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Abstract Lannea coromandelica leaf extract (LCLE) as a corrosion inhibitor in 1 M H2SO4 was

investigated by weight loss and electrochemical techniques. Inhibition efficiency of LCLE was

found to increase with increasing concentration but decreased with increasing temperature. Polar-

ization measurements revealed that the LCLE acted as a mixed type inhibitor. Nyquist plots

showed that on increasing the LCLE concentration, the charge transfer resistance increased and

the double layer capacitance decreased. The adsorption of LCLE on mild steel obeyed the Lang-

muir adsorption isotherm. FT-IR, XRD, SEM and AFM techniques confirmed the adsorption

of LCLE on mild steel surface.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University.
1. Introduction

Acid solutions are widely used in industry for several processes

such as acid pickling, industrial acid cleaning, acid descaling
and oil well acidizing (Zhang and Hua, 2009). During the past
decade, many techniques have been used to minimize the cor-

rosion of iron due to attack by acids. One of the techniques for
minimizing corrosion is the use of inhibitors (Ravi chandran
and Rajendran, 2005; Atul Kumar, 2008). Most of the corro-

sion inhibitors are organic compounds having hetero atoms
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in their aromatic ring (N, S, O, P) or long chain carbon (Eben-
so et al., 2008b; Eddy and Ebenso, 2008; Popova et al., 2004).

Most of the synthetic chemicals are toxic to the environment.
Due to the toxicity of some corrosion inhibitors, there has been
increasing search for green corrosion inhibitors (Shahid, 2011).
Most of the natural inhibitors are environmentally friendly,

non-toxic, biodegradable, inexpensive and readily available
in plenty (Lebrini et al., 2011; Okafor et al., 2008; El-Etre,
2007; Lecante et al., 2011; Satapathy et al., 2009). Corrosion

inhibition of leaf extracts of Occimum viridis, Telferia occiden-
talis, Azadirachta indica and Hibiscus sabdariffa on mild steel
in acidic solutions was investigated by Oguzie (2008). Other

than the plant extracts, pure organic compounds extracted
from natural products such as ascorbic acid (Goncalves and
Mello, 2001), succinic acid (Amin et al., 2007), tryptamine

(Moretti et al., 2004), caffeine (Fallavena et al., 2006), Penny-
royal oil (Bouyanzer et al., 2006), amino acids (Zhang et al.,
2008) and caffeic acid (De Souza and Spinelli, 2009) have also
been used for the inhibition of corrosion. An investigation has
ing Saud University.
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been made in this present work on the corrosion of mild steel
in 1 M H2SO4 using the extract of Lannea coromandelica as
corrosion inhibitor by the weight loss method and the electro-

chemical method, FT-IR, XRD, SEM and AFM. Addition-
ally, thermodynamic and kinetic parameters were calculated
and discussed. L. coromandelica is an easily available plant

in India. It belongs to the anacardiaceae family which is com-
monly known as the Indian Ash Tree. The extract of this plant
contains numerous naturally environmental organic com-

pounds. The genus of L. coromandelica is known to contain
significant amounts of polyphenols including Flavonoids, Tan-
nins, Terpinoids, Gums and polysaccharides (Avinash Kumar
Reddy et al., 2011; Vadivel et al, 2012). The leaf of the plant is

biodegradable and a renewable material. It has never been re-
ported so far on the use of leaf extract of LC on the corrosion
of mild steel in 1 M H2SO4.

2. Experimental

2.1. Preparation of the specimens

Composition of mild steel specimen was C: 0.13, Si: 0.18, P:

0.39, S: 0.04, Cu: 0.025 and balance Fe. The specimens were
mechanically cut into sizes with 2.5 cm · 2.5 cm · 0.4 cm
dimensions and abraded with different emery papers up to 4/

0 grades. Each specimen was degreased by washing with ace-
tone, dried at room temperature and preserved in a mois-
ture-free desiccator. All chemicals and reagents were of

analar grade. The concentration of test solution (1 M
H2SO4) was prepared by using triple-distilled water and AR
grade sulfuric acid.

2.2. Extraction of LCL extract

LC leaves were collected in and around Madurai, India. The
leaves were dried, ground and soaked in bidistilled water for
Figure 1 Corrosion rate and Inhibition efficiency of mild steel specim

318, 323 and 328 K (-) corrosion rate (- - -) inhibition efficiency.
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24 h. After 24 h, the crude extracts were boiled, cooled and tri-
ple filtered. The amount of plant material extracted into solu-
tion was quantified by comparing the weight of dried residue

with the initial weight of the dried plant material before extrac-
tion. From the respective stock solutions, inhibitor test solu-
tion was prepared in the concentration range from 50 to

250 mg/l.

2.3. Gravimetric experiments

Gravimetric experiment was conducted at different tempera-
tures in the range 308–328 K for 12 h in 1 M H2SO4. The spec-
imens were immersed in 100 ml of the respective inhibitor and

test solutions in a thermostated bath. The specimens were
weighed before and after immersion. The difference in weight
was taken as the weight loss of mild steel. From the weight loss
(DW), corrosion rate (k) and the percentage of inhibition effi-

ciency (IE%) were calculated using the following equation:

k ðmpyÞ ¼ 534� DW=DAT ð1Þ

IE% ¼ ðW0 �W1Þ=W0 � 100 ð2Þ

Here DW = (Wb�Wa), where Wb and Wa are the specimen
weights before and after immersion in the tested solution, W0

and W1 are the weight loss of mild steel in the absence and
presence of inhibitor respectively, D is the density of the iron
(g/cm3), A is the area of the specimen in inch2 and T is the per-

iod of immersion in hours.
2.4. Electrochemical measurements

Tafel polarization curves and Nyquist impedance curves were
recorded using H and CH electrochemical workstation imped-
ance Analyzer Model CHI 604D. A cell containing three com-
partments for electrode was used. The working polished mild

steel electrode with exposed area of 0.5 cm2 was immersed in
ens immersed in 1 M H2SO4 with and without LCLE at 308, 313,
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Figure 2 Inhibition efficiency versus temperature in the presence of different concentrations of LCLE.
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a test solution. A platinum electrode and saturated calomel
electrode were used as the counter and the reference electrode

respectively. Before each potentiodynamic polarization (Tafel)
and Electrochemical impedance spectroscopy (EIS) experi-
ment, the electrode was allowed to corrode freely and its

open-circuit potential was recorded. Potentiodynamic polari-
zation curves were recorded from �200 to +200 mVSCE, (ver-
sus OCP) with a scan rate of 1 mV s�1. Electrochemical

impedance spectroscopy measurements were performed in
the frequency range of 0.1 Hz to 100 KHz. All electrochemical
measurements were studied at 308 K using 100 ml of electro-
Figure 3 Tafel plots of mild steel immersed
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lyte (1 M H2SO4) in stationary condition. Each experiment
was repeated in triplicate to check the reproducibility of the

data.

2.5. Surface analysis

2.5.1. Fourier Transform Infra-Red spectroscopy (FT-IR)

FT-IR spectra were recorded in SHIMADZU-FTIR-8400S

spectrophotometer. One specimen for FT-IR characterization
was the LCL extract. On the other hand, the mild steel speci-
mens were immersed for 12 h in 100 ml of 1 M H2SO4 solution
in 1 M H2SO4 with and without LCLE.
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Figure 4 Nyquist plots for mild steel immersed in 1 M H2SO4 (n) (inset) and different concentrations of LCLE at 308 K.

Table 1 Potentiodynamic polarization parameters for the corrosion of mild steel in 1 M H2SO4 containing different concentrations of

LCLE.

Cinh (mg/l) Ecorr (mV) icorr (lA cm�2) bc (mV/decade) ba (mV/decade) Rp (Xcm2) % IE

0 �531 4622.0 168.0 158.6 7.7 –

50 �504 880.4 161.0 143.8 37.5 81.0

100 �513 763.1 142.6 126.8 38.2 83.5

150 �512 645.7 140.1 119.4 43.4 86.0

200 �519 638.3 144.6 121.1 44.9 86.2

250 �506 531.8 142.1 122.0 53.7 88.5
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containing 250 mg/l LCLE. After 12 h, the specimens were
taken out and dried and then rubbed with a small amount of

KBr powder and made into a disk.

2.5.2. X-ray diffraction studies

The nature of the protective film formed on the surface of the

mild steel in acids in the presence of inhibitor for a period of
6 h was studied using XRD techniques. After 6 h, the speci-
mens were taken out and dried. This film between metal/solu-

tion interfaces was analyzed by using X-ray diffractometer,
Model (Phillips) X’ pert.
Table 2 Electrochemical impedance parameters for mild steel

in 1 M H2SO4 in the absence and presence of LCLE.

Cinh (mg/l) Rs (Xcm2) Rct (Xcm2) Cdl (F/cm
2) % IE

0 2.2 3.7 2.9 · 10�2 –

50 2.9 24.5 6.7 · 10�4 84.9

100 4.3 38.1 2.4 · 10�4 90.7

150 4.4 39.9 1.6 · 10�4 92.2

200 4.8 47.3 1.1 · 10�4 93.8

250 5.4 60.1 1.0 · 10�4 93.8
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2.5.3. SEM and AFM characterizations

The mild steel specimens were immersed in acid solutions in
the absence and presence of optimum concentration of inhibi-
tor for a period of 6 h. After 6 h, the specimens were taken out

and dried. The nature of the surface film formed on the surface
of the mild steel specimen was examined by using a JEOL
(JSM 6390) Scanning Electron Microscope and Scanning

probe microscope (Akilan Technology UK 5500 series).

2.6. Phytochemical studies

Phytochemical analysis of alkaloids, flavonoids, glucosides,

carbohydrates, phenols, aminoacids, steriods, triterpenoids,
saponins and tannins was carried out by using the methods
of Brindha et al. (1977) and Harbone (1988).

3. Results and discussion

3.1. Effect of LCLE on corrosion rate of mild steel

The corrosion rate of mild steel in 1 M H2SO4 in the absence

and presence of different concentrations of L. coromandelica
leaf extracts was determined at 308–328 K. Fig. 1 shows the
nea Coromandelica leaf extract –>and corrosion inhibiting behavior of
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Figure 5 Arrhenius plot of log k versus 1/T at different concentrations of LCLE.
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effect of concentration of LCLE on the corrosion rate and
inhibition efficiency of mild steel in 1 M H2SO4 with and

without the LCL extract. From the graph, it is clear that
the corrosion rate of mild steel decreased in the presence of
LCLE when compared to the uninhibited acid solution.

The corrosion rate also decreased with increasing concentra-
tion of the inhibitor. This indicated that the corrosion of mild
steel was inhibited by extract of LCL in 1 M H2SO4 and that

the extent of corrosion inhibition depended on the amount of
the LCL present in H2SO4. Maximum inhibition efficiency
Figure 6 Transition state plots log k/T versu
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was found to be 89% at 250 mg/l (308 K), which indicated
that LCLE was a good inhibitor in 1 M H2SO4. Fig. 2 shows

the plot of inhibition efficiency against different temperatures
with different concentrations of inhibitors. From the plots, it
was very clear that the inhibitor efficiency decreased with

increase of temperature which was due to the desorption of
LCLE from the surface of mild steel (Sanja Martinez and
Ivica Stern, 2002; Ebenso et al., 2008a, 2009; Bentiss et al.,

2007; Oguzie et al., 2005; Ita and Offiong, 1999; Bouklah
et al., 2006).
s 1/T at different concentrations of LCLE.
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Table 3 Corrosion kinetic parameters for mild steel in 1 M

H2SO4 in the absence and presence of different concentrations

of LCLE.

Cinh (mg/l) Ea (kJ/mol) DH* (kJ/mol) �DS* (J/mol/K)

0 15.4 12.8 148.0

50 39.3 36.6 177.7

100 49.6 47.0 146.4

150 53.3 50.7 135.7

200 63.2 60.5 106.0

250 81.2 78.5 51.2

Table 4 Langmuir adsorption parameters and free energy of

adsorption of LCLE as inhibitor on the surface of mild steel.

Temp

(K)

�DG�ads
(kJ/mol)

�DH�ads
(kJ/mol)

�DS�ads
(J/mol/K)

R2

308 18.9 29.5 0.990

313 18.9 27.9 28.9 0.992

318 18.5 29.8 0.991

323 18.0 30.7 0.990

328 18.5 28.8 0.990

6 P. Muthukrishnan et al.
3.2. Electrochemical measurements

The potentiodynamic polarization curves of mild steel im-
mersed in the absence and presence of inhibitor are shown in
Fig 3. The corrosion parameters namely corrosion potential

(Ecorr), corrosion current (Icorr), cathodic slope (bc), anodic
slope (ba), Linear polarization resistance (LPR) and percentage
of inhibition efficiency calculated from Tafel plots are given in

Table 1. The inhibition efficiency is defined as

IE% ¼ ði0corr � icorr=i
0
corrÞ � 100 ð3Þ

where i0corr and icorr are the corrosion current density values
without and with inhibitor respectively. In the present study,
the maximum shift Ecorr values are in the range of 27 mV.

From the values, it is confirmed that the LCLE acts as mixed
type of inhibitor (Singh and Quraishi, 2010). Table 1 shows
that the values of bc were changed less than ba values. This sug-

gested that the anodic reaction was controlled predominantly
than the cathodic one at all concentrations. Moreover in the
presence of the inhibitor system, the corrosion current de-

creased from 4622 to 531.8 lA/cm2 and LPR values increased
from 7.7 to 53.7 ohm cm2. These observations confirmed that
Figure 7 Langmuir adsorption isotherm for mild steel in 1 M H2S
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addition of LCLE to 1 M H2SO4 solution will reduce anodic
dissolution of mild steel more than the cathodic hydrogen evo-
lution reaction (Musa et al., 2012).

Impedance diagrams obtained for mild steel in 1 M H2SO4

in the presence and absence of the inhibitors are shown in
Fig. 4. The impedance parameters such as Rs, Rct, Cdl and fmax

derived from Nyquist plots are given in Table 2. The charge

transfer resistance increased with an increase in the concentra-
tion of inhibitor in acid solution. In the impedance studies,
IE% was calculated as:

IE% ¼ ðRct ðinhÞ � Rct=RctðinhÞÞ � 100 ð4Þ

where Rct and Rct(inh) are uninhibited and inhibited charge

transfer resistance respectively. The diameter of Nyquist plots
increased on increasing the concentration of LCLE which indi-
cated the strengthening of inhibitor film (Taleb and Mehad,

2011). As the concentration of inhibitor increased, charge
transfer resistance enhanced and decreased the double layer
capacitance values. This was due to the adsorption of LCLE

on the metal surface leading to the formation of a protective
layer on the electrode surface and decreased the extent of dis-
solution reaction (Vinod kumar et al., 2010; Sobhi et al., 2012).

These results were in very good agreement with both weight
O4 containing different concentrations of LCLE at 308–328 K.
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Figure 8 Plot of ln K vs 1/T for the adsorption of LCLE at mild steel/sulfuric acid interface.

Adsorption and corrosion inhibiting behavior of Lannea coromandelica leaf 7
loss and polarization data and could be attributed to decreased

local dielectric constant and increased thickness of the electri-
cal double layer (Ibrahim and Habbab, 2011).

3.3. Thermodynamic considerations

The thermodynamic parameters such as the apparent activa-
tion energy Ea, the enthalpy of activation DH* and the entropy

of activation DS* for corrosion of mild steel in 1 M H2SO4

solutions in the absence and presence of LCLE at 308–328 K
were calculated from the Arrhenius equation:

k ¼ A expð�Ea=RTÞ ð5Þ

Taking the logarithm of both sides of Eq. (5), Eq. (6) could
be obtained

log k ¼ log A� Ea=2:303RT ð6Þ

The change of enthalpy {DH*} and entropy {DS*} for the
formation of activated complex in the transition state was ob-

tained from the transition state equation.

log k=T ¼ fðlog R=hNþ ðDS � =2:303RÞg � DH

� =2:303RT ð7Þ

where k is the corrosion rate, A is the pre-exponential factor, h
is the Planck’s constant, N is the Avogadro’s number, Ea is the
apparent activation energy, R is the gas constant
(R= 8.314 Jmol�1 K�1) and T is the absolute temperature.

A plot of log k vs 1/T gave a straight line with slope of the
line (�Ea/2.303R) and intercept (log A) as shown in Fig. 5. The
values of Ea were determined in solutions containing extracts

of LCLE and found to be higher than uninhibited solution.
The increase in Ea in the presence of LCLE could be inter-
preted as physical adsorption (Obot et al., 2012). A plot of

log k/T vs 1/T (Fig. 6) gave a straight line with slope of the line
(�DH*/2.303R) and an intercept (log R/hN + (DS*/2.303R)
Please cite this article in press as: Muthukrishnan, P. et al., Adsorption Lan
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from which the values of DH* and DS* were calculated and
summarized in Table 3. From these data, it was found that

the thermodynamic parameters, DH*and DS* of dissolution
reaction of mild steel in 1 M H2SO4 in the presence of LCLE
were higher than uninhibited solution. The positive signs of
the enthalpies DH* reflected the endothermic nature of the

steel dissolution process (Guan et al., 2004). The values of
DS* in the absence and presence of the tested inhibitor were
negative, which indicated that the activated complex in the rate

determining step represented an association rather than disso-
ciation step, meaning that a decrease in disordering takes place
on going from reactants to the activated complex (Soltani

et al., 2010; Gomma and Wahdan, 1995; Behpour et al., 2011).
3.4. Adsorption isotherm

In general the adsorption isotherm provides essential informa-
tion on the adsorption of inhibitor on metal surface. The h val-
ues of different concentrations of inhibitor were tested by
fitting to various isotherms including Frumkin, Langmuir,

Temkin, Freundlich, Bockris-Swinkles and Flory Huggins iso-
therms. In the present study, the results fitted best the Lang-
muir adsorption isotherm, which is given by

C=h ¼ 1=Kads þ C ð8Þ

where Kads is the equilibrium constant of the adsorption pro-
cess, C is the concentration inhibitor and h is the surface cov-
erage. The best fitted straight line was obtained for the plot of

C/h vs C (g/l) with slope of almost unity (Fig. 7). This behavior
indicated that the adsorption of LCLE on mild steel surface
obeyed the Langmuir adsorption isotherm meaning that there

was no interaction between the adsorbed species (Behpour
et al., 2011).

The free energy values of adsorption (DGads) of LCLE on
mild steel surface were calculated using Eq. (9).
nea Coromandelica leaf extract –>and corrosion inhibiting behavior of
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Figure 9 FT-IR spectra of (a) Lannea coromandelica leaf extract (b) adsorbed layer formed on the mild steel after immersion in 1 M

H2SO4 containing LCLE.

8 P. Muthukrishnan et al.
DGads ¼ �RT lnð55:5 KÞ ð9Þ

Here R is the gas constant, T is the absolute temperature

and 55.5 is the concentration of water in the solution. The val-
ues of K were found to decrease with increasing temperature
showing that the interactions between the adsorbed molecules

and the metal surface are weakened and the inhibitor mole-
cules become easily removable. Such data explain the decrease
in the protection efficiency with increasing temperature. In the

present work, the negative values of DGads (Table 4) clearly
indicated the spontaneous adsorption of LCLE on mild steel
surface and strong interactions between inhibitor molecules
and the metal surface (Behpour et al., 2011; Boukalah et al.,
Please cite this article in press as: Muthukrishnan, P. et al., Adsorption Lan
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2006). Generally, the values of DGads up to �20 KJ/mol signify

physisorption, which is consistent with electrostatic interaction
between charged molecules and a charged metal. The values
around �40 KJ/mol or higher involve charge sharing or trans-
fer from the inhibitor molecules to the metal surface to form a

co-ordinate type of bond (Behpour et al., 2011; Boukalah
et al., 2006; Li et al., 2010; Gulsen Avci, 2008). In this study,
the calculated values of DGads were less than �20 KJ/mol, indi-

cating that the adsorption of mechanism of LCLE on mild
steel in 1 M sulfuric acid solution at the studied temperatures
was physisorption (Gulsen Avci, 2008; Gunavathy and Muru-

gavel, 2012; Eduok et al., 2012).
nea Coromandelica leaf extract –>and corrosion inhibiting behavior of
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Figure 10 XRD spectrum of mild steel corrosion in the (a) absence (b) presence of LCLE.

Figure 11 SEM images of mild steel in 1 M H2SO4 (a) without

(b) with 250 mg/l of LCLE.

Adsorption and corrosion inhibiting behavior of Lannea coromandelica leaf 9
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The heat of adsorption and entropy of adsorption are
important parameters for understanding adsorption of organic
inhibitors at metal/solution interface. The heat of adsorption

(DHads) is calculated using the van’t Hoff equation:

Ln K ¼ �DHads=RTþ constant ð10Þ

Fig. 8 shows the straight lines of plot of ln K vs 1/T and
slope of this straight line is equal to �DHads/R. The heat of

adsorption could be approximately regarded as the standard
heat of adsorption (DHads) under experimental conditions.
Now standard entropy of adsorption (DSads) is obtained by

the thermodynamic basic equation:

DSads ¼
DGads � DHads

T
ð11Þ

All the calculated thermodynamic parameters are listed in
Table 4. It has been found that values of DHads are negative,
suggesting that the adsorption of inhibitor is an exothermic

process, which means lower inhibition efficiency at high tem-
perature. This indicated the gradual desorption of inhibitors
from the surface of mild steel (Li et al., 2012). All values of
DS�ads are negative, This behavior might be explained as fol-

lows: before the adsorption of inhibitor molecules onto the
mild steel surface, inhibitor molecules might freely move in
the bulk solution (inhibitor molecules were chaotic), but with

the process ofadsorption, inhibitor molecules were orderly ad-
sorbed onto the steel surface, as a result a decrease in entropy
is observed (Li et al., 2010, 2012).

3.5. FT-IR studies

FT-IR spectrum of LCLE is shown in Fig. 9a. Original

absorption band at 3431 cm�1 (associated hydroxyl) was over-
lapped by the strong stretching mode of N–H. The 1635 cm�1

band was due to stretching mode of C‚O. The peaks at
2073 cm�1 could be assigned to stretching mode of –C‚N.
nea Coromandelica leaf extract –>and corrosion inhibiting behavior of
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Figure 12 AFM topographical images of mild steel in 1 M H2SO4.

Figure 13 AFM topographical images of mild steel in 1 M H2SO4 with 250 mg/l of LCLE.

10 P. Muthukrishnan et al.
The peaks at 1465 cm�1 could be attributed to the stretching

mode of aromatic substituted N‚N. The peaks for C–C
stretching and bending modes were noticed at 1381 and
1124 cm�1 respectively. The band at 1072 cm�1 might be due

to the asymmetric stretching mode of C–O–C. These observa-
tions confirmed that the leaf extract contains a mixture of nat-
ural products. The FTIR spectrum of adsorbed protective

layer formed on mild steel surface after immersion in 1 M
H2SO4 containing 250 mg/l LCLE is shown in Fig. 9b. On
comparing Fig 9a and b, it could be seen that certain addi-

tional peaks had appeared and some shifted to a higher fre-
quency region, provided that some interaction/adsorption
had taken place over the metal surface. The N–H stretching
shifted from 3431 to 3423 cm�1 indicated the coordination of
Please cite this article in press as: Muthukrishnan, P. et al., Adsorption Lan
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inhibitor with Fe2+ through N atom of the N–H group. The

shifting of C‚O stretching from 1635 to 1734 cm�1 might
confirm that there is a strong interaction between LCLE and
the mild steel surface. All these results confirmed the adsorp-

tion of inhibitor on the surface of the mild steel (Ebenso
et al., 2008b).

3.6. Analysis of the X-ray diffraction patterns

X-ray diffraction patterns were used to determine film forma-
tion of mild steel in various test solutions. The XRD pattern

film formed on the surface of the mild steel immersed in sulfu-
ric acid solution is shown in Fig. 10a. Peaks at 2h = 35.5�,
59.9�, 71.7� suggested the presence of iron oxide and a very
nea Coromandelica leaf extract –>and corrosion inhibiting behavior of
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small amount of brown film due to Fe2O3 was observed visu-
ally. Fig 10b shows the X-ray diffraction patterns of mild steel
immersed in the test solution containing 250 mg/l of LCLE.

No brown film was observed visually. The peaks due to iron
appeared at 2h = 44.6� and 65.5�, which indicated the absence
of oxides of iron (Fe2O3, Fe3O4 and FeOOH). This result was

in good agreement with the observations made by Abboudi
et al. (2012a,b).

3.7. Scanning electron microscopic studies

Fig 11a and b shows the SEM images of mild steel surface after
immersion in 1 M H2SO4 in the presence and absence of LCLE

for 6 h. After 6 h, the specimens were taken out and dried.
SEM images showed that the surface of the inhibited sample
of mild steel specimens were better than the uninhibited sam-
ple. This examination indicated that the corrosion rate was re-

duced in the presence of inhibitors. This might be due to the
adsorption of inhibitor molecules on the metal surface as a
protective layer (Prabhu et al., 2009).

3.8. Atomic force microscope (AFM) surface examination

Atomic force microscope is a powerful technique to investigate

the surface morphology studies which have been used to study
the influence of inhibitors on the metal/solution interface (Sol-
maz, 2010; Wang et al., 2011). The topography AFM images
of mild steel surface in 1.0 M H2SO4 in the absence and pres-

ence of 250 mg/l LCLE is given in Figs. 12 and 13. As is shown
in Fig. 12, the surface of mild steel electrode exposed to 1 M
H2SO4 solution had a considerable porous structure with large

and deep pores. On the other hand, in the presence of an
LCLE inhibitor, Fig 13 shows that the mild steel surface ap-
pears more flat, homogeneous and uniform, which indicated

that LCLE shows an appreciable resistance to corrosion.
Therefore, it could be concluded that the molecules of the leaf
extract were adsorbed on the mild steel surface and protected

the metal against corrosion.

3.9. Phytochemical screening of leaf extract

Phytochemical screening of the leaf extract showed the pres-

ence of flavonoids, glucosides, carbohydrates, phenols and tan-
nins while alkaloids, aminoacids, steriods, triterpenoids,
saponins were absent in the tested extracts (Table 5).
Table 5 Qualitative analysis of phytochemical compounds of

Lannea coromandelica.

S.No Phytochemical components Aqueous extract

1. Alkaloids �
2. Flavonoids +

3. Glucosides +

4. Carbohydrates +

5. Phenols +

6. Aminoacids �
7. Steriods �
8. Triterpenoids �
9. Saponins �
10. Tannins +

Please cite this article in press as: Muthukrishnan, P. et al., Adsorption Lan
Lannea coromandelica leaf extract on mild steel corrosion. Arabian Journ
3.10. Mechanism of inhibition

From the experimental and theoretical results obtained, the
inhibition effect of LCLE in H2SO4 solution can be explained
as follows:

LCLEþ xHþ $ ½LCLEHx�xþ

In aqueous acidic solutions, the LCLE exists either as neu-
tral molecules or in the form of cations (protonated LCLE).
Generally, two modes of adsorption could be considered.

The neutral LCLE may be adsorbed on the metal surface via
the chemisorption mechanism involving the displacement of
water molecules from the metal surface and the sharing of elec-
trons between oxygen atom and iron. The LCLE molecules

can be adsorbed also on the metal surface on the basis of do-
nor–acceptor interactions between p-electrons of the heterocy-
cle and vacant d-orbitals of iron. On the other hand, the

protonated LCLE may be adsorbed through electrostatic
interactions between the positive molecules and already ad-
sorbed sulfate ions. Thus, the metal complexes of Fe2+ and

LCLE or protonated LCLE might be formed as follows:

LCLEþ Fe2þ $ ½LCLE� Fe�2þ

½LCLEHx�xþ þ Fe2þ $ ½LCLEx � Fe�ð2þxÞþ

These complexes might be adsorbed on mild steel surface
by the Vander Waals force to form a protective film to keep
the mild steel surface from corrosion. Similar mechanism has

been documented (Li et al., 2009).

4. Conclusion

The results presented in this paper showed that the extracts
from LCL inhibited the corrosion of mild steel in 1 M
H2SO4. The inhibition efficiency of mild steel in 1 M H2SO4 in-

creased with increasing the concentration of LCLE but de-
creased with increasing temperature. Potentiodynamic
polarization measurements revealed that LCLE acted as a

mixed type inhibitor but effect on the anodic reactions is more
predominant. EIS measurement revealed that charge transfer
increased with increase in concentration of LCLE, indicating
that the inhibition increased with increase in concentrations.

The adsorption of the inhibitor obeyed the Langmuir adsorp-
tion isotherm at all investigated temperatures. The adsorption
was spontaneous and the inhibition of corrosion by LCLE was

due to the formation of physical adsorption on the mild steel
surface. Protective film formation against acid attack was con-
firmed by FTIR, XRD, SEM and AFM techniques. The re-

sults obtained from weight loss, polarization and impedance
measurements are in good agreement.
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