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Abstract The inhibition performance and surface pro-

tection of green corrosion inhibitor 8-quinoline sulphonyl

chloride (8QSC) on copper (Cu) was evaluated by chemi-

cal (weight loss) method in 0.5, 1.0 and 2.0 M HNO3

solutions and by electrochemical methods such as poten-

tiodynamic polarization (PDP), AC-impedance

spectroscopy (AC-IS) and linear polarization resistance in

1.0 M HNO3 solution at room temperature. Both chemical

and electrochemical techniques showed that 8QSC is an

efficient green corrosion inhibitor for copper and the effi-

ciency reached 90.4% by weight loss method and 88.4% by

AC-IS method at optimum concentration of (300 ppm)

8QSC. The adsorption behavior of 8QSC on copper metal

in acid medium obeyed the Langmuir isotherm. The ther-

modynamic parameters of the adsorption processes were

calculated and discussed. AC-IS technique exhibits one

capacitive loop, indicating that the corrosion reaction was

controlled by charge transfer process. The PDP curves

revealed that 8QSC acts as a mixed-type inhibitor. Pro-

tective layer of 8QSC on copper surface was examined by

SEM, AFM and FT-IR techniques. The experimental

results corroborated with results obtained from theoretical

DFT studies.
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Introduction

Copper is a metal that has a wide range of applications due

to its excellent electrical conductivity, good mechanical

workability, low cost and other relatively noble properties

[1, 2]. Therefore, corrosion of copper and its inhibition in a

wide variety of media have attracted the attention of many

investigators [3–8]. The use of organic inhibitors, espe-

cially heterocyclic compounds, is considered as the most

effective corrosion inhibitors for the protection of metals

and alloys from corrosive media [9–11]. In most acid

corrosion, the inhibitors are organic compounds which

contain heteroatoms such as nitrogen, sulfur, oxygen,

phosphorus and aromatic rings [12–15]. The corrosion

inhibition is a surface process, which involves adsorption

of the inhibitor molecule on the metal/alloy surface [16].

The adsorbed organic compounds on metal/alloy surface

decrease the corrosion rate [17–19]. The adsorption of an

inhibitor onto a metal/alloy surface depends on the nature

as well as the surface charge of the metal/alloy, the

adsorption mode, its chemical structure and the type of the

electrolyte solution [1]. The adsorption of inhibition takes

place through the heteroatom such as nitrogen, oxygen,

sulfur and phosphorus, double bonds or aromatic rings.

Generally, the tendency to form a stronger coordination

bond results in an increase in inhibition efficiency in the

order O\N\ S\ P [20]. Molecules that at the same

time contain nitrogen and sulfur in their structures are of

particular importance, since these provide excellent inhi-

bition compared with the compounds that contain only

sulfur or nitrogen. Therefore, the selection of an inhibitor is
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very important. In acidic media, heterocyclic organic

molecules are easily protonated, and the protonated species

may be adsorbed on the metal/alloy surface and protect the

metal/alloy from the corrosive environment. The choice of

8-quinoline sulphonyl chloride (8QSC) as corrosion inhi-

bitor is based on the following considerations: this

molecule (a) contains one sulfur atom, one nitrogen atom,

two oxygen atoms and an aromatic ring as active centers

(b) exhibits high solubility in acidic media and (c) it is

commercially available, low cost, non-toxic and

biodegradable. Quantum chemical calculations have been

used recently to explain the corrosion inhibition mecha-

nism [21]. Previously, some work has been done in our

laboratory on mild steel in 1.0 M HCl and in 1.0 M H2SO4

with the same inhibitor, i.e., 8QSC [12, 22]. The percent-

age inhibition of 8QSC on mild steel in 1.0 M HCl was

81.6% and in 1.0 M H2SO4 was 87.1% at room

temperature.

The aim of the present manuscript is to evaluate the

inhibition effect of 8QSC on the corrosion of copper in 0.5,

1.0 and 2.0 M HNO3 solutions. The study was conducted

by using weight loss measurements, electrochemical mea-

surements and surface investigation techniques namely

scanning electron microscope (SEM), atomic force

microscope (AFM) and Fourier transform-infrared spec-

troscopy (FT-IR). The earlier result of quantum chemical

calculations was correlated with the experimental results.

Materials and Experimental Techniques

Preparation of Copper Metal Specimen

The corrosion inhibition study was performed on 99.9%

purity of copper metal specimen. The copper metal speci-

mens with area of 3.5 9 1.5 9 0.2 cm3 were used for

weight loss measurements. Copper metal strips with area of

1.0 9 1.0 9 0.2 cm3 were used for surface morphological

study. For the electrochemical investigation, a copper rod

set in commercially available epoxy resin having a 1.0 cm2

circular cross-sectional area was exposed to 100 mL of

aerated 1.0 M nitric acid (HNO3) solution. The surfaces of

all the specimens were mechanically abraded with different

grades of emery papers (1/0 to 7/0), washed with double

distilled water and then degreased with acetone. Finally,

they were dried in air before use.

Preparation of Corrosive Solution

The analytical grade 69.0% nitric acid was purchased from

Merck India, and the corrosive solutions of 0.5 M HNO3,

1.0 M HNO3 and 2.0 M HNO3 were prepared by dilution

of nitric acid with double distilled water.

Preparation of Inhibitor Solution

The investigated quinoline nucleus-based drug molecule

8QSC was purchased from Sigma-Aldrich and used as a

green corrosion inhibitor in HNO3 solution on copper metal

surfaces. The molecular structure and optimized structure

of 8-quinoline sulphonyl chloride are given in Fig. 1a and

b. The preparation of various concentrations of inhibitor

solution was done according to the standard method as

described earlier [23].

Weight Loss Experiment

In weight loss experiments, the pre-cleaned and pre-

weighed seven copper specimens were immersed in

100 mL of 0.5, 1.0 and 2.0 M aerated corrosive solution

with and without addition of different concentrations of

8QSC for a period of 3 h. After that, the copper specimens

were taken out from the aerated test solutions, washed with

double distilled water, dried with an air drier and finally

weighed. The corrosion rate (CR), and the percentage of

inhibition efficiency (IE%) were calculated by the follow-

ing equations:

CR ¼ W ¼ m1 � m2

St
ðEq 1Þ

N
S O
Cl

O

(a) 

(b) 

Fig. 1 (a) Molecular structure of 8QSC and (b) optimized structure

of 8QSC
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IE (% ) ¼ Wo �Wi

Wo

� �
� 100 ðEq 2Þ

where W is rate, loss per unit time and area of copper

specimen, m1 and m2 are the weight of the specimen before

and after corrosion, S is the total surface area of the

specimen, t is the immersion time of the specimen, Wo and

Wi are the corrosion rates in the absence and presence of

8QSC, respectively.

Electrochemical Experiments

Electrochemical experiments were conducted using CH-

Electrochemical analyzer model 760 D with CHI 760 D

software. A three-electrode electrochemical cell system

consists of the copper as working electrode, saturated

calomel electrode (SCE) as a reference electrode and a

platinum wire as an auxiliary or counter electrode. Before

starting the electrochemical experiment, the working

electrode was immersed in the corrosive solution for

30 min at room temperature until a steady-state open cir-

cuit potential (EOCP) was obtained. The AC-impedance

spectroscopy (AC-IS) experiments were taken at the OCP

in the frequency range from 10 kHz to 0.1 Hz with AC-

impedance signal of 0.01 V amplitude. From this experi-

ment, the impedance plots like Nyquist and Bode were

generated. The charge transfer resistance (Rct) and double-

layer capacitance (Cdl) values were obtained from the

Nyquist plots, and the inhibition efficiency (IE) was cal-

culated from the following equation:

IE (% ) ¼ Ri
ct � Ro

ct

Ri
ct

� �
� 100 ðEq 3Þ

where Ri
ct and Ro

ct are the charge transfer resistance values

measured in the presence and absence of 8QSC in 1.0 M

HNO3, respectively.

Potentiodynamic polarization (PDP) experiments were

performed using the same three cell system that was used

in AC-IS experiments. The PDP curves were recorded by

changing the electrode potential automatically from � 300

to ? 300 mV with respect to OCP at a constant sweep rate

0.1 mV/s and under air atmosphere. From this experiment,

the inhibition efficiency was calculated from corrosion

current density (Icorr) values by the formula:

IE (% ) ¼ Iocorr � Iicorr
Iocorr

� �
� 100 ðEq 4Þ

where Iocorr and Iicorr are the corrosion current density values

measured in the absence and presence of 8QSC in 1.0 M

HNO3, respectively.

Linear polarization resistance measurements (LPR)

were carried out by the potential of the electrode scanned

from � 0.02 to ? 0.02 V versus Ecorr at a scan rate of

0.125 mV/s. The inhibition efficiency (IE%) was calcu-

lated using the following relationship [22].

IE (% ) ¼
Ri
p � Ro

p

Ri
p

" #
� 100 ðEq 5Þ

where Ri
p and Ro

p are the linear polarization resistance

values measured in the presence and absence of 8QSC

molecule in 1.0 M HNO3, respectively.

Surface Morphology Investigations

SEM Studies

For surface morphological study, the surface features of

fresh, abraded and cleaned copper specimen and copper

specimens were immersed in 1.0 M HNO3 solution in the

absence and presence of optimum concentration (300 ppm)

of 8QSC for 3 h at room temperature were analyzed by

using a JEOL/EO JSM—6390 model SEM.

AFM Studies

For surface topographical study, the surface features of

fresh, abraded and cleaned copper were examined before

and after exposure to 1.0 M HNO3 solutions for 3 h

without and with the optimum concentration of 8QSC. The

‘‘NT–MDT multimode modular AFM’’ instrument was

used for this investigation. The scanning area of all the

AFM images was 4 lm 9 4 lm and the scan rate was

1.0 Hz per line.

FT-IR Studies

The FT-IR spectra were also recorded with a frequency

ranging from 4000 to 400 cm�1 with a resolution of

4 cm�1 for the pure 8QSC as well as the 8QSC adsorbed

on copper metal in 1.0 M HNO3 solution in KBr matrix

using JASCO 460 PLUS spectrophotometer.

Theoretical Studies: Quantum Chemical Calculations

Quantum chemical calculations of the investigated inhi-

bitor molecule 8QSC were performed by using density

functional theory (DFT) method [24], and the geometry of

the studied inhibitor molecule 8QSC was optimized using

DFT/B3LYP having the basis set 6-31?G (d, p) [25]. DFT/

B3LYP is recommended for the study of chemical reac-

tivity and selectivity in terms of frontier molecular orbital

theory [10].
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Results and Discussion

Weight Loss (WL) Experiments

A major advantage of weight loss experiments is its rela-

tive simplicity and availability [26]. The results obtained

for the surface protection of copper in 0.5, 1.0 and 2.0 M

HNO3 solutions containing different concentrations (50–

300 ppm) of 8QSC from weight loss experiments are given

in Fig. 2 as well as Table 1. The corrosion parameters like

corrosion rate and percentage of inhibition efficiency were

determined for 3-h immersion period by using Eqs 1 and 2.

The results indicate that the IE% increases with increasing

concentration of 8QSC in 0.5 and 1.0 M HNO3 solution but

IE% was decreased in 2.0 M HNO3 solution. Because the

inhibitor molecules adsorbed on the corroded copper metal

surface in 0.5 and 1.0 M HNO3 medium but in higher

molar concentration (2.0 M HNO3) of corrosive medium

desorption may take place. That is the rate of chemical

reaction was increased and also controls the adsorption

behavior of inhibitor molecule by the ionization of active

species associated with the inhibitor molecule [27]. From

this weight loss experiments, the maximum IE% was

obtained in 1.0 M HNO3 solution at optimum concentra-

tion (300 ppm) of 8QSC (Table 2); hence, further studies

such as electrochemical corrosion testing and surface

morphology were also conducted in 1.0 M HNO3 solution.

Adsorption Isotherm Studies

Adsorption isotherms are used to understand the mode of

interactions between inhibitor molecules and the metal/

alloy surface. The adsorption of the inhibitor molecules on

metal/alloy surfaces never reaches the real equilibrium but

tends to reach an adsorption steady state [28]. When the

corrosion rate is decreased in the presence of optimum

concentration of inhibitor, the adsorption process has a

tendency of attaining a state of quasi-equilibrium [29, 30].

The nature of quasi-equilibrium adsorption of inhibitors

can be investigated using the appropriate adsorption iso-

therm. The most frequently used adsorption isotherms are

Temkin, Freundlich and Langmuir isotherms. Attempts to

fit data obtained from the WL, AC-IS, PDP and LPR

studies into different adsorption isotherms (Temkin, Fre-

undlich and Langmuir) revealed that the data best fit to the

Langmuir adsorption isotherm. According to Langmuir

adsorption isotherm, h is related to Cinh by the following

equation:

Cinh

h
¼ 1

Kads

þ Cinh ðEq 6Þ

where Cinh is the 8QSC concentration (ppm), h is the

degree of surface coverage and Kads is the equilibrium

constant of the adsorption process.

Fig. 2 Plot of inhibition efficiency for Cu metal in 0.5, 1.0 and 2.0

molar solution of HNO3 in the presence of various concentrations of

8QSC by weight loss experiment

Table 1 The effect of different molar solution of HNO3 on copper

corrosion with various concentrations of 8QSC after immersion of 3 h

at room temperature

Conc. of 8QSC (ppm)

Different molar solution of Nitric acid

0.5 M Nitric

acid

1.0 M Nitric

acid

2.0 M Nitric

acid

CR IE (%) CR IE (%) CR IE (%)

Nitric acid 29.88 … 32.73 … 32.18 …
50 8.45 71.7 8.97 72.6 9.82 69.5

100 7.21 75.9 7.70 76.5 8.41 73.9

150 6.59 77.9 6.97 78.7 7.62 76.3

200 5.82 80.5 5.07 84.5 6.55 79.6

250 5.03 83.2 3.93 87.9 5.80 81.9

300 4.11 86.2 3.13 90.4 4.92 84.7

Table 2 The effect of various concentrations of 8QSC on copper

surface in 1.0 M HNO3 solution after immersion of 3 h at room

temperature

Conc. of 8QSC

(ppm)

Weight loss (mg/

cm2)

Corrosion rate

(mm/y)

IE

(%)

1.0 M nitric acid 9.82 32.73 …
50 2.69 8.97 72.6

100 2.31 7.70 76.5

150 2.09 6.97 78.7

200 1.52 5.07 84.5

250 1.18 3.93 87.9

300 0.94 3.13 90.4
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The correlation between Kads and DG0
ads (standard free

energy of adsorption) is given by equation:

DG0
ads ¼ �RT ln ( 55:5 KadsÞ ðEq 7Þ

where R is the universal gas constant, T is the absolute

temperature and 55.5 is the concentration ofwater in solution

in mol/L. The Langmuir adsorption isotherm was drawn by

plotting Cinh/h versus Cinh for various concentrations of

8QSC and considering the h values from the WL method at

3 h, AC-IS, PDP and LPR studies at room temperature for

copper in 1.0 M HNO3, and the plots are shown in Fig. 3.

The calculated values of DG0
ads, Kads and R2 are given in

Table 3. The slope of the Cinh/h versus Cinh plot shows that

the R2 values are nearly equal to one (WL 0.9957, AC-IS

0.9924, PDP 0.9976 and LPR 0.9977) which implies that it

obeys the Langmuir adsorption isotherm [31]. Generally, the

value of DG0
ads around� 20 kJ/mol or less negative implies

that the adsorption is due to electrostatic interaction, i.e.,

physisorption, while a value ofDG0
ads around – 40 kJ/mol or

more negative suggests that the adsorption is chemisorption.

In the present study, the DG0
ads values obtained from all

methods (WL, AC-IS, PDP and LPR) are less than

� 20 kJ/mol, which suggests that the adsorption of the

investigated inhibitor on copper metal surface is strongly

physisorption and the process is always spontaneous.

Electrochemical Experiments

AC-Impedance Spectroscopy (AC-IS) Measurements

Table 4 shows the results obtained from AC-IS measure-

ments for the corrosion of copper in the absence and the

presence of various concentrations of 8QSC at room tem-

perature. The impedance spectra obtained for copper in

1.0 M HNO3 solution in the absence and presence of var-

ious concentrations of tested inhibitor at room temperature

are presented as Nyquist plots in Fig. 4. Figure 4 suggests

that the impedance spectra exhibit a depressed capacitive

loop, which has the center below the real axis, indicating

the roughness and the inhomogeneities at the copper

electrode [32].

Fig. 3 Langmuir plot (using WL, AC-IS, PDP and LPR results) for

corrosion of copper metal in 1.0 M HNO3 solution with various

concentrations of 8QSC

Table 3 Thermodynamic parameters for the adsorption of 8QSC on

copper surface in 1.0 M HNO3 solution

Method R2 Kads (10
4 M�1) DG0

ads (kJ/mol)

WL 0.9957 41.6351 � 19.51

AC-IS 0.9924 23.0530 � 18.02

PDP 0.9976 39.1154 � 19.35

LPR 0.9977 40.3815 � 19.43

Table 4 AC-impedance spectroscopy parameters obtained from

electrochemical studies of copper in 1.0 M HNO3 solution with

various concentrations of 8QSC

Conc. of 8QSC

(ppm)

Ymax

(9Xcm2)

Rct

(9Xcm2)

Cdl (lF/
cm2)

IE

(%)

1.0 M nitric acid 4.151 8.354 4591.9 …
50 10.442 21.039 724.82 60.3

100 11.506 23.225 595.88 64.0

150 17.382 35.153 260.60 76.2

200 22.169 44.643 160.89 81.3

250 24.521 49.026 132.45 83.0

300 35.848 71.948 61.738 88.4

Fig. 4 Nyquist plot for copper corrosion in 1.0 M HNO3 in the

absence and presence of various concentrations of 8QSC
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The diameter of the capacitive loops in the presence of

8QSC is bigger than the absence of 8QSC and also the

diameter of the loop increases with the increase in inhibitor

concentration [33, 34]. This indicates that the impedance of

inhibited substrate increases with the inhibitor concentra-

tion. Noticeably, these capacitive loops are not perfect

semicircles, which can be attributed to the frequency dis-

persion effect. This anomalous behavior is generally

attributed to the roughness and in-homogeneity of the

copper electrode [35]. The simplest fitting is represented by

Rundles electrical equivalent circuit in Fig. 5, which is a

parallel combination of the charge transfer resistance, Rct

and the constant phase element, CPEdl both in series with

the solution resistance (Rs) [36]. It is seen that, the addition

of inhibitor increases the values of charge transfer resis-

tance (Rct) and reduces the double-layer capacitance (Cdl).

The interfacial double-layer capacitance (Cdl) values have

been calculated from the impedance value using Nyquist

plot by the following formula:

Cdl ¼ 2pfmaxRctð Þ�1 ðEq 8Þ

The values of Cdl decreased with an increase in the

inhibitor concentration. This is due to an increase in the

surface coverage by 8QSC, resulting in an increase in the

inhibition efficiency (IE%). The thickness of the protective

layer dinh was related to Cdl by the equation [37]:

dinh ¼
e0 er
Cdl

ðEq 9Þ

where e0 is the dielectric constant and er is the relative

dielectric constant. Decrease in the capacitance leading to

decrease in the local dielectric constant or increase in the

thickness of the electrical double-layer strongly suggests

that the 8QSC molecules are adsorbed at the copper/1.0 M

HNO3 solution interface [38]. The increase in Rct values on

the addition of 8QSC indicates the formation of protective

film at the copper/nitric acid solution interface. These

observations suggest that the tested inhibitor 8QSC mole-

cules adsorbed on the copper surface. Rct values were used

to determine the IE%, according to Eq 3. Figure 6 shows

both the Bode-modulus and phase angle plots recorded for

the copper electrode immersed in 1.0 M HNO3 solution in

the absence and presence of various concentration of

8QSC.

The phase angle at high frequencies provides a general

idea of the anticorrosion activity of 8QSC molecules. The

more negative of the phase angle, the more capacitive of

the electrochemical behavior [12]. From Fig. 6, the phase

angle increases with increase in the studied 8QSC molecule

concentration; this is due to the adsorption of the inhibitor

molecule on the copper surface [39]. According to the

appearance of the phase angles versus frequency diagrams,

the increasing concentration of the studied green corrosion

inhibitor 8QSC in the presence of nitric acid solution

results in more negative values of the phase angle at high

frequencies, indicating superior inhibitive behavior at

higher concentrations. This result could be attributed to

higher corrosion activity even at low concentrations of

8QSC [40, 41].

Potentiodynamic Polarization (PDP) Measurements

The kinetics of the anodic and cathodic reactions occurring

on a copper electrode in free acid (1.0 M HNO3) solution

and various concentrations of 8QSC in 1.0 M HNO3

solution were investigated through the potentiodynamic

polarization measurements. The IE% was calculated

according to Eq 4, and the obtained results are given in

Table 5. Table 5 shows that copper specimen in 1.0 M

HNO3 solution with 8QSC has a lower Icorr value than that

of the copper specimen in the free acid solution. This

reveals that the inhibitor molecule decreases the corrosion

current (Icorr) and thus reduces the corrosion rate (CR). In

1.0 M HNO3 solution with 50 ppm of 8QSC, the Icorr value

was 0.1153 and the IE% was 66.5. After the addition of

optimum concentration (300 ppm) of 8QSC, the Icorr value

Fig. 5 Electrical equivalent circuit used for fitting and analyzing the

electrochemical data (Rs solution resistance, Rct charge transfer

resistance, Cdl double-layer capacitance)

Fig. 6 Bode-modulus and phase angle plots for copper corrosion in

1.0 M HNO3 in the absence and presence of various concentrations of

8QSC
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was reduced from 0.1153 to 0.0518 and IE% was increased

from 66.5 to 85.0. A lower Icorr value for 8QSC in 1.0 M

HNO3 solutions implies that the rate of electrochemical

reactions was reduced owing to the formation of a barrier

film over the electrode (copper) surface by the studied

inhibitor molecules [42]. That is, Icorr value is indirectly

proportional to IE%. This study clearly shows that the

investigated inhibitor molecules 8QSC are adsorbed on the

copper electrode surface and also blocked the active sites

of the copper metal in 1.0 M HNO3 solution [43]. Figure 7

shows the polarization curves for copper at various con-

centrations of 8QSC in 1.0 M HNO3 solution. It is

observed that both the cathodic and anodic reactions are

suppressed with the addition of 8QSC, which suggests that

it inhibits both anodic dissolution and cathodic hydrogen

evolution reactions [32].

These experimental results indicate that the addition of

8QSC may affect the anodic and the cathodic corrosion

reaction. According to Ferreira and others [44, 45], if the

displacement of corrosion potential (Ecorr) is greater than

85 mV with respect to the corrosion potential of the blank

solution, the inhibitor can be seen as a cathodic or anodic

type. In the present study, there was no significant change

in the Ecorr values in the presence of 8QSC, which suggests

that 8QSC is a mixed-type inhibitor [46, 47]. The elec-

trochemical anodic and cathodic reactions of copper in

aerated 1.0 M HNO3 solution can be described as follows

[48]:

Anodic reaction:

Cu ! Cu2þ þ 2e� ðEq 10Þ

Cathodic reactions:

NO�
3 þ 3Hþ þ 2e� ! HNO2 þ H2O ðEq 11Þ

NO�
3 þ 4Hþ þ 3e� ! NO þ 2H2O ðEq 12Þ

2Hþ þ 2e� ! H2 ðEq 13Þ

Linear Polarization Resistance (LPR) Measurements

The linear polarization resistance parameters were obtained

from the slope of the potentiodynamic polarization curves.

The IE% was calculated by using above-mentioned Eq 5,

and the values are given in Table 6. The results showed

that the RP values increased with increase in the concen-

tration of evaluated inhibitor. The increase in the inhibition

efficiencies for corrosion of copper metal in 1.0 M HNO3

solution with increasing concentration of 8QSC can be

explained on the basis of adsorption [16]. This study

clearly confirmed the formation of a surface film on the

working electrode.

Surface Morphological Investigation

SEM Analysis

The surface morphologies of fresh-abraded copper metal,

copper metal in free acid (blank) solution and copper metal

Table 5 Polarization parameters obtained from electrochemical

studies of copper in 1.0 M HNO3 solution with various concentrations

of 8QSC

Conc. of 8QSC

(ppm)

ba (V/
dec)

bc (V/
dec)

Ecorr (mV/

SCE)

Icorr (mA/

cm2)

IE

(%)

1.0 M nitric acid 10.887 3.465 19 0.3442 …
50 14.746 2.698 14 0.1153 66.5

100 14.697 3.343 15 0.1046 70.0

150 15.230 3.357 17 0.0823 76.1

200 15.613 3.752 16 0.0662 80.8

250 15.258 3.124 16 0.0596 83.0

300 15.899 3.680 21 0.0518 85.0

Fig. 7 Potentiodynamic polarization curves for copper corrosion in

1.0 M HNO3 in the absence and presence of various concentrations of

8QSC

Table 6 LPR parameters obtained from electrochemical studies of

copper metal in 1.0 M HNO3 solution with various concentrations of

8QSC

Conc. of 8QSC (ppm) Rp (9Xcm
2) IE (%)

1.0 M nitric acid 68 …
50 202 66.3

100 232 70.7

150 294 76.9

200 328 79.3

250 386 82.4

300 458 85.2
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in 1.0 M HNO3 solution with optimum concentration of

8QSC are shown in Fig. 8a, b and c, respectively. The

SEM image of copper metal surface exposed to the inhi-

bitor-acid solution (8c) shows less surface damage than the

surface exposed only to free acid (1.0 M HNO3) solution

(8b) which reveals a generalized corrosion effect. The

increased surface smoothness in the presence of 8QSC is

attributed due to the adsorption of 8QSC on the copper

metal surface [49]. From this investigation, we confirmed

that the inhibitor-treated copper metal surfaces are smooth

and protected from acid attack.

AFM Analysis

Atomic Force Microscopy (AFM) analysis was also carried

out to evaluate the average surface roughness of fresh-

abraded copper metal, copper metal in free acid solution

and copper metal in inhibitor-acid solution. The two-di-

mensional (2D) and three-dimensional (3D) photographs of

fresh-abraded copper metal, copper metal in free acid

solution and copper metal in inhibitor-acid solution are

shown in Figs. 9a, b, 10a, b, and 11a, b. Some important

AFM parameters of the above copper metals are summa-

rized in Table 7.

In free acid solution (Fig. 10b), the copper metal surface

indicates a mountain like photographs due to unhindered

corrosion attack and the average surface roughness is

79.14 nm. In an inhibitor-acid solution, the copper metal

implies a smoother surface (Fig. 11b) and the average

surface roughness value is 16.06 nm, which suggest that

the formation of a protective film (mono layer) of 8QSC on

the corroded copper metal surface.

Fig. 8 SEM images of copper surfaces: (a) fresh-abraded Cu (b) Cu
in free acid solution and (c) Cu in inhibitor-acid solution

Fig. 9 Topography AFM images of fresh-abraded Cu: (a) two-

dimensional structure and (b) three-dimensional structure
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FT-IR Analysis

FT-IR spectra were recorded for the characterization of the

pure 8QSC and scratched protective film formed 8QSC

over the copper metal surface and are given in Fig. 12. The

frequencies are shown in Table 8. The pure 8QSC shows a

broad band at 3082–3009 cm�1 is attributed to aromatic C–

H stretching. The band at 1542–1588 cm�1 is assigned to

aromatic C=C stretching vibrations [50, 51]. The absorp-

tion band at 1624 cm�1 corresponds to the C=N stretching

vibration. The band at 1247–1189 cm�1 indicates the

stretching vibration of SO2. Hence, it can be inferred that

pure 8QSC contains oxygen, nitrogen and sulfur atoms in

functional groups and C=C in an aromatic ring, which

meets the general structural consideration of this class of

corrosion inhibitors [52]. The FT-IR spectrum of scratched

material shows that the band at 3082–3009 cm�1 is shifted

to 3060–2920 cm�1. The C=N stretching frequency has

shifted from 1624 to 1632 cm�1, indicating the quinoline

ring nitrogen is protonated. The SO2 group is shifted

downwards from 1189 to 1153 cm�1. Moreover, the bands

at 1542–1588 cm�1 in scrapped material are not present,

which indicates the interaction of C=C in the aromatic ring

with the copper metal surface. The comparing of the two

spectra clearly indicates the interaction of the lone pair of

electrons in the heteroatoms and p electrons of C=C with

Fig. 10 Topography AFM images of Cu in free acid solution: (a)
two-dimensional structure and (b) three-dimensional structure

Fig. 11 Topography AFM images of Cu in inhibitor-acid solution:

(a) two-dimensional structure and (b) three-dimensional structure

Table 7 AFM parameters obtained data for fresh polished and

cleaned Cu metal, Cu metal in the absence and the presence of 8QSC

in 1.0 M HNO3

Sample

Root mean

square

roughness

(nm)

Maximum

peak-to-peak

height (nm)

Ten-

point

height

(nm)

Average

roughness

(nm)

Fresh,

polished

and

cleaned

Cu

12.01 501.36 236.47 8.87

Cu in 1.0 M

nitric acid

solution

97.63 695.77 348.34 79.14

Cu in 8QSC-

nitric acid

solution

21.71 248.72 125.41 16.06
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the copper metal, leading to the formation of a protective

film of 8QSC on the copper metal surface.

Theoretical Studies: Quantum Chemical Calculations

Quantum chemical methods were utilized to better under-

stand the relationship between the electronic properties of

the molecular structure and the corresponding inhibitive

effect on the metal/alloy surface. Furthermore, the results

of quantum chemical methods could be obtained without

laboratory measurements thus saving time, chemicals and

equipment [53]. Due to its accuracy and smaller time

requirement for the computational methods, it is widely

used to analyze inhibitor efficiencies and inhibitor–surface

interactions [54]. Hence, the DFT method with 6-31G (d,

p) set 6-31?G (d, p) basis sets of software was used to give

some insight into the inhibitive mechanism of 8QSC

molecule on the copper metal surface. From this method,

the obtained quantum chemical parameters such as highest

occupied molecular orbital (EHOMO), lowest unoccupied

molecular orbital (ELUMO), energy gap (DE), global elec-
tronegativity (v), absolute hardness (g) and softness (r) are
summarized in Table 9.

The HOMO and LUMO electron density distributions of

the evaluated inhibitor 8QSC are shown in Fig. 13a and b.

The energy of HOMO (EHOMO) is directly related to the

ionization potential (I), while the energy of LUMO

(ELUMO) is directly related to electron affinity (A). The I

and A were calculated according to Koopmans theorem

[24]. This theorem drives the relationship between the

energies of HOMO and LUMO. I and A are related to

EHOMO and ELUMO as follows [55].

I ¼ �EHOMO ðEq 14Þ
A ¼ �ELUMO: ðEq 15Þ

The global electronegativity (v), absolute hardness (g) and
an absolute softness (r) of 8QSC are calculated by the

following equations:

v ¼ I þ Að Þ=2 ðEq 16Þ
g ¼ I�Að Þ=2 ðEq 17Þ
r ¼ 1=g ðEq 18Þ

The adsorption of the inhibitor on the metal/alloy surface

can occur on the basis of donor–acceptor interactions

between the p electrons of the heterocyclic compounds and

vacant orbitals of the metal/alloy atoms of the surface [56].

The electron donating ability of the molecule (8QSC) is

associated with the EHOMO. High values of EHOMO reflect

the tendency of the inhibitor molecule (8QSC) to donate

electrons to the acceptor molecules with low energy empty

molecular orbitals. Thus, high values of EHOMO stimulate

the adsorption process, and hence the inhibition efficiency

is enhanced. The ability of a molecule to accept the elec-

trons is related to ELUMO. A lower value of ELUMO denotes

the easier acceptance of electrons from the metal/alloy

surface and leads to better inhibition process [57]. The

energy gab (DE) between the HOMO and LUMO of the

inhibitor molecule is also another important factor to

determine the inhibition efficiency. Molecules with lower

DE values give higher inhibition efficiency [58]. The DE
value of 8QSC is 0.1074 eV. The dipole moment (l) is

another way to obtain data on the electronic distribution in

a molecule and is one of the properties more used tradi-

tionally to discuss and rationalize the structure and

reactivity of many organic and inorganic compounds [59].

A higher dipole moment will enhance inhibition efficiency

due to large dipole–dipole interaction between the inhibitor

molecule and the metal/alloy surface [60, 61]. The dipole

moment of 8QSC is 9.6668 D. Generally, the low DE and

higher l gives better inhibition efficiency. Comparatively,

the low DE value and higher dipole moment of 8QSC gives

better inhibition efficiency on the metal/alloy surface than

Fig. 12 FT-IR spectra of inhibitor (Pure) and its corresponding film

formed copper surface after immersion in 1.0 M HNO3 solution

containing 300 ppm of 8QSC at room temperature

Table 8 FT-IR spectrum frequency for pure 8QSC and protective

film formation of 8QSC on copper metal

Group

responsible

IR frequency of pure

8QSC (cm�1)

IR frequency of protective film of

8QSC on Cu (cm�1)

Aromatic

C–H

3082–3009 3060–2920

Aromatic

C=C

1542–1588 …

C=N 1624 1632

SO2 1247–1189 1153
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our previous studied NHQ inhibitor (DE = 0.1328 eV and

l = 3.8163 D) molecule [10]. The higher inhibition effi-

ciency of 8QSC is further supported by the absolute

reactivity parameter that is the lowest g, and higher r
value shown in Table 9. The calculated quantum chemical

results were in good agreement with the experimental

values. The higher inhibition efficiency of 8QSC is caused

by the SO2 group attached to the quinoline ring. Also it

contains a number of heteroatoms which play a major role

in the adsorption process (Two ‘O,’ one N and one S).

Conclusion

The surface protection of copper in 1.0 M HNO3 solution

by 8QSC was studied using common electrochemical and

surface morphological techniques. Theoretical and

adsorption study confirms the above electrochemical and

surface technique results. According to experimental and

theoretical findings, the principal conclusions are:

1. 8QSC is a good green corrosion inhibitor for copper

metal in 1.0 M HNO3 solution. The inhibition effi-

ciency increases with increase in inhibitor

concentration.

2. The adsorption model obeys the Langmuir isotherm.

The negative and lower value of the Gibbs free energy

indicates 8QSC spontaneously and physically adsorbed

on the copper surface.

3. In AC-IS measurements, the charge transfer resistance

increase and double-layer capacitance decrease are

characteristic of surface film formation.

4. The polarization curves show that 8QSC prevents

hydrogen evolution reactions on the copper metal

surface.

5. Further surface film formation confirm by SEM and

AFM analysis.

6. Theoretical DFT calculation and FT-IR study confirm

oxygen lone pair and protonated quinoline ring nitro-

gen help form a protective film on the copper metal

surface.

Conflict of interest No conflict of interests regarding the publica-
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