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Abstract The inhibitive effect of four oleo chemicals

(namely; 2-Pentadecyl-1,3-imidazoline (PDI), 2-Undecyl-

1,3-imidazoline (UDI), 2-Heptadecyl-1,3-imidazoline (HDI),

2-Nonyl-1,3-imidazoline (NI)), regarded as green inhibi-

tors, were studied for the corrosion protection of mild steel

in 0.5 M H2SO4. The methods employed were weight loss,

potentiodynamic polarization and electrochemical imped-

ance techniques. Scanning electron microscopy (SEM) was

carried out on the inhibited and uninhibited metal samples

to characterize the surface. The purity of synthesized

inhibitors was checked by FT-IR and NMR studies. The

inhibition efficiency increased with increase in inhibitor

concentration, immersion time and decreased with increase

in solution temperature. No significant change in IE values

was observed with increase in acid concentration. The best

performance was obtained for UDI possessing 96.2%

inhibition efficiency at 500 ppm concentration. The adsorp-

tion of the compounds on the mild steel surface in the

presence of sulfuric acid obeyed Langmuir’s adsorption

isotherm. The values obtained for free energy of adsorption

and heats of adsorption suggest physical adsorption. The

addition of inhibitor decreased the entropy of activation

suggesting that the inhibitors are more orderly arranged

along the mild steel surface. The potentiodynamic polari-

zation data indicate mixed control. The electrochemical

impedance study further confirms the formation of a

protective layer on the mild steel surface through the

inhibitor adsorption.

Keywords Corrosion and oxidation � Metals and alloys �
Kinetics � Surfaces � Thin films � Green inhibitors

1 Introduction

Heterocyclic compounds represent a potential class of

corrosion inhibitors. Nitrogen-based heterocyclic com-

pounds are effective inhibitors for mild steel corrosion in

acidic solutions [1–3]. The presence of the lone pair of

electrons on the nitrogen atoms helps to delocalize the

electrons and thus stabilize the compound. The heterocy-

clic nitrogen is adsorbed onto the metal surface through

electrostatic interactions between the electron deficient

nitrogen atom and the electron rich metal surface [4].

Compounds derived from fatty acids constitute an

important class of corrosion inhibitor [5, 6]. They are used

[7] in oil wells and pipelines and in the gas industry.

Compounds containing the imidazoline ring have displayed

good corrosion inhibiting behavior on copper [8, 9] and

mild steel [10] in acid media.

The influence of some oleo chemicals namely, 2-Nonyl-

1,3-imidazoline (NI), 2-Undecyl-1,3-imidazoline (UDI),

2-Pentadecyl-1,3-imidazoline (PDI), 2-Heptadecyl-1,3-

imidazoline (HDI), regarded as green inhibitors, on the

corrosion of mild steel in 0.5 M H2SO4 were studied and

are reported here. The selection of these inhibitors is based

on the fact that these compounds can be synthesized con-

veniently from relatively cheap raw materials. The

presence of non-bonded electron pairs on the nitrogen atom

induces greater adsorption of the compounds onto the

metal surface thus providing higher inhibition efficiency.
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2 Experimental details

Weight loss experiments were performed with cold rolled

mild steel strips of size 2.0 9 2.5 9 0.05 cm3 having com-

position (wt%); 0.14% C, 0.35% Mn, 0.17% Si, 0.025% S,

0.03% P, and balance Fe as per a standard method [11].

Double distilled water was used to prepare solutions of 0.5 M

H2SO4. Imidazolines were synthesized by the procedure

described by Hofmann [12] and were characterized through

their spectral data; the purity was confirmed by thin layer

chromatography, FT-IR (Model No Interspec 2020, UK) &

NMR (Bruker spectrospin 300 MHz) study. FT-IR spectra of

imidazoline derivative were obtained in KBr using a Fourier

transform spectrometer. The name, molecular structure and

molecular weight of the compounds are given in Table 1.

The weight loss was monitored using an electronic balance

(Model no. Precisa 205 A SCS) after dipping the mild steel

strips in 0.5 M H2SO4 medium. The potentiodynamic

polarization studies was performed on EG & G PARC

potentiostat/galvanostat (model 173), universal programmer

(model 175) and X - Y recorder (model RE 0089). The

electrochemical impedance was recorded on a Zahner IM-6

electrochemical workstation. Scanning electron micro-

graphs of the mild steel surface were taken before and after

using the imidazoline inhibitor (Model No 435 VP LEO).

2.1 Synthesis of imidazoline derivatives

An appropriate amount of respective fatty acid (0.1 M) was

dissolved in 50 mL absolute alcohol and treated with

thionyl chloride (0.1 M). The mixture was refluxed for 3 h.

The reaction product was then treated with ethylene dia-

mine (6 mL) and refluxed for a further 4 h as presented in

Scheme 1. After completion of the reaction, the solution

was filtered, washed with water, dried and then crystallized

in ethanol.

Table 1 Name, structural formula and relative molecular weights of the imidazolines used

S.No. Structure Name and abbreviation Relative mol. weight

1.
N

N

H

(CH2)8 CH3

2-Nonyl-1, 3-imidazoline (NI) 248

2

(CH2)10

H

N

N CH3

2-Undecyl-1, 3-imidazoline (UDI) 276

3.

(CH2)14

H

N

N CH3

2-Pentadecyl-1, 3-imidazoline (PDI) 332

4.

(CH2)16

H

N

N CH3

2-Heptadecyl-1, 3-imidazoline (HDI) 360
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2.2 Electrochemical impedance studies

The electrical equivalent circuit for the system is shown in

Fig. 1.

The values of Rt and Cd1 were obtained using the

Nyquist plot [13]. The %IE was calculated from the fol-

lowing equation [14]:

IE % ¼ 1=Ro � 1=Rt

1=Rto
� 100 ð1Þ

where, Rt and Rto are the charge transfer resistance with

and without inhibitor, respectively.

The measurements were carried out using a Zahner IM-6

electrochemical workstation at 30 ± 2 �C, in the frequency

range 5 Hz–100 kHz at Ecorr for mild steel in 0.5 M

H2SO4.

2.3 Scanning electron microscopy

The specimen after immersion for 2 h at room temperature

was thoroughly washed with doubly distilled water before

putting on the slide. The photographs were taken from that

portion of the specimen where better information was

expected. The following cases were examined.

(i) Polished mild steel specimen

(ii) Mild steel specimen immersed in 0.5 M H2SO4

(iii) Mild steel specimen immersed in 0.5 M H2SO4

containing 500 ppm of UDI.

3 Results and discussion

3.1 FT-IR spectroscopy

The detail of the different stretching frequencies observed

due to the presence of (C=N), (C–N), (C–H), (N–H), (CH3)

groups in the molecules are given in Table 2. It is clear that

the synthesized compounds are the same as predicted by

the reaction given in Scheme 1.

3.2 NMR spectroscopy

The presence of different types of protons in 2-Undecyl-1,

3-imidazoline (UDI) were confirmed by the NMR Spectral

data (dCDCl3) and the values obtained were at 7.350 (1H,

NH), 1.936 (20H (CH2)10), 1.253 (3H, CH3), 2.006 (4H,

(CH2)2).

3.3 Weight loss

The weight loss experiments were carried out at 30 �C

temperature with immersion time 2 h at the different

N

N R

H

3 hr                                             Ethylene diamine 
RCOOH + SOCl2           RCOCl  
(0.1M)   (0.1 M)                                                                      4 hr

where R  =  1) H3C (CH2)8 
                    2) H3C (CH2)10            2-Imidazoline derivative 
                    3) H3C (CH2)14 
                    4) H3C (CH2)16 

Scheme 1 Synthesis of

imidazolines

Table 2 Stretching frequencies of the synthesized inhibitors (using KBr)

Name of inhibitor C=N cm-1 C–N cm-1 C–H cm-1 N–H cm-1 CH3 cm-1

2-Nonyl-1, 3-imidazoline (NI) 1648 1352 2924 3146 1172

2-Undecyl-1, 3-imidazoline (UDI) 1647 1323 2852 3257 1166

2-Pentadecyl-1, 3-imidazoline (PDI) 1640 1463 2845 3290 1164

2-Heptadecyl-1, 3-imidazoline (HDI) 1665 1372 2845 2921 1250

W

Rs

Cdl

Rt

RS = Solution resistance, 

Rt = charge transfer resistance, 

W = Warburg impedance,

Cd1 = Double layer capacitance.

Fig. 1 Electrical equivalent circuit for the system (Rs = solution

resistance, Rt = charge transfer resistance, Cdl = double layer capac-

itance, W = Warburg impedance)
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concentrations of inhibitor and sulfuric acid. The weight

loss was also monitored as a function of varying temper-

ature (in the range of 30–60 �C) and immersion time

(2–24 h) at fixed temperature (30 �C) and inhibitor

(500 ppm) and sulfuric acid concentration (0.5 M). The

percentage inhibition efficiencies (%IE) and corrosion rates

(CR) are summarized in Table 3. All the compounds

inhibited the corrosion of mild steel in H2SO4 at each

concentration used i.e., 25–700 ppm.

The percentage inhibition efficiency (IE) was calculated

using the equation:

IE % ¼ CRo � CR

CRo

� 100 ð2Þ

where, CRo and CR are the corrosion rates in the absence

and presence of inhibitor, respectively.

The variation of inhibition efficiency with inhibitor

concentration is shown in Fig. 2a. The inhibition efficiency

increased with increase in concentration up to 500 ppm;

thereafter further increase did not enhanced the IE signif-

icantly. The maximum IE was achieved at 500 ppm. The

effect of immersion time on IE is shown in Fig. 2b. IE

decreased with increase in immersion time from 2 to 24 h

in the presence of inhibitor. The decrease in inhibition

efficiency with time may be attributed to increase in

cathodic reaction or increase in ferrous ion concentration

[15]. IE increases with the increase in temperature from 30

to 60 �C (Fig. 2c) indicating that an imidazoline film is

formed due to adsorption in this temperature range [16].

This shows the persistence of the adsorbed fatty acid imi-

dazolines over a longer test period. Studies on the variation

of IE with acid concentration (Fig. 2d) demonstrate that

there is no significant change in IE with increase in acid

concentration from 0.5 to 1.5 M H2SO4. Thus the imi-

dazolines behave as effective inhibitors even in higher acid

concentrations [17].

The degree of surface coverage (h) in the presence

of inhibitor at different concentrations (in the range

Table 3 Corrosion parameters

for mild steel in aqueous

solution of 0.5 M H2SO4 in

absence and presence of

different concentrations of

various inhibitors from weight

loss measurements at 30 �C for

2 h

Inhibitor concentration (ppm) Weight loss (mg) IE (%) CR (mm year-1)

0.5 M H2SO4 108.00 – 60.18

UDI

25 32.22 70.16 17.95

50 23.25 78.47 12.96

100 17.23 84.05 9.60

300 8.01 92.58 4.47

500 2.77 97.43 1.54

700 4.16 96.15 2.32

NI

25 34.30 68.24 19.11

50 28.99 73.15 16.16

100 23.09 78.62 12.87

300 13.57 87.43 7.56

500 5.23 95.16 2.91

700 6.24 94.22 3.47

PDI

25 37.35 65.42 20.81

50 31.44 70.89 17.52

100 26.32 75.63 14.67

300 17.92 83.41 9.98

500 8.78 91.87 4.89

700 10.42 90.35 5.81

HDI

25 40.02 62.94 22.30

50 34.74 67.83 19.36

100 29.41 72.77 16.39

300 22.15 79.49 12.34

500 19.91 87.20 5.54

700 15.58 85.57 8.68
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25–700 ppm) at 30 �C after immersion for 2 h in 0.5 M

H2SO4 was evaluated from weight loss data. The data were

tested graphically by fitting to various isotherms e.g.

Temkin, Langmuir, Freundlich etc. A straight line with R2

values 0.8238 for UDI, 0.9773 for NI, 0.9857 for PDI and

0.9736 for HDI was obtained for log (h/1 - h) versus 1/T

(Fig. 3a). From the slope (=-Q/2.303 R) of the plot the

values of heat of adsorption (Q) were obtained and are

given in Table 4. The lower negative values of heat of

adsorption indicate physical adsorption [18].

A plot of log of corrosion rate versus 1/T, as obtained by

weight loss measurement, gave a straight line (R2 = 0.8769

for UDI, 0.8956 for NI, 0.8751 for PDI, 0.8424 for HDI) as

shown in Fig. 3b. This behavior is in accordance with work

of other authors [19–21] who proposed the following rela-

tionship (Arrhenius equation) to calculate the energy of

activation:

Log(Corrosion RateÞ ¼ �E0
a

2:303RT
þ A ð3Þ

where, Eo
a is the apparent effective activation energy, R the

gas constant and A the Arrhenius pre-exponential factor.

The values of activation energy (Eo
a) obtained from the

slope are given in Table 4. An alternative formula for the

Arrhenius equation is the transition state equation:

Corrosion Rate ¼ RT

Nh
exp

DS0

R

� �
exp �DH0

RT

� �
ð4Þ

where, h is the Plank constant, N the Avogadro number,

DSo the change in entropy of activation, and DHo the

change in enthalpy of activation. A plot of log (CR/T)

versus 1/T gave a straight line with R2 (=0.9234 for UDI,

0.9821 for NI, 0.8799 for PDI, 0.8575 for HDI), as

shown in Fig. 3c. From the slope (=-DHo/2.303 R) and

intercept (=[(log (R/Nh) ? (DSo/2.303 R)]) the values of

DHo and DSo were calculated. The values of thermo-

dynamic activation parameter (Eo
a) for the corrosion of

mild steel in 0.5 M H2SO4 solution are lower in the

presence of the inhibitor than in its absence. This

indicates that the inhibitors are effective at elevated

temperatures [22]. The values of change in activation

entropy, DSo, in the presence of the inhibitor are large

and negative indicating that the activated complex in the

rate determining step is associative in nature and,

Fig. 2 Variation of inhibition

efficiency with (a) inhibitor

concentration, (b) immersion

time, (c) solution temperature,

(d) acid concentration in 0.5 M

H2SO4 (1: UDI; 2: NI; 3: PDI;

4: HDI)
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therefore, the activated complex has more orderly

structure [23]. The change in the values of free energy

of adsorption (DGads) calculated using the following

equations [24], are given in Table 4.

DGads ¼ �RT ln 55:5Kð Þ ð5Þ

where, K is given by:

K ¼ h=C 1� hð Þ ð6Þ

In this equation, C is the concentration of inhibitor in

mol dm-3, K is the equilibrium constant. The negative and

lower values of DGads indicate that the adsorption of

inhibitor on the mild steel surface is spontaneous and

physical in nature [25].

The weight loss was monitored as a function of

immersion time at constant inhibitor and acid concentra-

tions at 30 �C. The rate constant for the dissolution of

metal in acidic medium was calculated by employing the

first order rate law (Eq. 7). The constant value of k at

different immersion times indicates first order kinetics. A

straight line plot of log weight loss versus Immersion time

is shown in Fig. 3d [26].

Fig. 3 Plots of (a) log

(h/1 - h) versus 1/T; (b) log

(CR) versus 1/T; (c) log (CR/T)

versus 1/T; and (d) log (weight

loss) versus immersion time in

0.5 M H2SO4 (1: UDI; 2: NI; 3:

PDI; 4: HDI; 5: Blank)

Table 4 Thermodynamic activation parameters for mild steel in 0.5 M H2SO4 in the absence and presence of inhibitors of 500 ppm

concentration

System Ea (kJ mol-1) -DH (kJ mol-1) -DS (J mol-1 K-1) -DGads (kJ mol-1) –Q (kJ mol-1)

0.5 M H2SO4 57.33 57.40 197.59 – –

UDI 45.95 47.86 214.83 38.59 28.70

NI 44.04 46.14 218.66 35.98 26.81

PDI 41.36 44.61 222.49 34.98 16.60

HDI 38.87 38.29 228.23 33.91 15.95
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k ¼ 2:303

t
log
½Ao�
½A� ð7Þ

where, [Ao] is the initial weight of the metal and [A] is the

weight loss corresponding to immersion time t. The half-

life (t1/2) was calculated using the Eq. 8 [27].

t1=2 ¼ 0:693=k ð8Þ

The values of rate constants and half-life period (t1/2)

obtained from the above equations are summarized in

Table 5. The half-life values indicate the durability of the

inhibitor [28]. The inhibitor effectiveness followed the

order; UDI [ NI [ PDI [ HDI.

3.4 Adsorption isotherm

The degrees of surface coverage (h) were evaluated from

weight-loss data. A plot of log h/(1 - h) vs. log C gave a

straight line (Fig. 4a) (R2 = 0.9374, 0.897, 0.9286, 0.9417

for UDI, NI, PDI, HDI, respectively) indicating that the

adsorption follows the Langmuir isotherm. To confirm the

Langmuir adsorption isotherm, a plot of C/h vs. C was

plotted (Fig. 4b) (R2 = 0.9972, 0.9969, 0.9977, 0.9993 for

UDI, NI, PDI, HDI, respectively).

h=ð1� hÞ ¼ kC expð�DGads=RTÞ ð9Þ

where DGads is the change in free energy of adsorption.

3.5 Potentiodynamic polarization

The cathodic and anodic polarization curves of mild steel

in 0.5 M H2SO4 in the absence and presence of inhibitor at

500 ppm concentration at 28 ± 2 �C are shown in Fig. 5.

The electrochemical parameters corrosion current density

(Icorr), corrosion potential (Ecorr) and % IE were calculated

from the Tafel plots and are given in Table 6. A maximum

decrease in Icorr was observed for UDI. Ecorr values show

that all these compounds are mixed type inhibitors in sul-

furic acid medium.

3.6 Electrochemical impedance study

The impedance diagram does not give a perfect semicircle

and this has been attributed to frequency dispersion [29].

The impedance diagram for mild steel in 0.5 M H2SO4 is

shown in Fig. 6 and the values of Rt, Cd1 and % IE are

given in Table 7. The values of Rt increase with increase in

Table 5 First order rate constant and Half-life values in hours (h) for

the corrosion of mild steel in 0.5 M H2SO4 in absence and presence of

inhibitors of 500 ppm concentration at 30 �C

System 10-3 k (h-1) t1/2 (h)

0.5 M H2SO4 49.60 ± 0.126 13.87

UDI 2.078 ± 0.0027 333.49

NI 4.320 ± 0.0052 160.42

PDI 5.220 ± 0.0064 132.76

HDI 7.490 ± 0.0086 92.52

(A)

C /  vs. C

0

200

400

600

0 400

C (ppm)

C
 / 

Series1

Series2

Series3
Series4
Linear (Series1)

Linear (Series2)

Linear (Series3)

Linear (Series4)

(B)

600200

Fig. 4 a Langmuir adsorption isotherm plots for log [h/(1 – h)] versus

log C for the adsorption of various inhibitors on the surface of mild steel

in 0.5 M H2SO4 (1: UDI; 2: NI; 3: PDI; 4: HDI). b Langmuir adsorption

isotherm plots for C/h versus C for the adsorption of various inhibitors

on the surface of mild steel in 0.5 M H2SO4 (Series 1: HDI; Series 2:

PDI; Series 3: NI; Series 4: UDI)

Fig. 5 Potentiodynamic polarization curves for mild steel containing

500 ppm imidazolines in 0.5 M H2SO4 (1: Blank; 2: HDI; 3: PDI; 4:

NI; 5: UDI)
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inhibitor concentration and the reverse behavior is

observed for Cd1 values; this, in turn, leads to an increase in

% IE [30]. These data agree with the weight loss and SEM

studies suggesting that inhibition is attributable to surface

adsorption of the inhibitor [31].

3.7 Scanning electron microscopy

Scanning electron photographs of the metal sample in the

presence and absence of inhibitor are shown in Fig. 7. The

inhibited metal surface is smoother than the uninhibited

surface indicating a protective layer of adsorbed inhibitor

preventing acid attack [32].

3.8 Mechanism of corrosion inhibition

The protonated imidazolines in the presence of sulfuric

acid medium are adsorbed on the metallic surface through

the ring [33]. The hydrocarbon chain also prevents the acid

attack. The schematic binding of the imidazole ring to the

metal surface is presented in Fig. 8. The imidazolines are

bound to the surface through the head of the molecule. The

increase in chain length of the alkyl group increases the

molecular weight of imidazoline and, thereby, decreases

the number of molecules containing imidazoline ring in a

fixed weight (500 ppm) of inhibitor; therefore, the inhibi-

tion efficiency is decreased. The higher inhibition

efficiency of NI and UDI may be due to their being the

Table 6 Electrochemical polarization parameters for the corrosion of

mild steel in 0.5 M H2SO4 containing 500 ppm inhibitors at 30 �C

System Ecorr (Mv) Icorr (mA cm-2) IE (%)

0.5 M H2SO4 -533.00 0.360 –

UDI -538.00 0.017 95.32

NI -526.00 0.025 93.08

PDI -520.00 0.044 87.54

HDI -542.00 0.057 84.16

Table 7 Electrochemical impedance parameters for the corrosion of

mild steel in 0.5 M H2SO4 containing different concentrations of UDI

at 30 �C

System Rt (ohm cm2) Cdl (lF cm-2) IE (%)

0.5 M H2SO4 17.00 4.67 –

UDI

25 61.73 2374.00 72.43

100 128.84 1000.00 86.80

500 260.48 380.19 93.47

Fig. 6 Electrochemical impedance diagram (Nyquist plot) for mild

steel in 0.5 M H2SO4 in the absence and presence of UDI at different

concentrations (1: Blank; 2: 25 ppm; 3: 100 ppm; 4: 500 ppm) Fig. 7 Scanning electron micrographs of (a) Polished mild steel (b)

After immersion in 0.5 M H2SO4 for 2 h (c) After immersion in

0.5 M H2SO4 for 2 h with 500 ppm UDI

Fig. 8 Diagram of adsorption of imidazolines on the steel surface
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least hydrophobic among the tested imidazolines, therefore

having a greater tendency to adsorb.

4 Conclusions

(1) The oleo compounds acted as efficient corrosion

inhibitor in H2SO4 acid medium.

(2) Adsorption of imidazolines on mild steel in H2SO4

solution obeyed the Langmuir adsorption isotherm.

(3) The imidazolines behave as mixed type inhibitors in

H2SO4 solution.

(4) UDI inhibitor increases Rt values and decreases

Cd1 values showing that inhibition takes place by

adsorption.
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