecule is prone to donate

electrons to appropriate acceptor molecules with low-

energy and empty molecular orbital. On the other hand,

LUMO energy level is an indicator of electron accepting

abilities of molecules. It is important to note that the

molecules that have lower LUMO energy value have more

electron accepting ability. The reactive ability of the

inhibitor is considered to be closely related to their frontier

molecular orbitals, the HOMO and LUMO. The frontier

molecule orbital density distributions involving the opti-

mized structures, HOMOs, LUMOs with Mulliken orbital

charges population’s analyses of the investigated seven

(BPP_1–7) molecules are presented in Figs. 15 and 16. The

optimized structures, HOMOs, LUMOs of non-protonated

inhibitor molecules (BPP_1–7) using DFT/B3LYP/6-

31??G (d,p) are shown in Fig. 15. As seen from the fig-

ure, the populations of the HOMO focused around the

carbon chain containing imidazole and azo nitrogen. But

the LUMO densities were mainly around the benzene

Table 8 Various corrosion parameters for copper in 2.0 M HNO3 in absence and presence of optimum concentration 1 9 10-6 M of benz-

imidazole (BPP_ 1–7) at different temperatures, 303 B T B 333 K

System Temperature (K) Rp (X cm2) Icorr (lA cm-2) Rcorr (MPY) Ecorr mV(SCE) bc (V dec-1) ba (V dec-1) IE%

2.0 M HNO3 303 6.360 7287 6719 29 0.302 0.165 –

313 5.433 10,180 8384 49 0.366 0.195 –

323 4.577 10,380 9570 43 0.250 0.195 –

333 3.001 13,860 12,770 45 0.170 0.219 –

2.0 M

HNO3 ? BPP_1
303 45.08 235 731.3 23 0.177 0.154 96.8

313 37.14 1004 926.1 26 0.178 0.166 90.1

323 30.30 2257 2080 25 0.244 0.186 78.2

333 14.50 4194 3866 39 0.381 0.222 69.7

2.0 M

HNO3 ? BPP_2
303 75.34 406.7 374.9 12 0.162 0.125 94.4

313 32.96 1399 1289 21 0.132 0.186 86.2

323 74.83 2807 8119 41 0.335 0.212 72.9

2.0 M

HNO3 ? BPP_3
303 63.36 507 467.4 7 0.145 0.151 93.0

313 26.35 1647 1518 21 0.220 0.183 83.8

323 25.80 2100 3567 23 0.215 0.190 79.7

333 50.67 4190 11,240 44 0.333 0.248 69.7

2.0 M

HNO3 ? BPP_4
303 30.93 1180 1206 26 0.185 0.188 83.8

313 24.13 1766 1546 17 0.187 0.186 82.6

323 13.83 2916 2688 -34 0.162 0.219 71.9

333 7.026 7287 6718 35 0.252 0.222 47.4

2.0 M

HNO3 ? BPP_5
303 76.40 397.2 366.2 7 0.202 0.107 94.5

313 50.24 700.6 645.9 15 0.185 0.144 93.1

323 14.05 3067 2827 26 0.193 0.204 70.4

2.0 M

HNO3 ? BPP_6
303 147.9 320 295.1 6 0.204 0.234 95.6

313 20.81 2440 344 25 0.402 0.165 76.0

323 15.72 3590 2249 30 0.302 0.228 65.4

2.0 M

HNO3 ? BPP_7
303 113.0 242.5 290 -3 0.124 0.129 96.6

313 46.8 724.7 668.1 8 0.139 0.179 92.9

323 9.743 4087 4690 30 0.213 0.245 60.6

333 9.410 6575 5140 30 0.236 0.229 52.5
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cyclic. Higher HOMO energy (EHOMO) of the molecule

means a higher electron-donating ability to appropriate

acceptor molecules with low-energy empty molecular

orbital and thus explains the adsorption on metallic sur-

faces by way of delocalized pairs of p-electrons. ELUMO,

the energy of the lowest unoccupied molecular orbital,

signifies the electron receiving tendency of a molecule.

From Fig. 15, it could be seen that BPP_1–7 have similar

HOMO and LUMO distributions, which were all located

on the entire BPP moiety. This is due to the presence of

nitrogen and oxygen atoms together with several p-elec-

trons on the entire molecule. Thus, unoccupied d orbital of

Cu atom can accept electrons from inhibitor molecule to

form coordinate bond. Also the inhibitor molecule can

accept electrons from Cu atom with its anti-bonding orbi-

tals to form back donating bond. Figure 16 shows B3LYP/

6-311G** selected bond length for the optimized geometry

of the studied compounds calculated for BPP. It has been

reported that the more negative the atomic charges of the

adsorbed center, the more easily the atom donates its

electron to the unoccupied orbital of the metal [14, 30].

Mulliken orbital charges populations analysis of BPP_ 1–7

derivatives using DFT method at the B3LYP method with

6–31?G** basis sets level are presented in Fig. 16. It can

be seen that the area of carbon bone chain containing

imidazole and azo nitrogen, hydroxyl, and methyl charged

a large electron density and might form adsorption active

centers. It is clear from Fig. 16 that nitrogen and oxygen as

well as some carbon atoms carry negative charge centers

which could offer electrons to the copper surface to form a

coordinate bond. This shows that the N and O atoms are the

probable reactive sites for the adsorption of copper. Higher
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0.5
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2
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2.0 M HNO3
BPP1

Fig. 14 Arrhenius plots of Ln

Rcorr/T versus 1/T for copper in

2.0 M HNO3 in the absence and

the presence of BPP_1 at

optimum concentration

Table 9 Activation energy (Ea), enthalpy change (DH*), free energy change (DG*), and entropy change (DS*) for the corrosion of copper in

2.0 M HNO3 in absence and presence of 1 9 10-6 M of benzimidazole (BPP_1–7) inhibitors at different temperatures, 303 B T B 333 K

System A (MPY) Ea (kJ mol-1) DH* (kJ mol-1) DG* (kJ mol-1) DS* (J K-1 mol-1)

2.0 M HNO3 6.953 9 106 17.481 15.403 53.932 -121.16

2.0 M HNO3 ? BPP_1 4.883 9 1011 51.632 46.473 58.608 -38.161

2.0 M HNO3 ? BPP_2 2.201 9 1024 126.453 123.100 57.546 209.438

2.0 M HNO3 ? BPP_3 1.225 9 1018 89.407 85.280 57.482 87.413

2.0 M HNO3 ? BPP_4 8.419 9 104 9.351 44.853 57.408 -39.483

2.0 M HNO3 ? BPP_5 1.683 9 1017 85.419 80.922 59.107 69.696

2.0 M HNO3 ? BPP_6 3.470 9 1016 82.253 80.287 60.036 64.700

2.0 M HNO3 ? BPP_7 9.336 9 1017 89.883 86.928 58.67 88.860
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Fig. 15 The optimized structures, HOMOs, LUMOs of non-protonated inhibitor molecules (BPP_1–7) using DFT/B3LYP/6-31??G (d,p)
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Fig. 16 Mulliken orbital

charges populations analysis of

BPP_1–7 derivatives using DFT

method at the B3LYP method

with 6-31?G** basis sets level
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values of EHOMO are likely to indicate a tendency of the

molecule to donate electrons to appropriate acceptor

molecules with low-energy or empty electron orbital.

Quantum chemical parameters such as EHOMO, ELUMO, DE

(HOMO–LUMO energy gap), chemical hardness, softness,

electronegativity, proton affinity, electrophilicity and

nucleophilicity are important and useful tools to compare

the corrosion inhibition performances of molecules. Cal-

culated quantum chemical parameters of studied molecules

in aqueous phase are presented in Table 10. It is evident

from Table 10 that BPP has the highest EHOMO and a lower

EHOMO in the protonated form. This means that the elec-

tron-donating ability of BPP is weaker in the protonated

form. This confirms the experimental results that interac-

tion between BPP and copper is electrostatic in nature

(physisorption). The energy of the LUMO is directly

related to the electron affinity and characterizes the sus-

ceptibility of the molecule towards attack by nucleophiles.

The lower the values of ELUMO, the stronger the electron

accepting abilities of molecules. It is clear that the proto-

nated form of BPP exhibits the lowest EHOMO; thus, the

protonated form is the most likely form for the interaction

Fig. 16 continued
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of copper with BPP molecule. Low values of the energy

gap (DE) will provide good inhibition efficiencies, because

the excitation energy to remove an electron from the last

occupied orbital will be low [54]. Accordingly, the dif-

ference between ELUMO and EHOMO energy levels

(DE = ELUMO - EHOMO) and the dipole moment (l) was

also determined. The global hardness (g) is approximated

as DE/2, and can be defined under the principle of chemical

hardness and softness [14]. These parameters also provide

information about the reactive behavior of molecules and

are presented in Table 10. A molecule with a low-energy

gap is more polarizable and is generally associated with a

high chemical reactivity and low kinetic stability, and is

termed soft molecule [14, 30]. According to Wang et al.

[46], adsorption of inhibitor onto a metallic surface occurs

at the part of the molecule which has the greatest softness

and lowest hardness. The results show that BPP in the

protonated form have the lowest energy gap and lowest

hardness; this agrees with the experimental results that BPP

could have better inhibitive performance on copper surface,

i.e., through electrostatic interaction between the cation

form of BPP and the vacant d orbital of copper

physisorption. BPP had the highest inhibition efficiency

because it had the highest HOMO energy values, and it had

the greatest ability of offering electrons. This also agrees

well with the value of (DG
�
ads) obtained experimentally

(Table 7). The dipole moment of (BPP) is highest in the

protonated form [(l = 9.5177 Debye

(28.818 9 10-30 cm)], which is higher than that of H2O

(l = 6.23 9 10-30 cm). The high value of dipole moment

probably increases the adsorption between chemical com-

pound and metal surface [17, 19, 30]. Accordingly, the

adsorption of BPP molecules can be regarded as a quasi-

substitution process between the benzimidazole compound

and water molecules at the electrode surface. Frontier

orbital energy level indicates the tendency of bonding to

the metal surface. Further study on the formation of

chelating centers in an inhibitor requires the information of

spatial distribution of electronic density of the compound

molecules [30]. The structure of the molecules can affect

the adsorption by influencing the electron density at the

functional group. Generally, electrophiles attack the

molecules at negative charged sites. As seen from Fig. 16,

the electron density focused on N atoms, O atoms, and C

atoms in methyl. The regions of highest electron density

are generally the sites to which electrophiles attacked. So,

N, O, and C atoms were the active center, which had the

strongest ability of bonding to the metal surface. On the

other side, HOMO (Fig. 15) was mainly distributed on the

areas containing imidazole; azo nitrogen. Thus, the areas

containing N atoms were probably the primary sites of the

bonding. As showed in Table 10, the values of HOMO

energy increases with increasing length of carbon bone

chain containing imidazole nitrogen. Similar situation can

be also seen in Figs. 15 and 16 the configuration changes

led to the increase in electron density; and inhibition effi-

ciency was enhanced by increase in HOMO energy and

electron density. The region of active centers transforming

electrons from N atoms to copper surface. The electron

configuration of copper is [Ar] 4s23d9, the 3d orbitals are

not fully filled with electrons. N heteroatom’s has lonely

electron pairs that is important for bonding unfilled 3d or-

bitals of Cu atom and determining the adsorption of the

molecules on the metal surface. BPP_1 had the highest

inhibition efficiency among the BPP_1–7, which was

resulted from the geometry change that led to HOMO

energy increase and electron density distribution in the

molecule. Based on the discussion above, it can be con-

cluded that the benzimidazole (BPP) molecules have many

active centers of negative charge. In addition, the areas

containing N and O atoms are the most possible sites of

bonding metal surface by donating electrons to the copper

surface.

According to HOMO and LUMO orbital energies given

in Table 10, we can write the corrosion inhibition effi-

ciency order as: BPP_1[BPP_2[BPP_3[

Fig. 17 The schematic proposed representation structure models of the adsorption behavior of the single BPP_1 inhibitor molecule on Cu (111)

with different orientations in 2.0 M HNO3 solution
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BPP_4[BPP_5[BPP_6[BPP_7 (in terms of HOMO

and LUMO energies). Chemical hardness is the resistance

against electron cloud polarization or deformation of

chemical species. As can be understood from this defini-

tion, chemical hardness of a molecule and its inhibition

efficiency are inversely proportional to each other because

a hard molecule is reluctant to give electrons. Chemical

hardness, softness and DE are quantum chemical parame-

ters closely associated with each other [77]. As is known,

both softness [78] and hardness are given based on HOMO

and LUMO orbital energies as a result of Koopmans’s

theorem [18]. Hard molecules which have high HOMO–

LUMO energy gap cannot act as good corrosion inhibitor.

However, soft molecules which have low HOMO–LUMO

energy gap are good corrosion inhibitors because they can

easily give to metals. It is clear that we can write the same

corrosion inhibition ranking considering these three

chemical properties. From the light of the results given in

the Table 10, one can write the corrosion inhibition ranking

of studied molecules based on their hardness, softness and

HOMO–LUMO energy gap values as: BPP_1[BPP_2[
BPP_3[BPP_4[BPP_5[BPP_6[BPP_7.

Electronegativity is an important parameter in terms of

the prediction and comparison of corrosion inhibition

efficiencies of molecules. The number of electrons trans-

ferred between metal and corrosion inhibitor can be cal-

culated using Eq. (36). It is seen from the equation given

below that the electron transfer value metal and inhibitor

decreases as the electronegativity of inhibitor increases.

According to Sanderson’s electronegativity equalization

principle [79], the electron transfer between metal and

inhibitor continues until their electronegativity values

become equal with each other. As a matter of fact, Eq. (36)

has been derived taking advantage from hardness equal-

ization principle and electronegativity equalization

principle.

DN ¼ vCu � vinh

2 gCu þ ginhð Þ ð36Þ

where DN is electron transfer between metal and inhibitor.

VCu and vinh are electronegativity of metal and elec-

tronegativity of inhibitor, respectively. gCu and ginh repre-

sent chemical hardness value of metal and chemical

hardness value of inhibitor, respectively. Two systems,

copper and inhibitor, are brought together, electrons will

flow from lower v (inhibitor) to higher v (Cu), until the

chemical potentials become equal. Copper surface is the

Lewis acid according to HSAB theory [80]. The difference

in electronegativity drives the electron transfer, and the

sum of the hardness parameters acts as a resistance [81]. To

calculate the fraction of electrons transferred, a theoretical

value for the absolute electronegativity of copper according

to Pearson was used vCu = 463.1 kJ mol-1 [82], and a T
a
b
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global hardness of gCu = 0, by assuming that for a metallic

bulk I = A [81] because they are softer than the neutral

metallic atoms. From Table 10, it is possible to observe

that molecule BPP_6 has a lower value of global hardness.

The fraction of transferred electrons (DN) is also the largest

for molecule BPP_6 then BPP_7 and, in turn, is

BPP_1, & BPP_2 & BPP_3 & BPP_5, then BPP_4.

Quantum chemical and molecular dynamics parameters

derived for BPP_1–7 derivatives calculated with DFT at

the B3LYP method with 6-31?G** basis sets level are

listed in Table 10. The values of the interaction energy and

the total energy of the BPP_1–7 derivatives on copper (1 1

1) surface are listed in Table 10. It is clear from Table 10

that the total energy has a negative value, whereas the

binding energy has a positive value (Table 7). As the value

of the binding energy increases, the more easily the inhi-

bitor adsorbs on the metal surface, the higher the inhibition

efficiency [83]. BPP_1 has the highest binding energy

compared to the other BPP derivatives to the copper sur-

face that are found during the molecular dynamics simu-

lation process described elsewhere [83]. High values of

binding energy obtained with BPP_1 molecules explain its

highest inhibition efficiency from the theoretical point of

view. Therefore, according to a series of properties calcu-

lated for each molecule shown in Table 10 the reactivity

order, that is, the inhibitive effectiveness order for the BPP

molecules are: -OCH3[ –CH3[ –NO2 substituents. The

calculated theoretical results are in agreement with exper-

imental results. The use of Mulliken population analysis for

the prediction of the adsorption center of inhibitors is

widely used. The partial atomic charges on atoms of the

inhibitor molecules provide important clues about the

identifying of reactive center. The atoms with the highest

negative charge represent the high tendency on the metal

surface [78]. The inhibitors can easily interact with the

metal surface through such atoms. Proton affinity can be

defined as the enthalpy of the reaction with H? ion of a

chemical species in gas phase and this parameter for

inhibitors is one of the useful tools to compare their elec-

tron donating abilities [84]. The presence of the heteroa-

toms such as oxygen and nitrogen in the molecules of azole

BPP_ 1–7 derivatives leads to high tendency for protona-

tion in acidic medium. Thus, analysis of the protonated

forms of BPP_1–7 derivatives is important in terms of the

calculation of the proton affinities of neutral inhibitors. It

should be stated that proton affinity is a measure of the

basicity. In this sense, corrosion inhibitors act as Lewis

bases. The basicity of a molecule will increase with

increasing of its proton affinity. We calculated the proton

affinities of the studied benzimidazole compounds con-

sidering Eqs. (37) and (38). According to proton affinity

values given in the Table 10 for studied compounds, the

inhibition efficiencies of mentioned compounds follow the

same previous order.

PA ¼ EðproÞ � Eðnon�proÞ þ EHþ
� �

ð37Þ

where Enon-pro and Epro are the energies of the non-proto-

nated and protonated inhibitors, respectively. EHþ is the

energy of H? ion and was calculated as:

EHþ ¼ EðH3OþÞ�EðH2OÞ ð38Þ

The electrophilicity index (x) is an important parameter

that indicates the tendency of the inhibitor molecule to

accept the electrons. Nucleophilicity (e) is physically the

inverse of electrophilicity (1/x). For this reason, it should

be stated that a molecule that have large electrophilicity

value is ineffective against corrosion while a molecule that

have large nucleophilicity value is a good corrosion inhi-

bitor. Thus, for studied molecules, we can write the inhi-

bition efficiency ranking as: BPP_1[BPP_2[BPP_3[
BPP_4[BPP_5[BPP_6[BPP_7.

Molecular dynamics (MD) simulation

The use of the molecular dynamics simulation is a useful

and modern tool to investigate the interaction between

inhibitors and metal surface. Thus, in this study, molecular

dynamics simulation studies were performed to predict the

binding energies of these azole derivatives on copper sur-

face and to show whether there is a remarkable correlation

between experimental inhibition efficiencies and binding

energies for molecules considered in this study. The

binding energies between Cu (111) surface and the benz-

imidazole (BPP) derivatives were obtained using Eq. (15).

The schematic proposed representation structure models of

the adsorption behavior of the single BPP_1 inhibitor

molecule on Cu (111) substrate with different orientations

in 2.0 M HNO3 solution has been presented in Fig. 17, i.e.

representative snapshots of BPP_1 on Cu (111) surface

(inset images show the on-top views). This indicates that

the adsorption density of BPP_1 is higher and equilibrium

adsorption configurations of the studied synthesized benz-

imidazole derivatives on Cu (111). Thus, Fig. 17 indicates

the close contacts between the benzimidazole derivatives

and Cu (111) metal surface as well as the best equilibrium

adsorption configuration for the compounds considered.

The obtained results given in Tables 7 and 10 show that the

binding energies calculated for the interactions between

inhibitors and metal surface are very high. It is important to

note that high binding energy leads to a more stable in-

hibitor/surface interaction [85]. The binding energies

obtained are observed to increase in the order:

BPP_1[BPP_2[BPP_3[BPP_4[BPP_5[BPP_6[
BPP_7. It is understood from the results, the benzimidazole
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(BPP_1–7) derivatives can act as good corrosion inhibitors

against copper corrosion. It can also be seen from Fig. 11

and Table 7, there is a good linear correlation between

experimental inhibition efficiencies and calculated binding

energies in this study. Therefore, the studied BPP_1–7

molecules are likely to adsorb on the copper surface to

form stable adsorbed layers and protect copper from

corrosion.

The results obtained in the study showed that these

compounds considered are good inhibitors against corro-

sion of copper. Quantum chemical calculations and

molecular dynamics simulations carried out and the cal-

culated binding energies of the studied molecules on cop-

per surface demonstrated that these molecules are very

effective against the corrosion of copper.

Inhibition mechanism

In acid solutions, organic inhibitors may interact with the

corroding metal and hence affect the corrosion reaction in

more than one way [86], sometimes simultaneously. It is,

therefore, often difficult to assign a single general inhibi-

tion mechanism, since the mechanism may change with

experimental conditions.

Both molecular and protonated species can adsorb on

the copper surface. The adsorption of BPP derivatives

through the lone pairs in the groups (–N = N–, –OCH3,

–OH, –NO2, –NH) can occur on the positive copper sur-

face. Adsorption of the protonated BPP derivatives on the

cathodic sites on copper surface will retard the oxygen

evolution reaction. Adsorption on the anodic sites of cop-

per surface can occur via N and O atoms to retard copper

dissolution process. Adsorption of BPP derivatives on

copper surface is assisted by hydrogen bond formation

between BPP derivatives and the Cu2O and/or CuO formed

on the copper surface. This type of adsorption should be

more prevalent for protonated inhibitors, because the pos-

itive charge on the N-atom is conductive to the formation

of hydrogen bonds. Unprotonated N atoms may adsorb by

direct chemisorption or by hydrogen bonding [87]. BPP

derivatives, thus, have the ability to influence both the

cathodic and anodic partial reactions, giving rise to the

mixed-inhibition mechanism observed.

The well-known Pourbaix diagram (Fig. 8) for copper–

water system, indicates that copper is corroded to Cu2? 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 [88]. 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.

Cathodic reduction of oxygen can be expressed either by a

direct 4e- transfer, Eq. (25). Or by two consecutive 2e-

steps involving a reduction to hydrogen peroxide first,

Eq. (39), followed by a further reduction, according to

Eq. (40):

O2 þ 2Hþ þ 2e� ! H2O2 ð39Þ

H2O2 þ 2Hþ þ 2e� ! 2H2O ð40Þ

The transfer of oxygen from the bulk solution to the

copper/solution interface will strongly affect the 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� ¼ Cu Ið Þads fast stepð Þ ð41Þ

Cu Ið Þads�e� ¼ Cu IIð Þads slow stepð Þ ð42Þ

Where Cu(I)ads is an adsorbed species at the copper surface

and does not diffuse into the bulk solution. The dissolution

of copper is controlled by the diffusion of soluble Cu(II)

species from the outer Helmholtz plane to the bulk solu-

tion. Upon addition of BPP, it is obvious that the slopes of

the anodic (ba) and cathodic (bc) 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 BPP inhibitors 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 mecha-

nism of copper in these solutions, and only causes inacti-

vation of a part of the surface with respect to the corrosive

medium [89]. From the experimental results obtained, we

note that a plausible mechanism of corrosion inhibition of

copper in 2.0 M HNO3 by BPP may be deduced on the

basis of adsorption. In acidic solutions, the inhibitor can

exist as cationic spices’ (Eq. (43)) which may be adsorbed

on the cathodic sites of copper and reduce the evolution of

hydrogen:

BPP þ 2Hþ
� BPPH½ �2þ ð43Þ

The protonated BPP, however, could be attached to the

copper surface by means of electrostatic interaction

between NO3
- and protonated BPP since the copper sur-

face has positive charges in the acid medium [90]. This

could further be explained based on the assumption that in

the presence of NO3
-, the negatively charged NO3

- would

attach to positively charged surface. When BPP molecule

adsorbs on the copper surface, electrostatic interaction

takes place by partial transference of electrons from the
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polar atoms (N and O atoms and the delocalized p-elec-

trons around the heterocyclic ring) of azole molecules to

the metal surface. In addition to electrostatic interaction

(physisorption) of BPP molecules on the copper surface,

molecular adsorption may also play a role in the adsorption

process. The inhibition of copper corrosion in acid solution

by the investigated 2-(2-benzimidazolyl)-4(phenylazo)

phenol derivatives was found to depend on the concentra-

tion and nature of the inhibitor. Variation in structure of the

inhibitor molecules takes place through the arylazo side

chain, the benzimidazolyl moiety being the same. The

electron charge density of the adsorption centers would

depend on substituents in the arylazo conjugated with the

benzimidazolyl. Also, substituents on the phenyl ring may

participate in adsorption. Depending on polar substituent

constant (r), the electron-donating character of the sub-

stituents used is increased in the order: OCH3[CH3[ -

NO2. This order is almost concordant with the observed

order of inhibition efficiency IE% for our BPP compounds.

The o-OCH3 compound is the most efficient inhibitor.

Owing to the higher electron donating character of –OCH3

compared to the other substituents. On the other hand,

p-NO2 and m-NO2 compounds were the least effective

inhibitors in this series. This may be attributed to the pla-

narity of the p-NO2 and m-NO2 groups with the phenyl ring

brings about maximum electron withdrawal. Also, the NO2

group is easily reduced in acid medium and this process is

exothermic, heat evolved aids desorption of the compound

on copper surface. o-CH3 and m-CH3 compounds comes

after p-OCH3 and o-OCH3 compound in inhibition effi-

ciency. This is due to the lower electron-donating character

of –CH3 group compared to –OCH3 group. Thus, the

overall mechanism constituents electron release which

maintains sufficient electron charge density on the

molecule.

Conclusions

The following conclusions may be drawn from the study:

1. 2-(2-benzimidazolyl)-4 (phenylazo) phenol (BPP_1–7)

derivatives were found to act as safe effective corro-

sion inhibitors for copper surface in 2.0 M HNO3.

Inhibition efficiency (IE%) values increase with the

inhibitor concentration but decrease with rise in

temperature suggesting physical adsorption, with some

chemisorption (DG
�
ads more negative than

-40 kJ/mol). Moreover, the inhibition of copper by

BPP_1–7 substituents is often explained by the

formation of Cu (II)-BPP through its heteroatoms.

2. Polarization measurements show that BPP_1–7 deriva-

tives act essentially as a mixed-type inhibitors and

their inhibition mechanism is adsorption assisted by

hydrogen bond formation.

3. The adsorption of BPP_1–7 inhibitors on copper

surface was found to accord with Frumkin adsorption

isotherm model. The adsorption process is strongly,

spontaneously, exothermic and accompanied with an

increase in entropy of the system from thermodynamic

point of view.

4. Phenomenon of adsorption is proposed from the values

of kinetic/thermodynamics parameters (DG
�

ads, 1/y, Kb,

f, Kads, Ea, DH*, DS* and DG*) obtained.

5. The theoretical quantum study demonstrated that the

inhibition efficiency increases with increase in EHOMO

and decrease in ELUMO, dipole moment (l) and energy

gap DE. The quantum mechanical approach may well

be able to foretell molecule structures that are better

for corrosion inhibition.

6. Equilibrium adsorption configurations of the studied

synthesized BPP_1 derivative on Cu (111) has been

presented.

7. The efficiency order of the studied benzimidazole

BPP_1–7 inhibitors obtained by experimental results

was verified by theoretical calculations.
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