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The inhibitive effect of Curry leaves 
extract (CLE) on the corrosion behavior 
of aluminum in sulfuric acid (pH = 3) was 
investigated by potentiodynamic polar-
ization and electrochemical impedance 
spectroscopy (EIS) techniques in the 
temperature range of 30 °C to 50 °C. The 
study was done by varying the concen-
trations of inhibitor from 0.05 g L−1 to 
0.4 g L −1. The surface morphology was studied using scanning electron microscopy (SEM) and Ener-
gy-dispersive X-ray spectroscopy (EDX). Inhibition efficiency was found to increase with increase in 
inhibitor concentration and decrease with increase in temperature. CLE acted as an anodic type 
inhibitor at lower concentrations of inhibitor and behaved as a mixed type at higher concentrations 
of inhibitor and underwent both physisorption and chemisorption on the surface of the metal and 
followed the Langmuir adsorption isotherm. 

1. Introduction

Aluminum is one of the most important metals 
used in industrial and domestic purposes due to 
its excellent electrical conductivity, good forming 
properties, low cost and other relatively noble 
properties. It is widely used in aerospace, house-
hold articles, industries, reaction vessels, pipes, 
machinery and chemical batteries [1-3]. The 
applications of aluminum and its alloys are often 
possible because of the natural tendency of alu-
minum to form a passivating oxide layer. However 
in aggressive media, the passivating layer will 
be destroyed and corrosive attack takes place. 
The protection of aluminum and its oxide films 
against the corrosive action of sulfate ions have 
been extensively studied [4-5].

Sulfuric acid in the pH range of 2-4.5 is mainly 
used for pickling, chemical and electrochemical 
etching of aluminum and its alloys [6]. A useful 
method to protect metals and alloys deployed in 
service in aggressive environments against cor-
rosion is the addition of inhibitors. A number of 
organic compounds are known to be applicable 
as corrosion inhibitors for aluminum and its alloys 
in acidic environments [7-9]. Such compounds 
mainly contain nitrogen, oxygen or sulfur in a 
conjugated system and function via adsorption 
of the molecules on the metal surface creating a 
barrier to corrodent attack. The adsorption bond 
strength is dependent on the composition of the 
metal, corrodent, inhibitor structure and its con-
centration. Despite of broad spectrum of organic 
compounds, the choice of appropriate inhibitor 
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for a particular application is restricted by several 
factors. These include increased environmental 
awareness and the need to promote environment 
friendly processes.

There exists a need to develop a new class of 
corrosion inhibitors with low toxicity and good 
efficiency. The exploration of natural products of 
plant origin as non-expensive eco-friendly inhibi-
tor is an essential field study [10-13]. These plant 
products are not only eco- friendly, but also read-
ily available, cost effective renewable source of 
materials and contain organic compounds such 
as amino acids, tannins and alkaloids which have 
inhibitive effect. The principle of inhibition is the 
adsorption of phytomolecules in the plant on the 
surface of the metal resulting in the replacement 
of water molecules at the metal surface. Till date 
lots of works have been reported for using nat-
ural product as corrosion inhibitors [14-16] for 
aluminum in acidic media. Investigation of natural 
inhibitors is particularly interesting because they 
are non-expensive, ecologically acceptable and 
possess no threat to the environment.

As a part of our research work with natural inhib-
itors for the corrosion control of aluminum and 
its alloys [17-19], we report herein, the results of 
utility of Curry leaves extracts (CLE) for the corro-
sion control of aluminum in sulfuric acid medium 
of pH=3.

Curry plant (Murraya koenigii) is an important 
leafy vegetable. Its leaves are widely used in 
Indian cookery for flavoring foodstuffs. The leaves 
have a slightly pungent, bitter and feebly acidic 
taste, and they retain their flavor and other qual-
ities even after drying. Curry leaf is also used in 
many of the Indian Ayurveda and Unani prescrip-
tions. Its nutritional value benefits both the young 
and the old alike. CLE is composed of numer-
ous organic heterocyclic compounds. Major 

constituent are reported to be Terpene-4-ol, 
β–caryophylene and β–elemene [20].

2. Experimental

2.1. Material

The composition of aluminum is: Si: 0.467%, 
Fe: 0.163%, Mg: 0.530% and aluminum: Balance. 
Cylindrical test coupons of 10 mm diameter and 
approximately 20 mm height were machined 
from the rods of aluminum and metallograph-
ically mounted up to 10mm height using cold 
setting resin. The exposed flat surface of the 
mounted part was polished as per standard 
metallographic practice - belt grinding followed 
by polishing on emery papers (in the range of 
600-2000) and finally disc polished using levi-
gated alumina abrasive.

2.2. Preparation of medium

The stock solution of 2 M sulfuric acid was pre-
pared by using analar grade sulfuric acid and 
double distilled water. Standardization was done 
by volumetric method. From the standard solu-
tion, sulfuric acid solution of required concentra-
tion was prepared as and when required. Experi-
ments were carried out at different temperatures 
using a calibrated thermostat under unstirred 
conditions.

2.3. Preparation of the inhibitor (CLE) 

Curry leaves extract (CLE) was prepared by litera-
ture method [20]. The Curry leaves were cut into 
pieces. These were completely air-dried at room 
temperature for 4 weeks. The dried leaves were 
pulverized into fine powder using a domestic 
mixer grinder. 40 g of the powder was boiled in 
500 mL of distilled water for 5 h. It was filtered 
using a piece of clean white cotton gauze. The 
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filtrate was evaporated to complete dryness 
at 40 ℃, producing a fine sweet smelling and 
chocolate color solid residue. The extraction pro-
cess was repeated 4 times and the solid residue 
weighed after extraction was pooled together 
in an air and water-proof container and kept in 
a refrigerator at 4 ℃. Aqueous solution of the 
inhibitor of required concentration was prepared 
freshly as and when required.

2.4. Characterization of inhibitor

FTIR spectrum of the dried sample was recorded 
using spectrophotometer (Shimadz model) in 
the frequency range of 4000 to 400 cm–1 using 
KBr pellet technique.

2.5. Electrochemical measurements

Electrochemical studies were carried out using a 
potentiostat (CH600D-series, U.S.model with CH 
Instruments beta software). Studies were done 
by using conventional three electrode Pyrex glass 
cell with platinum as counter electrode and SCE 
as reference electrode. Working electrode was 
aluminum.

Finely polished aluminum specimen was exposed 
to sulfuric acid (pH=3) at different temperatures 
(30 ℃ to 50 ℃) and allowed to establish a steady 
state open circuit potential by immersing the 
electrodes in corrosive medium for 30 minutes.

2.5.1. Potentiodynamic polarization (PDP) 
measurements

The potentiodynamic polarization measurements 
were done by polarizing the specimen from 
−250 mV cathodically to +250 mV anodically with 
respect to open circuit potential at the scan rate 
of 1 mV sec−1. Corresponding potential –current 
plots were developed simultaneously. The exper-

iments were carried out in absence and presence 
of different concentrations of inhibitor.

2.5.2. Electrochemical impedance 
spectroscopy (EIS) studies

In electrochemical impedance method a small 
amplitude ac signal of 10 mV and frequency spec-
trum from 100 k Hz to 0.01 Hz was impressed at 
the O.C.P. and resulting impedance data was ana-
lyzed using the Nyquist plot.

Electrochemical impedance method was imme-
diately carried out after potentidynamic polariza-
tion method without further surface treatment. 
In both measurements, minimum of 3-4 trails 
were done and the average of best three was 
reported.

2.6. Scanning electron microscopy (SEM) 
and Energy –dispersive X-ray spectroscopy 
(EDX) analysis

The surface morphology of aluminum surface, in 
absence and presence of the inhibitor was stud-
ied by immersing the material in sulfuric acid 
medium (pH=3) for 2 h. using JEOL JSM-6380L 
Analytical scanning electron microscope in the 
magnification of 500 X. EDX investigation was 
carried out to identify the species which were 
responsible for the corrosion of the metal sample.

3. Results and Discussion

3.1. Fourier transform infrared (FTIR) 
spectroscopy of CLE

Figure 1 shows the FTIR spectrum of aqueous 
extracts of CLE. Absorption at 3425.34 cm− 1 can 
be assigned to stretching frequency of O-H. The 
peak at 2931 cm− 1 can be assigned to stretching 
mode of C–H group of alkanes. The 1404.04 cm− 1 
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band is assigned to the C–H bending. The adsorp-
tion band at 1596 cm− 1 is assigned to the C=C 
stretch of alkenes.

3.2. Potentiodynamic polarization (PDP) 
measurements

Figure 2 shows the potentiodynamic polarization 
plot for the corrosion of aluminum in sulfuric acid 
(pH=3) containing different concentrations of 
CLE at 30 °C.

Valuable potentiometric polarization parameters 
like, corrosion current density (icorr.), corrosion 
potential (Ecorr.), anodic Tafel slope (βa) and 
cathodic Tafel slope (−βc) were obtained from the 
potentiodynamic polarization plot. Corrosion rate 
was calculated using equation (1) [21].

Equation 1:

where 3270 is a constant that defines the unit of 
corrosion rate, icorr = corrosion current density 
in A cm–2, ρ = density of the corroding material 
(in g cm–3), M = Atomic mass of the metal, and 
Z = Number of electrons transferred per metal 
atom. For aluminum Z= 27 and ρ = 2.7.

Percentage inhibition efficiency was calculated 
using the equation (2).

Equation 2:

I.E (%) = θ × 100

where

where icorr. and icorr. (inh) are the corrosion current 
densities in the absence and in the presence of 
inhibitor, respectively.

Equation 3:

Fig. 1: IR spectrum of aqueous extract of Curry leaves extract
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The experiments were repeated at four other 
temperatures (35 °C to 50 °C) Corrosion poten-
tial (Ecorr.), corrosion current density (icorr.), cor-
rosion rate (CR) and percentage inhibition effi-
ciency (% I.E) were determined. The results of 
the potentiodynamic polarization measurement 
for corrosion of aluminium aluminum in sulfuric 
acid (pH=3) containing different concentrations of 
inhibitors at different temperatures are tabulated 
in Table 1.

It was observed that with increase in the con-
centrations of the CLE corrosion current density 
decreased. Inhibition efficiency increased with 
increasing inhibitor concentrations. The observed 
inhibition efficiency of CLE may be due to the 
adsorption of its components on the aluminum 
surface. The adsorbed molecules may isolate the 
metal surface from the aggressive medium lead-
ing to decreasing the corrosion rate [21].

The anodic and cathodic Tafel slopes remained 
almost unchanged for uninhibited and inhib-
ited solutions. This indicates that the inhibitive 
action of CLE may be due to simple blocking of 
the available surface area on the surface of the 

metal. In other words, the inhibitor decreases 
the surface area available for hydrogen evolu-
tion without affecting the reaction mechanism 
and only causes inactivation of part of the sur-
face [21-23].

There was measurable positive shift in corro-
sion potential (Ecorr) after the addition of inhib-
itor at lower concentrations (0.05-0.2g L−1). 
According to Li et al [24-25], if the displace-
ment in corrosion potential is more than ±85 
mV with respect to corrosion potential of the 
blank, then the inhibitor can be considered 
distinctively as a cathodic or anodic type. How-
ever, the maximum displacement in the pres-
ent investigations for aluminum in sulfuric acid 
at lower concentrations of inhibitor was more 
than that of 85 mV, towards the positive direc-
tion. This observation suggests that constitu-
ents of inhibitor molecule may act as an anodic 
type and brings the anodic reaction under con-
trol [21]. But at higher concentrations of inhib-
itor the shift in corrosion potential was less 
than ±85 mV . This observation suggested that 
constituents of inhibitor molecule acts as mixed 
type and brings both anodic and cathodic reac-
tions under control.

Fig. 2: Potentiodynamic polarization plots for the corrosion of 
aluminum containing different concentrations of CLE in 
H2SO4 (pH=3) at 30 oC

Fig. 3: Nyquist plots for the corrosion of aluminum in H2SO4 
(pH =3) containing different concentrations of CLE at 30 ℃.
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3.3. Electrochemical impedance 
spectroscopy (EIS) 

In order to gain more information about the 
corrosion inhibition phenomenon, electrochem-

Tab. 1: Results of potentiodynamic polarization measurements for the corrosion of aluminum in sulfuric acid (pH =3) containing 
different concentrations of CLE different temperatures

Temp.

 (℃) 

[CLE]

 (g L–1) 

icorr.

 (×10–5

A.cm–2) 

C.R.

 (mmy–1) 

βa

 ( mV 

dec–1) 

–βc

 ( mV 

dec–1) 

Ecorr.

 ( mV vs 
SCE) 

%η

30

0.0 1.478 0.169 670 600 –694 -----
0.05 0.231 0.027 651 621 –448 84.39
0.1 0.137 0.017 656 592 –413 90.75
0.2 0.146 0.014 661 666 –547 90.15
0.3 0.122 0.015 618 520 –580 91.73
0.4 0.077 0.006 685 560 –682 94.81

35

0.0 2.141 0.246 660 640 –659 ----
0.05 0.276 0.032 616 585 –455 83.30
0.1 0.211 0.024 635 538 –480 90.12
0.2 0.186 0.016 606 602 –516 91.00
0.3 0.166 0.015 669 663 –632 91.24
0.4 0.100 0.007 689 625 –601 92.24

40

0.0 3.250 0.372 690 650 –546 ------
0.05 0.523 0.043 671 631 –450 83.00
0.1 0.376 0.026 635 639 –413 88.43
0.2 0.229 0.018 635 564 –493 90.96
0.3 0.180 0.020 635 568 –526 91.05
0.4 0.129 0.008 671 520 –506 92.04

45

0.0 3.448 0.395 650 610 –633 -----
0.05 0.675 0.078 548 699 –493 82.21
0.1 0.613 0.039 595 630 –412 84.02
0.2 0.344 0.019 617 589 –582 89.18
0.3 0.182 0.021 569 508 –608 89.43
0.4 0.132 0.009 655 549 –614 91.72

50

0.0 3.588 0.411 660  600 –665 -----
0.05 0.949 0.111 618 518 –451 73.54
0.1 0.655 0.054 589 506 –564 81.74
0.2 0.478 0.020 573 573 –581 86.68
0.3 0.204 0.023 532 666 –625 87.30
0.4 0.159 0.019 655 630 –648 89.56

ical impedance spectroscopy measurements 
were carried out for the aluminum in sulfuric 
acid (pH = 3) in the presence and absence of 
aqueous extracts of CLE at different temperatures. 
Figure 3 represent the Nyquist plot of aluminum 
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in the sulfuric acid (pH=3) containing various con-
centrations of aqueous extracts of CLE at 30 °C. 
Similar plots are obtained at other temperatures.

As can be seen from Figure 3 the impedance 
diagram show semicircles, indicating that the 
corrosion process is mainly charge transfer con-
trolled. The presence of inhibitor increased the 
impedance but did not change other aspects of 
the behavior. These observations suggested that 
inhibitor did not alter the mechanism of electro-
chemical reactions responsible for corrosion. It 
inhibits corrosion primarily through its adsorption 
on the metal surface [26]. The impedance plot 
was with a depressed capacitive loop at high-fre-
quency range (HF) whose diameter increased with 
increase in inhibitor concentration, followed by an 
inductive loop at low-frequency (LF) region. Sim-
ilar impedance plots have been reported in the 
literature for the corrosion of pure aluminum and 
aluminum alloys in various electrolytes [27–28].

The high frequency capacitive loop could be 
assigned to the charge transfer of the corrosion 
process and to the formation of oxide layer [29]. 
The oxide film is considered to be a parallel cir-
cuit of a resistor due to the ionic conduction in 
the oxide film and a capacitor due to its dielectric 
properties. According to Brett [30], the capacitive 
loop is corresponding to the interfacial reactions, 
particularly, the reaction of aluminum oxidation at 
the metal/oxide/electrolyte interface. The process 
includes the formation of Al+ ions at the metal/
oxide interface, and their migration through the 
oxide/solution interface where they are oxidized 
to Al3+. At the oxide/solution interface, OH− or 
O2− ions are also formed. The fact that all the 
three processes are represented by only one loop 
could be attributed either to the overlapping of 
the loops of processes, or to the assumption that 
one process dominates and, therefore, excludes 
the other processes [31]. The other explanation 

offered to the high frequency capacitive loop 
is the oxide film itself. This was supported by a 
linear relationship between the inverse of the 
capacitance and the potential found by Bessone 
et al.s [32] and Wit and Lenderink [31]. The origin 
of the inductive loop has often been attributed to 
surface or bulk relaxation of species in the oxide 
layer [33]. The LF inductive loop may be related 
to the relaxation process obtained by adsorption 
and incorporation of sulphate ions, oxide ion and 
charged intermediates on and into the oxide film. 
The observed deviations from perfect semicircles 
are often referred to the frequency dispersion of 
interfacial impedance. This anomalous phenome-
non is interpreted as reflecting inhomogeneity of 
electrode surfaces arising from surface roughness 
or interfacial origin such as those found in adsorp-
tion processes.

As shown in Figure 3 the obtained semicircles 
in absence or in presence of inhibitor were 
depressed. Deviation of this kind is referred to 
as frequency dispersion. It has been attributed 
to inhomogeneities of solid surfaces. Mansfeld 
et al. [21] have suggested an exponent n in the 
impedance function as a deviation parameter 
from the ideal behavior. By this suggestion, the 
capacitor in the equivalent circuit can be replaced 
by a so-called constant phase element (CPE) that 
is a frequency-dependent element and related to 
surface roughness [31].

The impedance function of a CPE has the follow-
ing equation

Equation 4:

ZCPE = 1/(Yo/jω)n

where

Equation 5:

ω = 2πf 
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Fig. 4: Equivalent circuit fit for the corrosion of aluminum in H2SO4 (pH =3) containing CLE (0.3 g L–1) at 45 ℃.

Fig. 4a

Fig. 4b

where the amplitude Yo and n are frequency inde-
pendent, and ω is the angular frequency for which 
–Z11 reaches its maximum values, n is dependent 
on the surface morphology, with values,−1 ≤ n 
≤1. Yo and n can be calculated by the equations 
proved by Mansfeld et al [21].

The measured value of polarization resistance 
was found to increase with the increasing concen-
trations of CLE. It may be due to the decrease in 

the corrosion rate for the aluminum with increase 
in inhibitor concentration. This is in accordance 
with the observations obtained from potentiody-
namic measurement. An equivalent circuit of nine 
elements depicted in Figure 4b and Figure 4a was 
used to interpret the measured impedance data 
of the aluminum in sulfuric acid (pH=3).

In this equivalent circuit Rs is the solution 
resistance and Rt is the charge transfer resis-
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tance. RL and L represents the inductive ele-
ments. CPE (Q) is constant phase element 
in parallel to the series capacitors C1, C2 and 
series resistors R1, R2, RL and Rt. RL is parallel 
with the inductor L.

The double layer capacitance Cdl was calculated 
from equation (6).

Equation 6:

Cdl= C1+ C2

Tab. 2: Impendence parameters for corrosion of aluminum in H2SO4 (pH = 3) containing different concentrations of CLE at dif-
ferent temperatures

Temp. (℃) 
[CLE]

 (g L–1) 

Cdl

 (×10–10

F cm–2) 

Rct

 (ohm

cm2) 

%ƞ

30

0.0 153.0 3044.1 ----
0.05 18.4 12453.6 85.8
0.1 7.4 22836.0 86.7
0.2 5.7 27512.0 88.9
0.3 4.9 29439.9 89.7
0.4 1.2 55699.5 94.5

35

0 154.0 2330.4 ----
0.05 20.0 4963.1 83.3
0.1 15.0 14315.3 85.7
0.2 11.9 17349.9 86.6
0.3 11.5 17883.5 86.9
0.4 9.2 19722.0 88.2

40

0 461.0 1685.4 ----
0.05 29.4 10470.0 83.1
0.1 19.9 12939.4 84.9
0.2 13.7 15635.0 85.4
0.3 11.8 16885.0 85.6
0.4 10.6 18679.0 87.8

45

0 552.0 1531.3 ----
0.05 41.3 9455.2 72.8
0.1 29.1 12221.5 78.5
0.2 17.7 17410.0 80.2
0.3 14.0 15248.0 81.9
0.4 7.7 17381.0 82.2

50

0 1830.0 1404.1 ----
0.05 53.3 8236.7 62.9
0.1 4.8 8871.9 74.2
0.2 2.5 16130.8 78.2
0.3 1.6 14427.0 79.3
0.4 1.1 15763.0 81.1
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And the polarization resistance Rp was calculated 
using the equation (7).

Equation 7:

Rp= RL+ Rt+ R1+ R2

Since Rp is inversely proportional to the corrosion cur-
rent and it can be used to calculate the percentage 
inhibition efficiency using the relation (4).

As seen from Figure 3 solution resistance (Rs) 
remained almost constant, with and without addition 
of aqueous extracts CLE on aluminum. It was also 
observed that the value of constant phase element 
Q, decreased, while the values of Rt increased with 
increasing concentration of inhibitor, indicating that 
the inhibition efficiency increased with the increase 
in concentration of aqueous extracts of CLE.

The double layer between the charged metal surface 
and the solution is considered as an electrical capac-
itor. The adsorption of inhibitor molecules on the 
aluminum surface decreases its electrical capacity 
because they displace the water molecules and other 
ions originally adsorbed on the surface. The decrease 
in this capacity with increase in inhibitor concentra-
tions may be attributed to the formation of a protec-
tive layer on the electrode surface. The obtained CPE 
(Q) values decreased noticeably with increase in the 
concentrations of inhibitor. This may be due to the 
adsorption of constituents of CLE on the metal sur-
face as Q is inversely propositional to the thickness 
of the protective layer [26]. The impedance param-
eters derived from the Nyquist plot and inhibition 
efficiency of CLE in sulfuric acid (pH=3) at different 
temperatures are given in Table 2.

3.4. Effect of temperature

Inhibition efficiency increased with increase in 
the concentrations of the CLE but decreased with 
increase in temperature. This can be attributed 

to the decrease in the protective nature of the 
inhibitive film formed on the metal surface (or 
desorption of the inhibitor molecules from the 
metal surface) at higher temperatures [34]. This 
suggests physical adsorption mechanism. Physical 
(electrostatic) adsorption may take place when 
inhibition efficiency decreases with increase in 
temperature (where as chemical adsorption takes 
place when inhibition efficiency increases with 
increase in temperature) [32-33]. However, at 
higher concentrations of inhibitor this decrease 
was small. The study of effect of temperature was 
used to calculate energy of activation (Ea) for the 
corrosion process in the presence and absence of 
inhibitor using Arrhenius law Equation (8) [21].

Equation 8:

where B is a constant which depends on the 
metal type and R is the universal gas constant 
(R= 8.314 J mol−1 K−1), T is the absolute tem-
perature. Plot of ln (CR) versus 1/T gave straight 
line with a slope (slope = -Ea/R). From the slope 
energy of activation was calculated.

The Arrhenius plot for the aluminum in the pres-
ence of inhibitor in sulfuric acid (pH=3) is shown 
in Figure 5.

Enthalpy of activation (∆Ha) and entropy of acti-
vation (∆Sa) for the dissolution of specimen were 
calculated from transition state Equation (9) 
[25].

Equation 9:

where h is Plank’s constant (h = 6.626×10–34 J s) 
and N is Avogadro’s number (N =-6.023×1023).
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Plot of ln (CR/T) versus 1/T for the alumi-
num in various concentrations of inhibi-
tor in sulfuric acid (pH=3) is shown in Figure 
6. Plot of ln (CR/T) versus 1/T gave straight 
lines with slope (slope = ∆Ha/R) and intercept 
(Intercept = lnR/Nh +∆Sa/R). The calculated 
values of Ea, ∆Ha and ∆Sa obtained for aluminum 
in sulfuric acid (pH=3) is given in Table 3.

As reported in Table 3, Ea values increased sig-
nificantly after the addition of the inhibitor. The 
increase in activation energy (Ea) of inhibited 

Fig. 5: Arrhenius plots for the corrosion of aluminum 
in H2SO4 (pH =3) containing different concentrations of 
CLE.

Fig. 6: Plots of ln (CR/T) vs 1/T for the corrosion of alu-
minum in (a) 0.001 M HCl (b) 0.001 M H2SO4 containing 
different concentrations of CLE.

Tab. 3: Activation parameters for the corrosion of aluminum 
in H2SO4 (pH =3) containing different concentrations of CLE.

[CLE]

 (g L–1) 

Ea 

 (kJ mol–1) 

ΔHa

 (kJ mol–1) 

ΔSa 

 (J K–1 

mol–1) 

0.0 15.87 13.47 –361.55

0.05 60.41 57.81 –185.29

0.1 46.55 43.95 –261.01

0.2 36.87 39.27 –158.48

0.3 20.69 18.09 –174.55

0.4 42.27 39.67 –237.30

solutions compared to the blank suggests that 
inhibitor gets adsorbed on the corroding metal 
surface. The increase in the Ea values, with 
increasing inhibitor concentration indicates the 
increase in energy barrier for the corrosion reac-
tion [21]. The adsorption of the inhibitor mol-
ecules on the surface of the aluminum blocks 
the charge transfer during corrosion reaction, 
thereby increasing the activation energy. In 
other words, the adsorption of the inhibitor on 
the electrode surface leads to the formation of a 
physical barrier that reduces the metal reactiv-
ity in the electrochemical reactions of corrosion 
[34].

The inhibition efficiency decreased with increase in 
temperature which may be due to the desorption 
of inhibitor molecule with increase in temperature 
[35].The values of ΔSa were higher for inhibited 
solutions than those for the uninhibited solutions. 
This suggested that an increase in randomness 
occurred on going from reactants to the activated 
complex. This might be the results of the adsorp-
tion of organic compound present in the CLE from 
the acidic solution which could be regarded as a 
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quasi-substitution process between the organic 
compound in the aqueous phase and water mol-
ecules at electrode surface. In this situation, the 
adsorption of inhibitor is accompanied by desorp-
tion of water molecules from the surface. Thus the 
increase in entropy of activation was attributed to 
the increase in solvent entropy [36].

3.5. Adsorption considerations

Inhibitors are known to decrease metal dissolu-
tion via adsorption on the metal/corrodent inter-
face to form a protective film which separates 
the metal surface from the corrosive medium. 
The adsorption route is usually regarded as a 
substitution process between the inhibitor in the 
aqueous solution [Inh (sol) ] and water molecules 
adsorbed at the metal surface [H2O (ads) ] as given 
in reaction (10) [37].

Equation 10:

Inh (sol) +nH2O (ads)  Inh (ads) + nH2O (sol) 

where n represents the number of water mol-
ecules replaced by one molecule of adsorbed 
inhibitor. The adsorption bond strength is 
dependent on the composition of the metal, cor-
rodent, inhibitor structure, concentration and 
orientation as well as temperature. Adsorption 
isotherms are usually employed to explain the 
mechanism of interaction between an inhibitor 
(adsorbate) and an adsorbent surface. This is 
usually achieved by fitting the degree of surface 
coverage data into various adsorption isotherms 
or models and the correlation coefficients (high-
est) used to determine the best fit isotherm 
which can then be used to describe the inhibitor 
adsorption mechanism. In this work, the best 
fitted isotherm was the Langmuir adsorption 
model which relates the degree of surface cover-
age (θ) to the concentration of the extracts (Cinh.) 
according to equation (11).

Equation 11:

θ/ (1 − θ) = KadsC

Where Kads is the equilibrium constant of the 
inhibitor adsorption process and C is the inhibitor 
concentration, and θ is the degree of the surface 
coverage, which is calculated using Equation (3).

This model has also been used for other inhibitor 
systems [38-39]. The plot of Cinh/θ versus Cinh gave 
a straight line with an intercept (intercept = 1/K). 
It is shown in Figure 7.

The correlation coefficient (R2) was used to choose 
the isotherm that best fit the experimental data. 
The linear regression coefficients were close to 
unity, and the slopes of straight lines were nearly 
unity, suggesting that the adsorption of organic 
compounds present in CLE obeyed Langmuir’s 
adsorption isotherm, and there is negligible inter-
action between the adsorbed molecules [37].

The high values of K for the studied inhibitor 
indicate strong adsorption of inhibitor on the 
metal surface. The value of K increased with 
increase in inhibitor concentration also indicates 
the physical adsorption of the inhibitor on the 
metal surface.

Fig. 7: Langmuir adsorption isotherms for the adsorption of 
CLE on aluminum in H2SO4
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Fig. 8: Plot of ΔG°ads. versus T for the adsorption of CLE on 
aluminum in H2SO4

The values of standard free energy of adsorption 
are related to K by the relation (12).

Equation 12:

where Cwater is the concentration of water in 
solution expressed in g L–1, R is the universal 
gas constant (8.314 J mol–1 K–1) and T is the 
absolute temperature. It must be noted that 
the concentration unit of water molecules has 
to be same as that of the inhibitor (the unit 
of Cwater is g L–1 with the value of approximate 
1 ×103) [40].

The plot of ΔG°ads versus T as shown in 
Figure 8 was used to calculate enthalpy of adsorp-
tion (ΔH°ads) and standard adsorption entropy 
(ΔS°ads) using thermodynamic Equation (13). The 
negative values of ∆G°

ads suggested the sponta-
neous adsorption of inhibitor on the surface of 
metal and the stability of the adsorbed layer on 
the aluminum.

Equation 13:

∆G°
ads = ∆H°

ads − T∆S°
ads

The thermodynamic parameters obtained for 
aluminum in sulfuric acid (pH=3) is tabulated in 
Table 4.

In general, the standard free energy values of −20 
kJ mol−1 or less negative are associated with an 
electrostatic interaction between charged mol-
ecules and charged metal surface, resulting in 
physisorption, and standard free energy values 
of − 40 kJ mol−1 or more negative involve charge 
sharing or transfer from the inhibitor molecules 
to the metal surface to form a coordinate cova-
lent bond, resulting in chemisorption [21]. The 
∆G°

ads values obtained for the studied inhibitor 
on the aluminum surface in sulfuric acid (pH=3) is 
more than –20 kJ mol–1 and less than –40kJ mol–1 
which indicates the adsorption of constituents of 
CLE on the surface of aluminum is a mixture of 
both the process [35].

The values of thermodynamic parameters for 
the adsorption of inhibitors can provide valu-
able information about the mechanism of inhi-
bition. While an endothermic adsorption pro-
cess (∆H°

ads > 0) is attributed unequivocally to 
chemisorption, an exothermic adsorption pro-
cess (∆H° < 

ads 0) may involve either physisorp-
tion or chemisorptions or a mixture of both 
the processes. In an exothermic process, phy-
sisorption is distinguished from chemisorption 
by considering the absolute value of adsorp-

Tab. 4: Thermodynamic parameters for the adsorption of CLE 
on aluminum in H2SO4

Temp.

 (℃)
K

ΔG°
ads. 

(J mol−1 K−1)
ΔH°

ads 
(J mol−1 K−1)

ΔS°
ads. 

(J mol−1 K−1) 

30 43.87 −28.70

–46.83 –250
35 97.07 −29.44

40 119.35 −29.88

45 195.40 −32.20

50 484.36 −33.52
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tion enthalpy. In this process, the enthalpy of 
a physisorption process is lower than 41.86 
kJ mol–1, while that of a chemisorption pro-
cess approaches 100kJ mol–1 [35]. In the 
present case, the calculated value of ∆H°

ads is 
−57.28 kJ mol−1, which indicates the adsorption 
of CLE on the surface of aluminum is a mixture 
of both process. The ∆S°

ads value is negative, 
indicating that an ordering takes place when 
the inhibitor gets adsorbed on the metal sur-
face [41].

3.6. Mechanism of Inhibition

Surface of aluminum is covered with thin layer of 
γ alumina which initially thickens on exposure to 
neutral aqueous solution with the formation of 
a layer of crystalline hydrated alumina. The alu-
minum surface has positive charge in acidic envi-
ronment in contact with sulfuric acid [41-42]. The 
mechanism of adsorption can be predicted on the 
basis of the mechanism proposed for the corro-
sion of aluminum in sulfuric acid [40].

Anodic reactions

Equation 14:

Al (s) + H2O ↔ AlOHads + H+ +e−

Equation 15:

AlOHads+ 5H2O + H+ ↔ Al3+.6H2O + 2e−

Equation 16:

Al3+ +H2O ↔ [AlOH]2+ + H+

Equation 17:

[AlOH]2+ + X− ↔ [AlOHX]+

Cathodic reaction

Equation 18:

H+ + e− → H (ads) 

Equation 19:

H (ads) + H (ads) → H2

CLE is composed of numerous naturally organic 
heterocyclic compounds. Major constituents of 
the aqueous extract of CLE are reported to be 
Terpene-4-ol, β–caryophylene and β–elemene 
[20]. The structures of same are given in 
Figures 9 (a), 9 (b) and 9 (c).

Two modes of adsorption process could be sug-
gested to explain the inhibitory action of CLE 
on aluminum corrosion in sulfuric acid. Thus, in 

Fig. 9a: Terpene -4-ol

Fig. 9b: β–caryophylene

Fig. 9c: β–elemene
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aqueous acidic solutions, Terpene-4-ol molecules 
may exist either as neutral molecule or in the 
form of protonated species [43] while β–caryo-
phylene and β–elemene molecules exist as neu-
tral species.

CLE acts as an anodic type at lower concentra-
tions of inhibitor, and brings down anodic reac-
tion under control. In acid medium, aluminum is 
positively charged since the pH of the potential 
of zero charge for aluminum at the oxide/solution 
interface is 9.0-9.1. This will attract negative sul-
fate ions from the solution, and these ions will get 
adsorbed on the surface of the metal [44]. In acidic 
solution the hydroxyl groups of Terpene-4-ol pres-
ent in CLE can be easily protonated because of 
their high electron density. The protonated mol-
ecules are attracted to the anionic layer which is 
formed on the metal surface, and get physically 
adsorbed on the same. This will result in the for-

mation of protective barrier on the surface of the 
metal. This barrier will prevent the further disso-
lution of the metal and prevent the metal from 
undergoing corrosion. Enhanced corrosion inhi-
bition may be also due to the π electrons of the 
double bond of constituents of the extract which 
also acts as high electron rich centers.

But as the inhibitor concentrations increases CLE 
acts as a mixed type of inhibitor by bringing both 
anodic and cathodic reaction under control. The 
neutral molecules Terpene 4–ol, β–caryophylene 
and β–elemene present in CLE molecules may 
be adsorbed on the metal surface on the basis 
of donor–acceptor interactions between π-elec-
trons of double bonds in alkene and vacant p-or-
bitals of Al[45]. Hence the neutral molecules 
Terpene 4–ol, α-pinene and Seberine present 
in CLE may be adsorbed on the metal surface 
through the chemisorption. As these molecules 

Tab. 5: EDX analysis of aluminum in H2SO4 (pH= 3) + CLE (0.4g L−1) 

Medium Al O Si S C

Aluminum in H2SO4 91.83 6.17 0.64 0.46

Aluminum in H2SO4 + CLE (0.4g L−1) 85.30 3.52 0.66 0.06 8.28

Fig. 10b: SEM image of aluminum in 
H2SO4 (pH= 3) + CLE (0.4g L−1) 

Fig. 10a: SEM image of aluminum in 
H2SO4 (pH =3) 
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have large size they cover the entire metal surface 
and form a protective film, thereby bring down 
both anodic and cathodic reaction under control 
and hence acts as mixed inhibitor.

3.7. Scanning Electron Microscopy and Energy-
dispersive X-ray spectroscopy

The SEM image of aluminum in sulfuric acid 
(pH=3) are shown in Figure 10a.

The SEM image showed the heterogeneous sur-
face with small pits, which indicates that the 
metal undergoes pitting corrosion in sulfuric acid 
[42]. The EDX spectrum showed the presence of 
highest percentage of aluminum and small per-
centage of sulfur. The presence of peak for sulfur 
in EDX spectrum indicates the interaction of alu-
minum with sulfuric acid.

The SEM image of aluminum after the addition of 
CLE (0.4 g L–1) to sulfuric acid (pH=3) are shown 
in Figure 10b.

The SEM image showed the decrease in the 
number of pits and increase in the smoothness 
of the surface. This is due to the adsorption of 
constituents of CLE on the surface of aluminum. 
This is confirmed by EDX spectrum as it showed 
the decrease in the percentage of aluminum and 
sulfur and increase in the percentage of carbon. 
Results of EDX analysis are tabulated in Table 5.

Conclusions

• CLE is a green inhibitor, which is readily avail-
able and cost effective inhibitor for the corro-
sion of aluminum.

• The inhibition efficiency increased with 
increase in inhibitor concentration and 
decreased with increase in temperature.

• Aqueous extracts of CLE acted as anodic inhib-
itor at lower concentrations of inhibitor and 
mixed type at higher concentrations of inhib-
itor.

• CLE got adsorbed on the aluminum surface via 
both physisorption and chemisorption process 
and followed Langmuir’s adsorption model.

• The inhibition efficiency obtained from poten-
tiodynamic polarization, and EIS techniques 
were in good agreement with each other.
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