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Abstract Corrosion inhibition of mild steel (MS) by chloroquine (CQ) in 1 M

HCl was investigated using weight loss, polarization, electrochemical impedance

spectroscopy (EIS) and quantum chemical techniques. The inhibitor showed 99 %

inhibition efficiency at concentration of 3.1 9 10-4 M. Polarization studies showed

that CQ is a mixed-type inhibitor. Adsorption of inhibitor molecules on the MS

surface showed Langmuir adsorption isotherm. Thermodynamic parameters led to

the conclusion that adsorption is predominantly chemisorption. Quantum chemical

calculations were carried out to investigate the corrosion-inhibiting property of CQ.

Various parameters such as energy of the highest occupied molecular orbital

(HOMO) and lowest unoccupied molecular orbital (LUMO), softness of molecule,

Mullikan charges on various atoms and number of electrons transferred from

inhibitor molecule to metal were calculated and correlated with the inhibiting

property of CQ.
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Introduction

Mild steel has found extensive application in various industries. Acidic solutions are

used extensively in several industrial processes such as acid pickling, acid cleaning,

acid scaling and oil wet cleaning [1]. Acidic solutions are highly corrosive for mild

steel. It is possible to reduce the corrosion rate to safe level by adding inhibitors.

There are a wide range of organic inhibitors, but unfortunately most of them are

very expensive and hazardous to health. Thus, it remains an important objective to

find low-cost and ecofriendly inhibitors. In this direction, exploration of drugs for

their corrosion inhibition properties seems to be a viable concept. Most of the

inhibitors investigated for corrosion of steels in acid solutions are heterocyclic

compounds [2–5]. Recently, a few non-toxic compounds such as diethylcarbam-

azine, tryptamine, succinic acid, L-ascorbic acid, sulphamethaxazole, cefatraxyl,

disulfiram, ceftobiprole, cefuroxime, cefazolin, cefapirin, ceftazole etc. have been

studied as corrosion inhibitors by our research groups [3–12] and other researchers

[13–18].

The present article is devoted to the study of chloroquine (CQ) as a corrosion

inhibitor for mild steel in hydrochloric acid solution using electrochemical

impedance spectroscopy (EIS), potentiodynamic polarization, weight loss method

and quantum chemical techniques.

Chloroquine (CQ) is the commercial name of N0-(7-chloroquinolin-4-yl)-N,

N-diethyl-pentane-1,4-diamine. It is used as an antimalarial. It has many adsorption

centres (=N–, –NH–, –NH2, aromatic ring etc.). The structure of chloroquine is

shown in Fig. 1.

Experimental

Inhibitor

Stock solution of CQ was made in 10:1 water:ethanol mixture by volume to ensure

solubility. This stock solution was used for all experimental purposes.

NCl

NH

CH3

N

CH3

CH3
Fig. 1 Chemical structure of
chloroquine
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Corrosion measurements

Prior to all measurements, mild steel specimens, having composition (wt.%)

C = 0.17, Mn = 0.46, Si = 0.26, S = 0.017, P = 0.019 and balance Fe, were

abraded successively with emery papers from 600 to 1200 mesh/in grade. The

specimens were washed thoroughly with double-distilled water, degreased with

acetone and finally dried using a hot air blower. After drying, the specimens were

placed in desiccators and then used for experiments. Aggressive solution of 1 M HCl

was prepared by dilution of analytical-grade HCl (37 %) with double-distilled water,

and all experiments were carried out in unstirred solutions. Rectangular specimens

with dimensions of 2.5 9 2.0 9 0.025 cm3 were used in weight loss experiments, and

specimens of size 1.0 9 1.0 cm2 (exposed) with a 7.5-cm-long stem (isolated using

commercially available lacquer) were used for electrochemical measurements.

Electrochemical impedance spectroscopy

EIS tests were performed at 308 ± 1 K in a three-electrode assembly. A saturated

calomel electrode (SCE) was used as reference; a 1-cm2 platinum foil was used as

counterelectrode. All potentials are reported versus SCE. Electrochemical imped-

ance spectroscopy (EIS) measurements were performed using a Gamry Instruments

potentiostat/galvanostat with a Gamry framework system based on ESA 400 in the

frequency range of 10–2 Hz to 105 Hz under potentiodynamic conditions, with

amplitude of 10 mV peak-to-peak, using an alternating-current (AC) signal at Ecorr.

Gamry applications include software DC105 for corrosion and EIS300 for EIS

measurements, and Echem Analyst version 5.50 software packages for data fitting.

The experiments were carried out after 30 min of immersion in the testing solution

(no deaeration, no stirring).

The inhibition efficiency of the inhibitor was calculated from the charge transfer

resistance values using the following equation:

EEIS% ¼ Ri
ct � R0

ct

Ri
ct

� 100; ð1Þ

where Ri
ct and R0

ct are the charge transfer resistance in presence and absence of

inhibitor, respectively.

Potentiodynamic polarization

The electrochemical behaviour of mild steel sample in inhibited and non-inhibited

solution was studied by recording anodic and cathodic potentiodynamic polarization

curves. Measurements were performed in 1 M HCl solution containing different

concentrations of the tested inhibitor by changing the electrode potential automat-

ically from -250 to ?250 mV versus corrosion potential at scan rate of 1 mV s-1.

The linear Tafel segments of anodic and cathodic curves were extrapolated to the

corrosion potential to obtain the corrosion current densities (jcorr).
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The inhibition efficiency was evaluated from the measured jcorr values using the

following relationship:

EP% ¼ j0corr � jicorr

j0
corr

� 100; ð2Þ

where j0
corr and ji

corr are the corrosion current density in absence and presence of

inhibitor, respectively.

Linear polarization measurement

The corrosion behaviour was studied by polarization resistance measurements (Rp)

in 1 M HCl solution with and without different concentrations of the studied

inhibitor. The linear polarization study was carried out from cathodic potential of

-20 mV versus open-circuit potential (OCP) to an anodic potential of ?20 mV

versus OCP at scan rate 0.125 mV s-1 to study the polarization resistance (Rp),

evaluated from the slope of the curve in the vicinity of the corrosion potential. From

the evaluated polarization resistance value, the inhibition efficiency was calculated

using the following relationship:

ERP
% ¼

Ri
p � R0

p

Ri
p

� 100; ð3Þ

where R0
p and Ri

p are the polarization resistance in absence and presence of inhibitor,

respectively.

Weight loss measurements

Weight loss measurements were performed on rectangular mild steel samples having

dimensions of 2.5 9 2.0 9 0.025 cm3 by immersing the mild steel coupons into acid

solution (100 mL) in absence and presence of different concentrations of CQ. After the

elapsed time, the specimen were taken out, washed, dried and weighed accurately.

All tests were conducted in aerated 1 M HCl. All experiments were performed in

triplicate, and average values are reported. From the evaluated corrosion rate, the

surface coverage (h) and inhibition efficiency (EWL%) were calculated using

h ¼ C0
R � Ci

R

C0
R

; ð4Þ

EWL% ¼ C0
R � Ci

R

C0
R

� 100; ð5Þ

where h is the surface coverage, and C0
R and Ci

R are the corrosion rate in absence and

presence of inhibitor, respectively.

Quantum chemical calculations

Quantum chemical calculations were performed using 3D ultra 8 and MOPAC

software. The quantum chemical parameters obtained were EHOMO, ELUMO,
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EHOMO - ELUMO (DE), total energy, softness (r) and the fraction of electrons

transferred from the inhibitor to steel surface (DN).

Results and discussion

Electrochemical impedance spectroscopy (EIS)

The impedance method provides information about the kinetics of the electrode

processes and simultaneously about the surface properties of the investigated

systems. The shape of the impedance gives mechanistic information. The method is

widely used for investigation of corrosion inhibition processes [19]. The impedance

spectra are plotted for different concentrations of CQ in Fig. 2a. Nyquist plots for

mild steel in 1 M HCl solution in absence and presence of different concentrations

of CQ are presented in Fig. 2a. The Nyquist plots show a depressed capacitive loop

in the high-frequency (HF) range and an inductive loop in the low-frequency (LF)

range. A capacitive loop arises from the time constant of the electric double layer

and charge transfer resistance, and an inductive loop originates from the adsorption

relaxation of intermediates, which cover the reaction surface.

The HF semicircle is attributed to the time constant of charge transfer and

double-layer capacitance [20, 21]. The LF inductive loop may be attributed to the

relaxation process obtained by adsorption species as Cl�ads and Hþads on the electrode

surface [22, 23].

To get a more accurate fit to these experimental data, the measured impedance

data were analysed by fitting based on the equivalent circuit given in Fig. 2b.

Excellent fit with this model was obtained for all experimental data. The equivalent

circuit consists of the double-layer capacitance (Cdl) in parallel with the charge

transfer resistance (Rct), which is in series with the parallel inductive elements (L)

and RL. The presence of L in the impedance spectra in the presence of the inhibitor

indicates that mild steel is still dissolved by direct charge transfer at the CQ-

adsorbed mild steel surface [24]. The value of L decreased with increasing CQ

Fig. 2 a Nyquist plots of mild steel in 1 M HCl in absence and presence of different concentrations of
CQ, and b equivalent circuit for impedance measurements
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concentration, as the inhibitor molecule gets strongly adsorbed onto the mild steel

surface at higher concentration.

One constant-phase element (CPE) is substituted for the capacitive element to

give a more accurate fit, as the obtained capacitive loop is a depressed semicircle.

Depression of Nyquist semicircles is a feature of solid electrodes, often referred to

as frequency dispersion and attributed to roughness and other inhomogeneities of

the solid electrode [25]. The CPE is a special element whose admittance value is a

function of the angular frequency (x), and whose phase is independent of

frequency. The admittance and impedance of the CPE are given by

YCPE ¼ Y0ðixÞn; ð6Þ

where Y0 is the magnitude of CPE, i is an imaginary number (i2 ¼ �1) and n is the

CPE exponent, which can be used as a gauge of the heterogeneity or roughness of

the surface.

The increasing value of n with increasing inhibitor concentration reveals that the

roughness of the mild steel surface decreased with increasing inhibitor

concentration.

Cdl values derived from CPE parameters according to Eq. (7) are listed in

Table 1.

Cdl ¼ Y0ðxmaxÞn�1; ð7Þ

where xmax is the angular frequency (xmax = 2pfmax) at which the imaginary part of

the impedance (-Zi) is maximal, and fmax is the AC frequency at maximum.

Potentiodynamic polarization measurements

Polarization measurements were carried out to gain knowledge concerning the

kinetics of the cathodic and anodic reactions. Figure 3 presents the results of the

effect of CQ concentration on the cathodic and anodic polarization curves for mild

steel in 1 M HCl, respectively. It can be observed that both the cathodic and anodic

reactions were suppressed by addition of CQ, suggesting that CQ reduced the anodic

dissolution and also retarded the hydrogen evolution reaction.

Table 1 Different corrosion parameters obtained from electrochemical impedance spectroscopy (EIS) in

absence and presence of different concentrations of CQ

Inhibitor conc.

(M 9 10-4)

Rs

(X cm2)

Rct

(X cm2)

RL

(X cm2)

a L (H) Cdl

(lF cm-2)

EEIS%

– 1.1 16.0 23.0 0.821 3.8 52.1 –

0.4 1.3 36.4 18.9 0.824 3.2 48.8 56.0

0.8 0.9 112.5 17.8 0.845 3.1 41.2 85.7

1.6 1.2 394.0 14.6 0.851 2.9 31.2 95.9

3.1 1.1 463.8 12.2 0.855 2.7 24.2 96.9
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Electrochemical corrosion kinetics parameters, i.e. the corrosion potential (Ecorr),

cathodic and anodic Tafel slopes (ba, bc) and corrosion current density (jcorr)

obtained from extrapolation of the polarization curves, are given in Table 2.

Figure 3 presents the potentiodynamic polarization curves for mild steel in 1 M

HCl in the absence and presence of various concentrations of CQ. It can be seen

from Fig. 3 that, in the presence of inhibitor, the curves are shifted to lower current

regions, showing the inhibition tendency of CQ. No definite trend was observed in

the Ecorr values in the presence of CQ. In the present study, the maximum shift in

Ecorr values is in the range of 27 mV, suggesting that CQ acts as a mixed-type

inhibitor [26]. The values of the various electrochemical parameters derived from

Tafel polarization for all the inhibitor concentrations are given in Table 2.

Inspection of Table 2 reveals that the values of ba change slightly in the presence of

CQ, whereas more pronounced change occurs in the values of bc, indicating that

both the anodic and cathodic reactions are affected, but the effect on the cathodic

reactions is more prominent. Thus, CQ acted as a mixed-type, but predominantly

cathodic, inhibitor [27]. Increase in inhibition efficiencies with increasing concen-

tration of CQ reveals that the inhibition action is due to adsorption on the steel

surface, and the adsorption is known to depend on the chemical structure of the

inhibitor.

Linear polarization measurements

Polarization resistance (Rp) values were determined from the slope of potential–

current lines. The Rp values were used to calculate the inhibition efficiencies (ERP
%)

using the relationship

ERP
% ¼

Ri
p � R0

p

Ri
p

� 100;

where R0
p and Ri

p are the polarization resistance in absence and presence of inhibitor,

Fig. 3 Potentiodynamic polarization curves for mild steel in 1 M HCl in absence and presence of
different concentrations of CQ
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respectively. The inhibition efficiencies and polarization resistance parameters are

presented in Table 2.

Weight loss measurements

Effect of inhibitor concentration

The variation of the corrosion rate (CR) and inhibition efficiency (EWL%) with

inhibitor concentration is shown in Fig. 4a. It is observed that CQ showed its

maximum efficiency (*99 %) at 3.1 9 10-4 M. Better inhibition efficiency at

higher concentration may be attributed to greater coverage of metal by inhibitor

molecules.

Effect of acid concentration

The effect of acid concentration on the corrosion behavior of mild steel in the

presence of 3.1 9 10-4 M inhibitor concentration was studied, and the results are

shown in Fig. 4b. It is clear that change in the acid concentration from 0.5 to 2.0 M

results in the inhibition efficiency varying from 99.1 to 97.8 %. This change in

inhibition suggests that the compound is an effective corrosion inhibitor in acid

solution at the studied concentration of acid solution.

Effect of temperature

The values of inhibition efficiency obtained from weight loss measurements for

3.1 9 10-4 M inhibitor concentrations in 1.0 M HCl are shown in Fig. 4c. From

Fig. 4c, it can be seen that the inhibition efficiency decreased with increasing

temperature, indicating desorption of inhibitor molecules [28].

Table 2 Different corrosion parameters obtained for mild steel in 1 M HCl in absence and presence of

different concentrations of CQ

Inhibitor

conc.

(M 9 10-4)

Weight loss data Polarization

data

Tafel data

Weight

loss

(mg cm-2)

EWL% CR Rp

(X
cm2)

ERP
% -Ecorr

(mV

vs.

SCE)

jcorr

(lA

cm-2)

ba

(mV

dec-1)

bc

(mV

dec-1)

EP%

– 21.0 – 155.8 7.6 – 448 1500 69 132 –

0.4 6.1 70.9 45.3 46.0 83.4 472 302 67 148 79.0

0.8 1.2 94.2 8.9 129.2 94.0 467 106 71 157 93.0

1.6 0.8 96.0 5.9 316.0 97.6 475 36 62 178 95.2

3.1 0.2 99.0 1.5 482.0 98.4 465 31 65 181 97.9
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Effect of immersion time

The variation of inhibition efficiency with immersion time in HCl is shown in

Fig. 4d. It is found that the inhibition efficiency decreases with time. It is obvious

that the weight loss varied linearly with immersion period in plain acid and inhibited

acid, showing the absence of insoluble product on the steel surface.

Thermodynamic and activation parameters

The dependence of the corrosion rate on temperature can be expressed by Arrhenius

equation and transition-state equation as

logðCRÞ ¼
�Ea

2:303RT
þ log k; ð8Þ

CR ¼
RT

Nh
exp

DS�

R

� �
exp

�DH�

RT

� �
; ð9Þ

where Eais the apparent activation energy, k is the Arrhenius pre-exponential factor,

R is the gas constant, h is Planck’s constant and N is the Avogadro number.

Figure 5 depicts Arrhenius plots for mild steel immersed in 1 M HCl in absence

and presence of 3.1 9 10-4 M concentration of CQ. Table 3 includes activation

parameters. The data show that the activation parameters of corrosion of mild steel
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Fig. 4 Variation of inhibition efficiency of CQ obtained from weight loss measurements with
a concentrations of CQ, b acid concentration, c solution temperature and d immersion time
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in uninhibited solution are higher than in inhibited solution, indicating that CQ

exhibited low inhibition efficiency at elevated temperature. The shift towards

positive values of entropy (DS�) implies that the activated complex in the rate-

determining step represents dissociation rather than association, meaning that

disordering increases on going from reactants to the activated complex.

The free energy of adsorption (DG0
ads) calculated using the following equations is

also given in Table 3:

DG0
ads ¼ �RT ln 55:5Kadsð Þ; ð10Þ

Kads ¼
h

Cinhð1� hÞ ; ð11Þ

where h is the degree of coverage of the metal surface, Cinh is the inhibitor con-

centration in mol-1, R is a constant, T is temperature and 55.5 is the concentration

of water in solution in mol-1 [29].

The DG0
ads value of the inhibitor is found to be -42 kJ mol-1. Generally, values

of DG0
ads around -20 kJ mol-1 or lower are consistent with electrostatic interaction

between the charged molecules and the charged metal (physisorption); those around

-40 kJ mol-1 or higher involve charge sharing or transfer from organic molecules

to the metal surface to form a co-ordinated type of bond (chemisorption) [30, 31].

The calculated value of DG0
ads is near -40 kJ mol-1, indicating, therefore, that CQ

adsorbed onto mild steel in 1 M HCl solution by both predominantly by chemical

process. The negative values of DG0
ads indicate spontaneous adsorption of inhibitor

onto the surface of mild steel [32].

The enthalpy of adsorption can be calculated from the Gibbs–Helmholtz equation

[33]:

2.90 2.95 3.00 3.05 3.10 3.15 3.20
-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

lo
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C
R

/T
)

[(1/T)103 oK-1]
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1.5

2.0
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3.0
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g(

C
R

)

[(1/T)103 oK-1]

(a) (b)

Fig. 5 Arrhenius plots for a log CR versus 1/T and b log CR/T versus 1/T in absence and presence of
3.1 9 10-4 M concentration of CQ
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o
DG0

ads

T

� �
oT

2
4

3
5

P

¼ �DH0
ads

T2
: ð12Þ

This equation can be arranged as follows:

DG0
ads

T
¼ DH0

ads

T
þ Kads: ð13Þ

The variation of DG0
ads

�
T with 1/T gives a straight line with a slope that equals

DH0
ads (Fig. 6). It can be seen from the figure that DG0

ads

�
T decreases with 1/T in a

linear fashion. The calculated values are depicted in Table 3. The negative sign of

DH0
ads in HCl solution indicates that adsorption of inhibitor molecule is an

exothermic process. Generally, an exothermic adsorption process signifies either

physi- or chemisorption, while an endothermic process is attributable unequivocally

to chemisorption [34]. In the presented case, the calculated value of DH0
ads for

adsorption of CQ is -17.4 kJ mol-1, indicating that this inhibitor can be considered

to adsorb by a mixture of both processes. It is well known that organic inhibitors

establish inhibition by adsorption onto the metal surface. Adsorption of an inhibitor

is influenced by the chemical structure of the organic compound, the nature and

surface charge of the metal, the distribution of charge in the molecule and the type

of aggressive media considered [35, 36]. Physical adsorption requires the presence

of an electrically charged metal surface and charged species in the bulk of solution.

In the case of chemisorption, the process involves charge sharing or charge transfer

from the inhibitor molecule to the metal surface. This is possible in case of positive

as well as negative charges on this surface. The presence, with a transition metal,

having vacant and low-energy electron orbital, of an inhibitor molecule having

relatively loosely bound electrons or heteroatom with lone-pair electrons facilitates

this adsorption [37].

Quantum chemical calculations

Quantum chemical calculations have proved to be a very powerful tool for studying

corrosion inhibition mechanisms [38, 39]. Quantum chemical parameters obtained

from calculations affect the inhibition efficiency of inhibitors, including the energies

of the highest occupied molecular orbital (EHOMO) and lowest unoccupied

molecular orbital (ELUMO), the separation energy (ELUMO - EHOMO), dipole, total

Table 3 Values of activation and thermodynamic adsorption parameters

Inhibitor conc.

(M 9 10-4)

Ea

(kJ mol-1)

DH�

(kJ mol-1)

DS� (J K-1

mol-1)
DG0

ads

(kJ mol-1)

DH0
ads

(kJ mol-1)

1 M HCl 28.13 25.64 -116.75 – –

3.1 9 10-4 M 134.7 132.02 182.02 -42.70 -17.4
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energy (TE), softness (r) and the fraction of electrons transferred from the inhibitor

to steel surface (DN). They are listed in Tables 4 and 5. DN and r may be calculated

by the following equations [40]:

DN ¼ vFe � vinh

2 gFe � ginhð Þ ; ð14Þ

r ¼ 1

g
;

where v and g are the absolute electronegativity and absolute hardness, respectively,

and may be calculated by the following equations:

g ¼ 1

2ðI � AÞ ; ð15Þ

v ¼ 1

2ðI þ AÞ ; ð16Þ

where I and A are the ionization potential and electron affinity, respectively.

According to Koopmans’ theorem [41, 42], the first ionization energy of a molecular

system is equal to the negative of the orbital energy of the HOMO. Koopmans’

theorem also allows the calculation of electron affinities as the LUMO of the

respective system [43]. Thus, the orbitals of the inhibitor molecule are related to the

ionization potential and electron affinity as follows:

I ¼ �EHOMO;

A ¼ �ELUMO:

The three-dimensional structure of CQ is shown in Fig. 7a. The frontier

molecular density distribution of CQ is presented in Fig. 7b, c. It is confirmed that,

the more negative the atomic charges of the adsorbed centre, the more easily the

atom donates its electrons to the unoccupied orbital of metal [44]. Table 4 shows

that the Mullikan charge on N11 is greater than that on N7 or N17. Thus, CQ can be

adsorbed on the metal surface by donating its lone pair of electrons (present on more

2.95 3.00 3.05 3.10 3.15 3.20 3.25
-0.15

-0.14

-0.13

-0.12

-0.11

-0.10

-0.09

ΔG
ad

s0
(k

J 
m

ol
-1
)

[(1/T).103]K-1

Fig. 6 Plot of DG0
ads

�
T versus

1/T
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negative nitrogen atoms) to vacant d orbital of metal atom. A hard molecule has a

large energy gap, and a soft molecule has a small energy gap. Soft molecules are

more reactive than hard molecules, in general. The calculated softness value of CQ

(11.76) shows that it is an appreciably soft molecule. Moreover, the gap between the

Table 4 Quantum chemical parameters for CQ

HOMO (eV) LUMO (eV) DE (eV) l (D) TE (kcal) r (softness) DN

-6.69 -0.75 5.94 3.74 -2408.52 11.76 1.6

Fig. 7 a Three-dimensional structure of CQ. b Frontier molecular orbital density distribution of
CQ-HOMO. c Frontier molecular orbital density distribution of CQ-LUMO
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LUMO and HOMO energy levels of the molecules is another important factor that

should be considered. Excellent corrosion inhibitors are usually those organic

compounds that not only donate electrons to unoccupied orbital of the metal surface

but also accept free electrons from the metal [45, 46]. It is well established in the

literature that, the higher the HOMO energy of the inhibitor, the greater its tendency

to offer electrons to unoccupied d orbital of the metal, and the higher its corrosion

inhibition efficiency. Additionally, the lower the LUMO, the easier it is accept

electrons from the metal surface. CQ has high EHOMO and low ELUMO, suggesting

that CQ could be both electron acceptor and electron donor. The electric/orbit

density distribution of the HOMO and LUMO for CQ is shown in Fig. 7. It is clear

from the figure that the electron density of the HOMO is localized mainly on

nitrogen atoms outside of the ring, whereas the electron density of the LUMO is

mainly localized on the quinoline ring. The fraction of electron transfer from CQ to

metal is 1.6.

Mechanism of inhibition

The adsorption of organic compounds can be described by two main types of

interactions: physical adsorption and chemisorption. The presence of a transition

metal, having vacant, low-energy electron orbital, and an inhibitor with molecules

having relatively loosely bound electrons or heteroatom with a lone pair of electrons

is necessary for the inhibiting action [47]. In hydrochloric acid, CQ could be

protonated. Thus, protonated and neutral molecules of CQ could be adsorbed on the

metal surface through different mechanisms. Generally, two modes of adsorption

could be assumed. The steel surface is positively charged in HCl [48]. So, it is

difficult for protonated CQ to approach the positively charged steel surface, but Cl-,

having a smaller degree of hydration, easily get adsorbed onto the metal surface.

Protonated CQ can be adsorbed on the negatively charged steel surface through

electrostatic forces. According to the results of thermodynamic and quantum

chemical calculations, chemisorption is another mode of adsorption. This mech-

anism involves displacement of water molecules from the metal surface and sharing

of electrons between the metal and iron.

Conclusions

1. The inhibition efficiency of CQ increases with increasing inhibitor concentra-

tion. The inhibitor showed maximum inhibition efficiency of 99.0 % at

3.1 9 10-4 M concentration of the inhibitor.

2. Impedance studies and adsorption isotherm showed that its inhibition properties

are due to adsorption at the metal surface.

3. Potentiodynamic polarization proved its mixed-type inhibitor property. CQ is

an efficient inhibitor for corrosion of mild steel in hydrochloric acid.

4. The quantum parameters show that the HOMO and LUMO energies are

correlated to the inhibition efficiency. High value of EHOMO is likely to indicate
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a tendency for the inhibitor to donate electrons to empty molecular orbital of

low energy. Meanwhile, the energy of the lowest unoccupied molecular orbital,

ELUMO, indicates the ability of the inhibitor molecule to accept electrons. So,

the lower the value of ELUMO, the greater the probability that the molecule will

accept electrons. The inhibition efficiency increases with increasing HOMO

and decreasing LUMO energy values.

5. From the calculated values of DN and softness it is evident that CQ effectively

decreases the corrosion rate by electron donation.
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