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Abstract The influence of 8-fluoro-3-methyl-9-(4-methyl-

piperazin-1-yl)-6-oxo-2,3-dihydro-6H-1-oxa-3a-aza-phe-

nalene-5-carboxylic acid or levofloxacin (P1) and newly

synthesized 8-fluoro-3-methyl-9-(4-methyl-piperazin-1-

yl)-6-oxo-2,3-dihydro-6H-1-oxa-3a-aza-phenalene-5-car-

boxylic acid-(5-methyl-pyridin-2-yl)-amide (P2) on cor-

rosion inhibition of mild steel in 0.5 M hydrochloric acid

solution was studied using weight loss and electrochemical

techniques. Inhibition efficiency of P1 and P2 increased

with concentration and decreased with temperature in the

concentration range 0.14–0.35 mM in the temperature

range 303–333 K. Thermodynamic parameters for disso-

lution and adsorption process were studied. Increase in

energy of activation after the addition of inhibitors indi-

cated formation of barrier film which prevents charge and

mass transfer. Free energy of adsorption showed that the

type of adsorption was neither physical nor chemical but

comprehensive. The adsorption of the P1 and P2 on the

mild steel surface was found to obey the Langmuir iso-

therm. Impedance measurement showed that there is

increase in the polarization resistance and decrease in

double layer capacitance after the addition of inhibitors.

From polarization study as the shift in corrosion potential is

more than 85 mV, both P1 and P2 are anodic type of

inhibitors. Scanning electron microscope images confirm

the formation of inhibitory film on mild steel surface.

Quantum chemical calculation results well correlated with

experimental results. Lower values of energy gap, ioniza-

tion potential and hardness, higher value of softness make

P2 better inhibitor compared to P1.
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Introduction

Corrosion is a natural destructive phenomenon where pure

metals interact with the environment to form non-desirable

metallic compounds. Protection of metals from corrosion is

one of the major economic issues. Mild steel (MS) is an

important metal which is widely applied in oil wells,

constructional materials, automobiles and many other

industries due to its excellent mechanical properties and

low cost [1]. Hydrochloric acid solutions (approximately

0.5–1 M) are widely used in several industrial processes,

some of the important fields of application being acid

pickling of steel, chemical cleaning and processing, ore

production and oil well acidification [2]. Corrosion of MS

when exposed to aggressive acids, such as hydrochloric

acid and sulfuric acid results in such damage that needs

either repair or replacement of the part leading to huge loss

of resources. Corrosion of MS is worth investigating

because such corrosions cause damage to pipelines,

bridges, marine structures and construction materials

bringing heavy economic losses worldwide. Corrosion is

also one of the major concerns in the durability of materials

and structures; and studies are continuously carried out to

develop effective methods for corrosion control [3]. There

are a number of methods for corrosion control but the

choice depends on economics, safety requirements and
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technical considerations. Mitigation of MS corrosion is

achieved through such means as galvanisation, organic

coating (enamel, polymer, oils etc.) and using corrosion

inhibitors [4–6] which form film by adsorbing on the metal

surface. The organic corrosion inhibitors although proved

to be the best for the protection of MS, but they are

restricted in some cases because of their toxicity. There-

fore, the best means of protection is to adapt an inhibitor

which is eco-friendly, easily soluble and effective at low

concentration. The class of organic compounds which

satisfy these conditions are drugs and their derivatives

which are highly water soluble.

Corrosion inhibition studies of many drugs, such as b-
lactam antibiotics {penicillin G [7], ampicillin [8], amox-

icillin [9]}, quinolones {ofloxacin [10], ciprofloxacin [11],

quinoline [12]}, tetracyclines {doxycycline [13]}, sulpho-

namides {sulfamethazine [14], dapsone [15] antifungal

{ketoconazole [16]}, antiviral {rhodanine [17]}, have been

reported.

Levofloxacin is a member of the fluoroquinolone class

of antibacterial used in the treatment of chronic bronchitis,

respiratory tract infection, pneumonia, skin infection and

urinary tract infection [18]. Its structure has extended p-
electron systems, good number of hetero atoms and two

electron donating methyl groups which facilitate its

adsorption on the MS surface. Fluoroquilones have been

established as potential class of inhibitors, P1 and P2 which

belong to the same class are expected to give good inhi-

bition because similar molecules tend to behave alike [19].

Eddy et al. [20] studied derivatives of fluoroquinolone

(ofloxacin, amifloxacin, enofloxacin, pefloxacin) on MS

corrosion in sulfuric acid medium by gravimetric technique

supported by quantum chemical calculations and obtained

inhibition efficiency up to 94 %. Levofloxacin was previ-

ously studied by Pang et al. [21] as MS corrosion inhibitor

in sulfuric acid medium by weight loss and electrochemical

methods and maximum inhibition efficiency obtained was

90 %. In this study, Levofloxacin is being studied as MS

corrosion inhibitor in HCl medium using gravimetric and

electrochemical techniques at lower concentrations and the

results are supported by theoretical studies. Comparison of

inhibition efficiency of Levofloxacin with its synthesized

derivative has been made to study the effect of an extra

heterocyclic ring and an amine group transformed into

amide bond present in P2.

In continuation of our previous work [22–26] the

present paper reports the comparative study of the anti-

corrosion potential of levofloxacin (P1) and its newly

synthesized amide derivative (P2) in 0.5 M HCl media

using weight loss method, electrochemical impedance

spectrosocpy (EIS) and potentiodynamic polarization

measurements. Morphological study has been done using

scanning electron microscope (SEM). Quantum chemical

calculations were done and different parameters, such as

energies of highest occupied molecular orbital (EHOMO)

and the lowest unoccupied molecular orbital (ELUMO), the

energy gap (DE), hardness (g), softness (r), electron

affinity (A), electronegativity (v), ionization potential

(I) of P1 and P2 were determined and correlated with

experimental results.

Experimental

Materials and sample preparation

The chemical composition by wt% of MS coupons used for

experiment was as follows: C, 0.051; Mn, 0.179; Si, 0.006;

P, 0.005; S, 0.023; Cr, 0.051; Ni, 0.05; Mo, 0.013; Ti,

0.004; Al, 0.103; Cu, 0.050; Sn, 0.004; B, 0.00105; Co,

0.017; Nb, 0.012; Pb, 0.001 and the remaining is iron.

Before the commencement of experiment, samples were

mechanically cut into 2 cm 9 2 cm 9 0.1 cm, abraded

with different grades of silicon carbide emery paper,

washed with double distilled water, degreased, dried and

stored in desiccator until use. For polarization and impe-

dance measurements, the MS specimens were embedded in

epoxy resin to expose a geometrical surface area of 1 cm2

to the electrolyte. Solutions of P1 and P2 in optimized

concentration range of 0.14–0.35 mM were prepared from

stock solution made of using 0.5 M HCl. Melting range

was determined using Veego Melting Point VMP III

apparatus.

Synthesis of 8-fluoro-3-methyl-9-(4-methyl-

piperazin-1-yl)-6-oxo-2,3-dihydro-6H-1-oxa-3a-aza-

phenalene-5-carboxylic acid-(5-methyl-pyridin-2-

yl)-amide (P2)

The reported procedure [26] of acid–amine coupling was

used for the synthesis of P2. Scheme for the synthesis of P2

is given in Fig. 1. To a mixture of 8-fluoro-3-methyl-9-(4-

methyl-piperazin-1-yl)-6-oxo-2,3-dihydro-6H-1-oxa-3a-

aza-phenalene-5-carboxylic acid (1 equivalent) and

5-methyl-pyridin-2-ylamine (1 equivalent), triethylamine

(2.1equivalent) and O-(Benzotriazol-1-yl)-N,N,N’,N’-te-

tramethyluronium tetrafluoroborate (TBTU) (1.2 equiva-

lent) were added in dichloromethane (MDC). The reaction

mixture was stirred at room temperature for 16 h. Reaction

completion was monitored by TLC using solvent system,

ethyl acetate: methanol (1:1). Reaction mixture was

washed with 1 M HCl, 10 % bicarbonate solution followed

by water and brine, dried over sodium sulfate, and con-

centrated to remove solvent under reduced pressure. The

solid obtained was crystallized using ethanol to get the pure

form. The yield of the product was 90 % and melting range
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was 606–607 K. Spectral data: IR (cm-1) 1673 (C=O,

Amide), 3398 (N–H, Amide), 1673 (C=O, ketone),

1003–1095 (C–F), 1450–1599 (Ar C=C),1H-NMR

(400 MHz, DMSO-d6) dH ppm:1.56 (s, 3H, CH3), 1.57 (s,

3H, CH3), 2.04–2.16 (m, 4H, piperazine), 2.17–2.35 (m,

4H, piperazine), 2.54 (s, 3H, N–CH3), 4.42–4.38 (m, 3H,

CH2CH), 7.25–7.26 (d, 1H, phenyl), 7.48–7.51 (d, 1H,

phenyl), 7.69 (s, 1H, phenyl), 8.188 (s, 1H, phenyl), 8.61

(s, 1H, phenyl), 12.55 (s, 1H, N–H). MS: 452.12 (M ? 1),

453.12 (M ? 2).

Weight loss measurements

MS specimens were immersed in 0.5 M HCl solution

without and with varying amounts of inhibitor for 4 h in

a thermostatically controlled water bath (with an accu-

racy of ±0.2 K) at constant temperature, under aerated

condition (Weiber limited, Chennai, India). The coupons

were taken out after 4 h of immersion, rinsed in water

followed by drying in acetone. Weight loss of the

specimens was recorded by analytical balance (Sarto-

rius, precision ±0.1 mg). Experiment was carried out in

triplicates and mean weight loss was calculated. The

procedure was repeated for all other concentrations and

temperatures.

Electrochemical measurements

Potentiodynamic polarization and EIS experiments were

carried out using a CHI660D electrochemical worksta-

tion. A conventional three-electrode cell consisting of

|Ag/AgCl| reference electrode, a platinum auxiliary

electrode and the working MS electrode with 1 cm2

exposed areas was used. Pre-treatment of the specimens

was same as gravimetric measurements. The electro-

chemical tests were performed with P1 and P2 concen-

trations ranging from 0.14 to 0.35 mM at 303 K.

Potentiodynamic polarization measurements were per-

formed in the potential range from -850 to -150 mV

with a scan rate of 0.4 mV s-1. The exposure time

before polarization measurements was 30 min. Prior to

EIS measurement; 30 min were spent for making open

circuit potential a stable value. The EIS data were taken

in the frequency range of 10 kHz–1 Hz.

Quantum chemical calculations

The geometrical optimization of the investigated molecules

was done by Ab initio method at 6-31G** basis set for all

atoms. For energy minimization, the convergence limit at

1.0 and rms gradient 1.0 kcal/Amol was kept. The Polak–

Ribiere conjugate gradient algorithm which is quite fast

and precise was used for optimization of geometry. In DFR

calculation B3LYP combined exchange-corelation poten-

tial functional has been used. The HYPERCHEM 7.52

(Hypercube Inc., Florida, USA, 2003) professional soft-

ware was employed for all calculations.

Scanning electron microscopy (SEM)

The SEM experiments were performed using a Zeiss

electron microscope with the working voltage of 15 kV

and the working distance 10.5 mm. In SEM micrographs,

the specimens were exposed to 0.5 M HCl in the absence

and presence of inhibitors under optimum conditions after

4 h of immersion. The SEM images were taken for pol-

ished MS specimen and specimen immersed in acid solu-

tion with and without inhibitors.

Results and discussion

Weight loss measurement

Effect of inhibitor concentration

The effect of concentration of inhibitors P1 and P2 on MS

corrosion in 0.5 M HCl was studied at concentrations from

0.14 to 0.35 mM and temperature range of 303 to 333 K by

weight loss measurement and results are presented in

Table 1. The corrosion rate and inhibition efficiency were

calculated using the formulae (1) and (2).

CR ¼ DW
St

ð1Þ

IE %ð Þ ¼
ðCRÞa � ðCRÞp

ðCRÞa
� 100 ð2Þ

where, DW is the weight loss, S is the surface area of the

specimen (cm2), t is the immersion time (h), and (CR)a,
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Fig. 1 Scheme for the synthesis of inhibitors
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(CR)p are corrosion rates in the absence and presence of the

inhibitor, respectively.

As the concentration increases, IE (%) increases for both

P1 and P2. As the concentration increases, availability of

number of molecules to block reaction sites increases. The

highest inhibition efficiency of 96 and 94 % were shown by

P2 and P1 at 0.35 mM concentration, respectively. After

that although concentration was raised and there was no

much difference in inhibition efficiency.

Effect of temperature

Inhibition performance of P1 and P2 on MS in 0.5 M HCl

was studied in the temperature range of 303–333 K

(Table 1). The influence of temperature on corrosion

reaction is very complex, because many changes take place

on the metal surface, such as etching, desorption and

inhibitor itself may undergo decomposition [27]. The cor-

rosion rate of MS increases as the temperature of the sur-

rounding solution increases both in the absence and

presence of inhibitors. That is IE (%) decreases as the

temperature increases. This is due to decrease in hydrogen

evolution over potential which in turn increases the evo-

lution of anodic hydrogen at higher temperatures. There is

also possibility of desorption of adsorbed inhibitor film, as

the inhibitor molecules gain sufficient energy to overcome

interaction between metal empty orbital and inhibitor

electrons at higher temperature.

The relationship between corrosion rate of MS and

temperature of the environment is given by Arrhenius

equation

CR ¼ k exp � E�
a

RT

� �
ð3Þ

Enthalpy and entropy of the activation are calculated

based on transition state theory using the alternative form

of Arrhenius equation, which takes the form as

CR ¼ RT

Nh
exp

DS�a
R

� �
exp

�DH�
a

RT

� �
ð4Þ

where, Ea
* is activation energy, DSa

* is the entropy of acti-

vation, DHa
* is the enthalpy of activation, k is Arrhenius

pre-exponential factor, h is Planck’s constant, N is Avo-

gadro’s number, T is the absolute temperature and R is the

universal gas constant.

The plot of ln CR versus 1/T is a straight line (Fig. 2),

computing the values of slope and intercept, the values of

Ea
* and k were calculated for both the inhibitors at various

concentrations. Using the Eq. (4), another linear plot of ln

CR/T versus 1/T was drawn (Fig. 3) with slope (-DHa
*/R)

and intercept [ln(R/Nh) ? DSa
*/R]. This was used for the

calculation of DHa
* and DSa

*. Different parameters involving

Arrhenius equations were calculated and listed in Table 2.

Review of these data indicates that all the activation

parameters of dissolution reaction of MS in 0.5 M HCl are

higher in the presence of inhibitors than in their absence.

Ea
* is higher for inhibited solution than for uninhibited

solution and increases upon increasing concentration of

inhibitors. Such a trend suggests that corrosion reaction

will be further pushed to surface sites which are charac-

terized by progressively higher value of Ea
* as concentra-

tion of the inhibitor becomes higher [28]. At higher

concentration Ea
* increases further, because extent of sur-

face coverage is close to saturation [29]. The higher values

of Ea
* in inhibited solution might also be correlated with the

increased thickness of double layer [30]. Further from the

value of Ea
* which is greater than 20 kJ mol-1 for both

inhibited and uninhibited solutions, it is confirmed that the

whole process is surface controlled [31]. The positive sign

of enthalpies shows endothermic nature of MS dissolution

process i.e., dissolution of steel is difficult [32]. After the

addition of P1 and P2 there is increase in the value of

enthalpy of activation which suggests that the dissolution

becomes more difficult. Entropy of activation is negative in

the presence and absence of P1 and P2 which becomes

Table 1 Weight loss data in the absence and presence of inhibitors in 0.5 M HCl at different concentrations and temperatures

Inhibitor C (mM) IE (%) IE (%) IE (%) IE (%)

Blank – 0.516 – 0.883 – 1.224 – 1.65 –

P1 0.14 0.087 83.0 ± 0.79 0.165 81.3 ± 0.44 0.244 80.1 ± 0.43 0.366 77.8 ± 0.41

0.21 0.068 86.7 ± 0.58 0.136 84.5 ± 0.35 0.205 83.3 ± 0.32 0.338 79.5 ± 0.52

0.28 0.047 90.8 ± 0.49 0.118 86.6 ± 0.50 0.183 85.0 ± 0.54 0.306 81.4 ± 0.86

0.35 0.030 94.0 ± 0.68 0.097 89.0 ± 0.32 0.161 86.8 ± 0.55 0.297 82.0 ± 0.76

P2 0.14 0.072 86.0 ± 0.22 0.133 84.9 ± 0.65 0.220 82.0 ± 0.45 0.345 79.0 ± 0.82

0.21 0.056 89.1 ± 0.52 0.115 87.0 ± 0.88 0.195 84.0 ± 0.38 0.313 81.0 ± 0.97

0.28 0.035 93.2 ± 0.92 0.097 89.0 ± 0.84 0.173 85.8 ± 0.64 0.302 81.7 ± 1.06

0.35 0.018 96.4 ± 0.88 0.078 91.1 ± 0.75 0.155 87.3 ± 0.88 0.287 82.6 ± 0.72
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more positive on increasing concentration of inhibitor. This

indicates that the dissolution of MS is characterized by an

activated complex which is associative. This might be due

to the adsorption of P1 and P2 molecules from HCl solu-

tion which could be regarded as quasi- substitution

between the inhibitors in the aqueous phase and water

molecules on MS electrode surface. In such a situation, the

adsorption of P1 and P2 on MS surface which results in

decrease in entropy was accompanied with desorption of

water molecules from the electrode surface which increases

the entropy. Here entropy is the sum of solvent entropy and

solute entropy. Thus, increase in entropy of activation for

P1 and P2 was attributed to predominance of solvent (H2O)

entropy [33].

Adsorption isotherm

The efficiency of a compound as successful corrosion

inhibitor mainly depends on its adsorption ability on the

metal surface. It is essential to know the mode of adsorp-

tion and the adsorption isotherm that can give valuable

information on the interaction of inhibitor and metal sur-

face [34]. The adsorption of an organic adsorbate at a

metal/solution interface can be presented as a substitution

adsorption process between the organic molecules in

aqueous solution and the water molecules on a metallic

surface. All isotherms are having general formula

f h; xð Þexpð�2ahÞ ¼ KadsC ð5Þ

where, f h; xð Þ is the configurational factor which depends

upon the physical mode of adsorption. Here h is the surface

coverage, C is the concentration of the inhibitor, x is the

size factor ratio, a is the molecular interaction parameter

and Kads is the equilibrium constant of the adsorption

process [35]. Depending on the value of correlation co-

efficient the best fitter of the isotherm can be determined.

After trying to fit the values to many isotherms like Tem-

kin, Frumkin, Freundlich and Langmuir, the best fit was

obtained with Langmuir adsorption isotherm for the inhi-

bitors. A plot of C/h versus C (Fig. 4) gave a straight line

with an average correlation coefficient of 0.9995 and

0.9995, for P1 and P2, respectively and a slope of nearly

unity (1.0706 and 0.9995 for P1 and P2, respectively)

suggests that the adsorption of both the molecules obeys

Langmuir isotherm, which can be expressed by the fol-

lowing equation:
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-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0

2.9 3 3.1 3.2 3.3 3.4

ln
 C

R
/T

 (m
g 

cm
2 
h-1

K
-1

) 

103/T (K-1) 

(a) Blank
0.14 mM
0.21 mM
0.28 mM
0.35 mM

-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0

2.9 3 3.1 3.2 3.3 3.4

ln
 C

R
/T

 (m
g 

cm
2 
h-1

 K
-1

) 

103/T (K-1) 

(b) Blank
0.14 mM
0.21 mM
0.28 mM
0.35 mM

Fig. 3 Alternative Arrhenius plots in the absence and presence of

different concentrations of a P1 and b P2

Int J Ind Chem (2017) 8:1–15 5

123



C=h ¼ 1

Kads

þ C ð6Þ

From Eq. (6), Kads can be calculated from intercept of
C=h Vs C plot. Free energy of adsorption can be calculated

from Kads using the Eq. (7).

DGo
ads ¼ �RT lnð55:5KadsÞ ð7Þ

where, R is gas constant and T is the absolute temperature

of the experiment and the constant value 55.5 is the con-

centration of water in solution in mol dm-3.

Entropy of adsorption and enthalpy of adsorption pro-

cess can be calculated using the following thermodynamic

equation:

DGo
ads ¼ DHo

ads � TDSoads ð8Þ

The values of all thermodynamic parameters are listed

in Table 3. A plot of DGads
o versus T gives a straight line

(Fig. 5) which can be used for the calculation of DHads
o and

DSads
o . Calculated values of free energy of adsorption and

adsorption equilibrium constant together represent spon-

taneity of the process and stability of the adsorbed layer on

the metal surface. Large values of Kads obtained for P1 and

P2 indicate that they are efficient adsorbents which imply

that they have better inhibition efficiency. In general, the

values of DGads
o up to -20 kJ mol-1 are compatible with

the electrostatic interaction between the charged inhibitor

molecules and the charged metal surface (physisorption),

and those which are more negative than -40 kJ mol-1

involve charge sharing or charge transfer from the inhibitor

molecules to the metal surface (chemisorption) [36]. The

calculated values of free energy of adsorption for P1 and

P2 lies between -20 and -40 kJ mol-1 at lower temper-

atures and little higher than -40 kJ mol-1 at higher tem-

peratures. Many authors reported that the adsorption of

organic molecules on the solid surfaces cannot be consid-

ered as purely physical or as purely chemical [37–39].

Initially inhibitor may adsorb on the MS surface by elec-

trostatic force of attraction but at later stage charge transfer

also takes place. Therefore, it is concluded that the

adsorption of P1 and P2 is neither totally physical nor

chemical but complex comprehensive kind of adsorption

involving both with a slight dominance of chemisorption.

Similar type of observations have been reported in the

literature [40–43].

Table 2 Activation parameters in the absence and presence of P1 and P2 in 0.5 M HCl

Inhibitor C (mM) Ea
* (kJ mol-1) k (mg cm-2 h-1) DHa

*

(kJ mol-1)

DHa
* = E a

*-RT (kJ mol-1) DSa
* (J mol-1 K-1)

Blank – 32.1 186,465 29.5 29.5 -152.9

P1 0.14 39.3 564,671 36.7 36.8 -143.6

0.21 43.5 2,317,501 40.9 40.9 -131.9

0.28 50.9 31,077,666 48.2 48.3 -110.3

0.35 61.5 1.41 9 109 58.8 58.9 -78.6

P2 0.14 43.8 2,610,363 41.1 41.2 -130.9

0.21 47.8 10,201,038 45.1 45.2 -119.6

0.28 59.2 6.35 9 108 56.6 56.6 -85.2

0.35 75.2 2.11 9 1011 72.6 72.6 -37.0
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Fig. 4 Langmuir isotherm for the adsorption of a P1 and b P2 in

0.5 M HCl at different temperatures
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Electrochemical impedance spectroscopy

The corrosion behavior of P1 and P2 was studied using EIS

and results are tabulated in Table 4. Nyquist plot, bode

modulus plot and phase angle plot of P1 and P2 are given

in Figs. 6 and 7, respectively. Nyquist plots for all

concentrations are characterized by one capacitive loop

whose diameter increases on increasing concentration of

the inhibitor. The capacitive loop was related to charge

transfer in the corrosion process, whereas the depressed

form of the higher frequency loop reflects the surface non-

homogeneity of structural or interfacial origin, such as

those found in adsorption processes [44]. Here contribution

of all resistances correspond to the metal/solution interface,

i.e., charge transfer resistance (Rct), diffuse layer resistance

(Rd), accumulation resistance (Ra), film resistance (Rf), etc.

must be taken into account. So charge transfer resistance

must be replaced by polarization resistance (Rp) [45].

Nyquist plots can be represented by equivalent circuit

(Fig. 8) where solution resistance (Rs) is shorted by con-

stant phase element (CPE) that is placed in parallel to

polarization resistance (Rp).

The values of Rp were calculated from the difference in

impedance at lower and higher frequencies [46]. The

inhibition efficiency was calculated using polarization

resistance according to the following equation:

IE %ð Þ ¼
ðRpÞp � ðRpÞa

ðRpÞp
� 100 ð9Þ

Table 3 Adsorption thermodynamic parameters in the absence and presence of various concentrations of inhibitors

Inhibitor T (K) R2 Kads (L mol-1) DGo
ads

(kJ mol-1)

DSoads (J mol-1K-1) DHo
ads

(kJ mol-1)

DGo
ads = DHo

ads - TDSoads
(kJ mol-1)

P1 303 0.9989 27,855 -36.2 -209 27.7 -35.8

313 0.9996 38,461 -38.6 -37.8

323 0.9999 43,290 -40.0 -40.0

333 0.9999 60,606 -41.6 -42.1

P2 303 0.9987 30,769 -35.9 -201 24.7 -36.3

313 0.9995 49,504 -37.9 -38.3

323 0.9998 53,475 -39.5 -40.3

333 1.0000 80,000 -42.4 -42.3

-43

-42

-41

-40

-39

-38

-37

-36

-35
300 310 320 330 340

-1
)

T (K)

P1

P2

Fig. 5 Plot of DGads vs T for P1 and P2

Table 4 Impedance parameters for the corrosion of MS in 0.5 M HCl in absence and presence of different concentrations of inhibitors at 303 K

Inhibitor Concentration (mM) Rp (X cm2) Yo (l X-1 sn) Rs (X cm2) n Cdl (lF cm-2) IE (%)

Blank 205 275.6 2.47 0.7631 112.9 –

P1 0.14 739 73.88 2.58 0.8641 46.76 72.3

0.21 919 55.66 4.54 0.8746 36.34 77.7

0.28 1106 20.15 1.21 0.9207 14.52 81.5

0.35 1519 45.46 2.14 0.8855 34.74 86.5

P2 0.14 939 55.9 1.303 0.8736 36.49 78.2

0.21 1161 38.26 4.064 0.8558 22.63 82.3

0.28 1372 19.32 1.194 0.9211 14.16 85.0

0.35 1572 20.29 1.271 0.9064 35.89 87.1
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where (Rp)a and (Rp)p are the polarization resistances in the

absence and presence of inhibitor, respectively. After the

addition of inhibitors the polarization resistance (Rp)

increases for both inhibitors. The increase in Rp value is

due to the film formed on the steel surface which prevents

the charge transfer. Such results were reported by many

authors [47, 48]. Inhibition efficiency increases with the

increase in the concentration of the inhibitors. As any other

Fig. 6 a Nyquist plot. b Bode modulus plot. c Phase angle plot in the

absence and presence of different concentrations of for P1

Fig. 7 a Nyquist plot. b Bode modulus plot. c Phase angle plot in the

absence and presence of different concentrations of for P1
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electrochemical process corrosion also has two phases: (1)

Oxidation of metal (charge transfer process). (2) The dif-

fusion of metal ions from metal surface to the solution [49].

The film formed by the inhibitors P1 and P2 protects the

metal by acting as a barrier to the diffusion of ions. Even

though both P1 and P2 exhibit good inhibition efficiency,

maximum efficiency is obtained for compound P2 because

of the presence of plenty of electrons and an additional

pyridine ring compared to P1.

CPE is a special element whose admittance is a function

of angular frequency and whose phase is independent of

frequency [50]. The impedance function of the CPE can be

represented as follows:

ZCPE ¼ Y�1
o ðixÞ�1 ð10Þ

where, Yo is magnitude of CPE, x is angular frequency (in

rad s-1), i2 = -1 is the imaginary number, n = a/(p/2) in
which a is the phase angle of CPE. The value of n signifies

interphase parameter of working electrode. In this study n

value for blank is 0.76, which increases by the addition of

P1 (varying between 0.86 and 0.92) and P2 (0.87 and 0.92).

Increase in the value of n by P1 and P2 addition represents

capacitive behavior because for ideal capacitor n value is 1.

The double layer capacitance (Cdl) can be calculated from

CPE parameters using the equation,

Cdl ¼ ðYoR1�n
ct Þ1=n ð11Þ

The decrease in Cdl is due to adsorption of inhibitors

which displaces water molecules originally adsorbed on the

MS surface which further decreases the active surface area

[48]. Irregular trend in Cdl indicates the complexity of

adsorption–desorption phenomenon. Such results were

reported by many authors [51–53].

The single peak obtained in Bode plots for P1 and P2

indicates that the electrochemical impedance measure-

ments fit well in one-time constant equivalent model. There

is only one phase maximum in the Bode plot for both

inhibitors, indicating only one relaxation process, which

would be the charge transfer process, taking place at the

metal–electrolyte interface [54]. The shift in phase angle is

due to the protective film formed on the MS surface. The

shift increases with increase in concentration of the inhi-

bitors. Phase angle value for P1 and P2 varies between 60o

and 80o, whereas an ideal capacitor will be having by slope

value of 90o.

Potentiodynamic polarization

Polarization measurements were performed to gain infor-

mation regarding the kinetics of anodic and cathodic

reactions. Tafel plots were drawn to study the mechanism

of the inhibition process of P1 and P2 (Fig. 9). The elec-

trochemical parameters, such as corrosion potential (Ecorr),

corrosion current density (icorr), Tafel slopes (ba, bc) and

linear polarization resistance are listed in Table 5.

Inhibition efficiency (IE %) will be known by corrosion

current density (icorr) calculated by the Tafel plot,

Fig. 8 Equivalent circuit model

Fig. 9 Tafel plots for MS in 0.5 M HCl containing different

concentration of a P1 and b P2
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IE ð%Þ ¼ iocorr � icorr

iocorr
� 100 ð12Þ

where iocorr and icorr are the uninhibited and the inhibited

corrosion current densities, respectively.

Polarization is the shift in electrode potential from

equilibrium value. By the addition of inhibitors there will

be a shift in the corrosion potential value towards anodic

region which is large in case of P1 and P2. This indicates

that anodic reaction is predominantly hindered in the

presence of inhibitors P1 and P2. Shift in anodic and

cathodic Tafel slope values of P1 and P2 indicates that

inhibitors are of mixed type promoting retardation of both

anodic dissolution of C-steel and cathodic hydrogen dis-

charge reaction. The irregular trends of ba and bc values

indicate the involvement of more than one type of species

adsorbed on the metal surface [55]. The corrosion current

values decrease with increasing concentration of P1 and P2

as a result of decrease in corrosion rate after the formation

of adsorbed film. Linear polarization resistance increases

with increase in concentration of inhibitors. According to

Ferreira et al. the displacement in Ecorr is more than 85 mV

relating to the corrosion potential of the blank, the inhibitor

is considered as a cathodic or anodic type. If the change in

Ecorr is less than 85 mV, the corrosion inhibitor is regarded

as a mixed type [56]. In the present case for both P1 and P2

shift is more than 85 mV and it is anodic hence, the inhi-

bitors are anodic.

Quantum chemical calculations

Quantum chemical calculations were done with complete

geometry optimizations to explore the theoretical–experi-

mental consistency of P1 and P2 using Ab initio method.

This method reveals the binding ability of an organic

compound thereby it is possible to predict the ability to

retard the dissolution of metal in aggressive media. Inhi-

bition efficiency is correlated to the molecular and

structural parameters that can be obtained through theo-

retical calculations, such as chemical selectivity, reactivity

and charge distribution [57]. In this way, various quantum

chemical parameters, such as energies of highest occupied

molecular orbital (EHOMO), and the energies of lowest

unoccupied molecular orbital (ELUMO),the energy gap(DE),
hardness (g), softness (r), electron affinity (A), elec-

tronegativity (v) and ionization potential (I) of P1 and P2

were calculated and compared with results obtained by

gravimetric and electrochemical methods. The computed

parameters of P1 and P2 are listed in Table 6.

All the quantum chemical structures are given in

Table 7. According to Frontier Molecular Orbital (FMO)

theory of chemical reactivity, transition of electron is due

to interaction between highest occupied molecular orbital

(HOMO) and lowest unoccupied molecular orbital

(LUMO) of reacting species [58]. High EHOMO facilitates

adsorption by influencing the transport process through the

adsorbed layer, whereas low lying ELUMO induces a back

donation of charge from the metal to the molecule [59]. In

Table 5 Potentiodynamic polarization parameters for the corrosion of MS in 0.5 M HCl in absence and presence of different concentrations of

P1 and P2 at 303 K

Inhibitor Concentration (mM) Ecorr (mV) icorr
(mA cm-2)

ba (mV dec-1) bc (mV dec-1) Linear polarization IE (%)

Blank -496 0.2728 76 100 69

P1 0.14 -484 0.0333 60 94 476 87.7

0.21 -478 0.0232 47 120 636 91.5

0.28 -308 0.0181 172 312 2668 93.4

0.35 -222 0.0097 141 175 3525 96.4

P2 0.14 -449 0.0283 73 129 713 89.6

0.21 -470 0.0173 51 85 807 93.6

0.28 -237 0.0137 128 214 2546 94.9

0.35 -231 0.0052 120 172 5927 98.0

Table 6 List of quantum chemical parameters for P1 and P2

Quantum chemical parameters P1 P2

Total energy (kJ mol-1) -3,278,010 -3,927,246

Electronic kinetic energy (kJ mol-1) 3,268,423 3,917,446

Nuclear repulsion energy (kJ mol-1) 6,357,794 9,088,706

RMS gradient (kJ mol-1 Ang-1) 9.3766 5.02,388

Dipole (debyes) 8.0509 2.3956

EHOMO (eV) -8.3873 -7.2715

ELUMO (eV) 2.3311 2.2679

DE = ELUMO - EHOMO (eV) 10.7185 9.5394

Ionization potential, I = -EHOMO 8.3873 7.2715

Electron affinity, A = -ELUMO -2.3311 -2.2679

Electronegativity (v) 3.0281 2.5018

Hardness of the molecule (g) 5.3592 4.7697

Softness (r) 0.1865 0.2096
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Table 7 List of quantum chemical structures for P1 and P2
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this study, P2 has higher EHOMO value compared to P1, so

it has better electron donating capacity. The better electron

donation capacity of P2 can be correlated to the presence of

nitrogen and oxygen atoms which contain lone pair of

electrons and also aromatic electrons present on the ring.

P2 has lower ELUMO value compared to P1, which reflects

better acceptance of electrons which helps in back donation

and hence, emerges as a better inhibitor. The electron

density of HOMO is mostly distributed around the delo-

calised electrons in both P1 and P2 which shows involve-

ment of these in adsorption. Lower value of DE ensures

better efficiency because the energy required to remove an

electron from the last occupied orbital will be low [60].

The trend for DE follows the order P1[ P2 which suggests

that P2 has higher interactions with the metal surface

compared to P1. Molecular orbital (MO) theory can also be

used to re-establish the results. As Fe atom is an electron

pair acceptor it can be termed as Lewis acid whereas

inhibitors P1 and P2 being electron donors act as base.

According to MO concept, the overlap between LUMO of

acid and HOMO of base acts as ruling factor for the for-

mation of adsorption bond. The electron affinity of acid

(Fe) is 0.2 eV, the negative of which is the ELUMO of acid.

The EHOMO of P1 and P2 are -8.387 and -7.271 eV,

respectively. Calculated values of energy gap between

LUMO of acid and HOMO of two bases P1 and P2 works

out to 8.187 and 7.071 eV, respectively. Lower the

HOMO–LUMO energy gap, higher will be the HOMO–

LUMO overlap and stronger is the acid–base bond for-

mation and higher the inhibition efficiency [49]. As the

energy gap of P2 is less compared to P1, it can be deduced

that the interaction between P2 and Fe surface can be easily

established compared to P1, so P2 is more efficient in

inhibiting MS corrosion. Ionization potential is a funda-

mental descriptor of chemical reactivity of atoms and

molecules [61]. If the ionization potential is high then

molecule is more stable and it is difficult to remove an

electron to form adsorption bond. Among the two inhibi-

tors, P1 has higher value for ionization potential as com-

pared to P2. Hence, P1 is chemically more inert compared

to P2, therefore, P2 has better inhibition efficiency. The

dipole moment value is inconsistent on the use of dipole

moment as a predictor of the direction of a corrosion

inhibition reaction. In literature also, significant relation

has not been mentioned between dipole moment and

inhibition efficiency [62, 63]. Electronegativity describes

the tendency of an atom to attract electron density towards

itself. According to Sanderson’s electronegativity equal-

ization principle [64], the molecule with high electroneg-

ativity quickly reaches equalization hence, low reactivity

leads to lower inhibition efficiency. Among the studied

molecules P1 has higher electronegativity hence, lower

reactivity. Chemical hardness measures the resistance of an

atom to a charge transfer whereas softness is the measure

of the capacity of an atom or group of atoms to receive

electrons [65]. According to HSAB theory of chemical

reactivity, hard acids prefer to co-ordinate with hard bases

and soft acids with soft bases. It is a well-known fact that

Fe being a transition metal acts as soft acid. P2 had the

least hardness and maximum softness so it stands out as the

better inhibitor.

Scanning electron microscopy

Morphologies of MS in the absence and presence of opti-

mum concentrations of P1 and P2 at 300 K are presented in

Fig. 10a–d. The polished and smooth surface of MS before

immersion in HCl is shown in Fig. 10a. After exposure of

MS to uninhibited solution, the corroded surface appears to

be damaged with cracks and pits and it is shown in

Fig. 10b. When the surface is treated with inhibitor solu-

tions the adsorbed film formed on the steel surface retards

corrosion. In Fig. 10c, d surface of MS covered with

inhibitors P1 and P2, respectively can be observed.

Mechanism of inhibition

Inhibition mechanism can be proposed on the basis of

adsorption of P1 and P2 on steel surface. As the studied

inhibitors are basic (containing nitrogen atoms) there is a

chance of protonation. So in acidic solution, both neutral

and cationic forms of inhibitors exist. It is assumed that

Cl- ion first got adsorbed onto the positively charged metal

surface by columbic attraction and then cationic form of

inhibitor molecules can be adsorbed through electrostatic

interactions between the positively charged molecules and

the negatively charged metal surface [66]. The mechanism

for the dissolution of Fe is reported by some authors [67].

Fe + Cl� $ ðFeCl�Þads ð13Þ

ðFeCl�Þads $ ðFeClÞads þ e� ð14Þ

ðFeClÞads $ FeClþ þ e� ð15Þ

FeClþ $ Feþ2 þ Cl� ð16Þ

Protonated form of P1 and P2 adsorbs on metal surface

through (FeCl-) formed in step 13, forms (FeCl-InhH?)

and hence, steps 14, 15 and 16 can be prevented. So anodic

reactions will be retarded.

Fe + Hþ $ ðFeHþÞads ð17Þ

ðFeHþÞ þ e� $ ðFeHÞads ð18Þ

ðFeH)ads þ Hþ þ e� ! Fe + H2 ð19Þ
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Protonated inhibitors also adsorbs at the cathodic sites in

competition with hydrogen ions so hydrogen evolution will

be reduced.

Along with electrostatic force of attraction, inhibitors

also adsorb on the MS surface through chemical adsorp-

tion. Both P1 and P2 contain hetero atoms (N and O),

extended p electron system which helps in making effec-

tive co-ordinate bond with MS surface. Electron releasing

methyl groups are also present which increases electron

density on the ring. P2 contains an extended pyridine ring

which also gives good contribution in decreasing corrosion

rate. So inhibition takes place through both physisorption

and chemisorption.

Conclusion

The following conclusions can be derived from the studies.

1. Levofloxacin derived amide (P2) and Levofloxacin

(P1) showed very good activity in preventing corrosion

of MS in hydrochloric acid media. P2 shows higher

inhibition efficiency compared to P1.

2. Inhibition efficiency of MS varies directly with the

concentration and inversely with the temperature.

3. Adsorption of both inhibitions follows Langmuir

isotherm.

4. EIS measurements show that polarization resistance

increases and double layer capacitance decreases on

adding inhibitors.

5. Potentiondynamic polarization experiments reveal that

P1 and P2 are anodic inhibitors.

6. Surface studies show the formation of adsorbed

inhibitor layer on the metal surface.

7. From quantum chemical methods it is revealed that P2

has better electron donating ability compared to P1.

This supports experimental results very well.
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