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Abstract The present work shows the effect of stem bark extracts of three trees namely Moringa

oleifera (MO), Terminalia arjuna (TA) and Mangifera indica (MI) on the corrosion behaviour of

Aluminium Alloy (AA) in 1 M NaOH. The inhibition performance was studied by using gravimetric,

potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) measurements.

Among these extracts, MO exhibited the maximum inhibition efficiency g (%) of 85.3% at 0.6 g/L

at 303 K. Polarization measurement showed that all the examined extracts are of mixed-type

inhibitors. Langmuir’s adsorption isotherm was found to be best fit. Morphology of the surface

was examined by scanning electron microscopy (SEM) and atomic force microscopy (AFM) which

confirmed the existence of a protective film of inhibitor molecule on AA surface.
� 2016 University of Bahrain. Publishing services by Elsevier B.V. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Aluminium and its alloys are finding wide applications in var-

ious industries such as automotive, aerospace, construction
and electrical power generation due to high energy density
(8.1 kWh kg�1) and an electrode potential of 2.35 V vs.

simple hydrogen electrode (SHE) in alkaline medium.
Alkaline solution is most corrosive in nature for aluminium
than the other corrosive media. Therefore, it is desirable to

study the corrosion and protection of aluminium in alkaline
medium. The corrosion resistance of aluminium depends on
the presence of natural surface oxide film and stability. It is
reported that due to the presence of OH� ion protective
oxide film dissolves in alkaline solution and negative poten-

tial develops on the aluminium surface (Abiola and
Otaigbe, 2008). In the development of the aluminium anode
for the aluminium/air battery, the corrosion behaviour of

pure aluminium and its alloys has been extensively studied
in aqueous alkaline solutions, that’s why self-corrosion can
cause not only a lower utilization efficiency of aluminium,
but also possible battery explosion as a result of hydrogen

build up (Oguzie, 2007). Plenty of organic and inorganic
compounds have been used by various researchers as corro-
sion inhibitors to protect the dissolution of this oxide film

(Abdel-Gaber et al., 2008) and thus reducing the rate of
metal loss in alkaline medium. Most of the compounds are
synthetic chemicals which are expensive and hazardous to

the environment. Thus it is desirable to choose a very
cheap and environmentally safe inhibitor to diminish the
self-corrosion rate of aluminium in alkaline solution.
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For this purpose, the natural products of plant origin are a
better choice because they are environmentally benign and
contain incredibly rich source of naturally synthesized organic

compounds in which most are known to have inhibitive action
that can be extracted using simpler techniques with low cost.
There are few studies available on the use of plant extract as

corrosion inhibitor for aluminium in alkaline medium
(Abiola and Otaigbe, 2009; Abdel-Gaber et al., 2008;
Chaubey et al., 2015). In the present work, we have selected

the aqueous extract of the bark of MO, TA and MI for the cor-
rosion inhibition study on AA in 1 M NaOH solution by using
gravimetric, potentiodynamic polarization and electrochemical
impedance spectroscopy measurement respectively. The

experimental results were supported by SEM and AFM
investigations.

2. Materials and methods

2.1. Specimen and test solution

Corrosion tests were performed on AA specimens of following

composition (wt.%): Si = 0.77, Fe = 0.93, Cu = 0.02,

Mn = 0.11, Mg = 0.01, Zn = 0.01, Cr = 0.05, Ti = 0.02,
V = 0.01, Ga = 0.01 and remainder Al. The aggressive
solution of 1 M NaOH is prepared by dissolving 40 g of

sodium hydroxide pellets in 1000 ml of double distilled water.
2.2. Preparation of bark extracts solution

MO, TA and MI tree barks were collected and dried in shade.

5 g of dried bark powder was taken in 500 ml of NaOH in a
round bottom flask and refluxed for 3 h. The solution was

allowed to stand for some time and then filtered. The volume
of the filtrate solution was maintained up to 100 ml, which was
used as stock solution of inhibitors. After that, the residue of

all barks was dried and weighed and taken in different concen-
trations for the experiment.
2.3. Gravimetric measurement

The dimension of AA coupon used in the gravimetric study is

2.5 � 2.0 � 0.043 cm. Silicon carbide papers with grade 600,
800 and 1000 were used for abrasion of AA coupons and
finally degreased with acetone and dried at room temperature.
The gravimetric measurement was carried out in the

temperature range of 303–333 K, with an immersion period
of 3 h. The corrosion rate (CR) and inhibition efficiency
(g%) was calculated using the following equations :

CR ¼ K�W

A� T�D
ð1Þ
Figure 1 Variation of inhibition efficiencies (g%) with concen-

tration of bark extracts for AA in 1 M NaOH.
g% ¼ w0 � wi

w0

� 100 ð2Þ

where K is constant (87.6 � 104), T is the exposure time in

hours (h), A is the area of a coupon in cm2, W is the weight
loss in gram (g), D is the density of AA in g/cm3,w0 and wi

are the weight loss in the absence and presence of inhibitors,
respectively.
2.4. Electrochemical experiment

The dimension of AA coupons used for the electrochemical
study is 7.0 � 1.0 � 0.043 cm. Electrochemical measurement
was carried out by using Gamry Potentiostat/Galvanostat

(Model 300) at 303 K. Three electrode cell assemblies were
used for this measurement, in which AA, calomel and plat-
inum foil were used as working, reference and counter elec-
trodes respectively. For data fitting Echem Analyst (version

5.0 software) packages were used. EIS measurements were per-
formed in the frequency range 106–10�2 Hz using AC signals
of amplitude 10 mV peak to peak at open circuit potential.

Potentiodynamic polarization curves were obtained by
changing the electrode potential automatically from �0.25 V
to +0.25 V vs. OCP at a scan rate of 1 mV/s. The anodic

and cathodic curves of the linear Tafel plots were extrapolated
to obtain corrosion current densities (icorr). All the experiments
were measured after immersion of AA for 15 min in 1 M

NaOH in the absence and presence of inhibitors.

2.5. Surface analysis

AA coupons of size 2 � 2.5 � 0.046 cm were immersed in 1 M

NaOH in the absence and presence of inhibitor for 3 h at
303 K. The inhibited system contains optimum concentration
(0.6 g/L) of MO, TA and MI barks. FEI Quanta 200F micro-

scope model was used for SEM at an accelerating voltage of
5000 V and 5KX magnification. The AFM was performed
using NT-MDT multimode, Russia, controlled by solver scan-

ning probe microscope controller.

3. Results and discussion

3.1. Gravimetric measurements

3.1.1. Effect of inhibitor concentration

The inhibition efficiencies with different concentrations of
barks are compiled in Fig. 1. It can be seen from Fig. 1 that

gradually increased inhibitor concentration increases the per-
centage inhibition efficiency (g%). The inhibitive action of
the inhibitor is due mainly to the presence of Hetero atoms

such as oxygen, nitrogen and aromatic rings with p-bonds in



Figure 2 Arrhenius plot for AA corrosion rates (CR) in 1 M

NaOH without and with optimum concentration (0.6 g/L) of

inhibitors.
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their constituents, which creates a protective film on it (Abood,
2011). Very good inhibition efficiency (g%) was obtained
(85.3% for MO) at 0.6 g/L. The order of inhibition efficiency

(g%) are as follows:

MO > TA > MI

The better inhibition efficiencies observed by these extracts
can be explained by the larger coverage of metal surface by

inhibitor molecules (Yadav and Quraishi, 2012).

3.1.2. Effect of temperature

The influence of temperature on inhibition efficiency and cor-

rosion rate values was studied by weight loss experiment at dif-
ferent temperatures (303–333 K) in the absence and presence
of 0.6 g/L bark extracts in 1 M NaOH. It can be seen in

Table 1, as the temperature increases, there is increase in CR

and decrease in g% values respectively. This occurs due to des-
orption of inhibitor molecules.

The apparent activation energy (Ea) can be calculated by
using Arrhenius equation

CR ¼ A exp
�Ea

RT

� �
ð3Þ

where Ea is the apparent activation energy, R is the gas con-
stant and A is the Arrhenius pre-exponential factor.

A straight line was obtained by plotting a graph between

log CR versus 1/T as shown in Fig. 2, with a slope value of
Ea/2.303 R. It was observed that the value of Ea for uninhib-
ited system is 33.6 kJ/mol which is much lower than the val-

ues observed for MO (60.5 kJ/mol), TA (50.1 kJ/mol) and MI
(43.65 kJ/mol). Higher values of Ea for inhibited system are
explained by the formation of a physical barrier to charge

and mass transfer created by the adsorbed inhibitor
molecules (Chaubey et al., 2015). The above Ea values in
the presence of inhibitors are larger than in other absence,
but lower than 80 kJ mol�1 which is the threshold value for
Table 1 Parameters obtained from gravimetric test for AA in

1 M NaOH containing 0.6 g/L concentrations of the inhibitors

at different temperatures.

Inhibitors Temperature (K) CR (mmy�1) g (%)

Blank 303 351.0 –

313 528.1 –

323 885.6 –

333 1127 –

MO 303 34.60 85.3

313 85.40 75.9

323 166.5 72.0

333 264.9 65.0

TA 303 52.91 77.5

313 96.23 72.8

323 178.4 70.9

333 298.4 60.5

MI 303 58.45 75.2

313 105.8 70.1

323 195.7 67.1

333 268.2 59.4
chemical adsorption. This suggests physical adsorption of
inhibitor molecules.

3.1.3. Adsorption isotherm

To find out the mechanism of corrosion inhibition by the
interaction of the inhibitor molecules with the active site of

the AA, adsorption isotherm experiment was performed.
Langmuir adsorption isotherm was found to be best fit among
various adsorption isotherms and it is given by the relation

(Bammou et al., 2014):

Cinh

h
¼ 1

Kads

þ Cinh ð4Þ

where Kads is the adsorption equilibrium constant, Cinh is inhi-
bitor concentration. A straight line was obtained by plotting

between Cinh/h and Cinh, supporting that adsorption of inhibi-
tors follows Langmuir adsorption isotherm.

The linear regression and slope values observed for MO,

TA and MI are 0.993 and 1.086, 0.997 and 1.181, 0.987 and
1.187 respectively. It can be clearly seen in Fig. 3 that for all
the inhibitors, slope value is 1 and linear correlation coeffi-

cients (r) is close to 1, suggesting the adsorption of inhibitor
molecule on aluminium surface obeys the Langmuir adsorp-
tion isotherm.
Figure 3 Langmuir’s isotherm plots for adsorption of inhibitors

on aluminium in 1 M NaOH.



Table 2 Potentiodynamic polarization parameters for AA in

1 M NaOH in the absence and presence of optimum concen-

tration of inhibitors at 300 K.

Inhibitors Tafel polarization

Icorr
(mA cm�2)

Ecorr

(mV/SCE)

ba
(mV/dec)

bc
(mV/dec)

g
(%)

Blank 96.3 �1508 1001 504 –

MO 13.9 �1520 806 100 86.5

TA 18.8 �1500 780 153 81.2

MI 20.4 �1540 673 166 79.1
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3.2. Electrochemical measurement

3.2.1. Potentiodynamic polarization

Potentiodynamic polarization curves for aluminium metal in

1 M NaOH at optimum concentration (0.6 g/L) of bark
extracts are displayed in Fig. 4. Electrochemical parameters

associated with polarization measurements such as anodic
and cathodic Tafel constants (ba and bc), corrosion potential
(Ecorr) and corrosion current density (icorr) were calculated

and given in Table 2. It can be observed from Fig. 4 that in
the presence of inhibitors both the anodic and cathodic curves
are shifting towards lower current density. Also as inhibitors

are added icorr values are going to decreased (Table 2), which
reveals that inhibitor molecules are adsorbed on the AA
surface.

The g% using icorr value was calculated by the following

equation (Anejjar et al., 2014):

g% ¼ i0 � i

i0
� 100 ð5Þ

where i0 and i are the corrosion current densities in the absence
and presence of inhibitors, respectively. If the value of Ecorr

shifts beyond 85 mV, a chemical compound can be designated
as an anodic or a cathodic type inhibitor (Ansari and Quraishi,
2015). In our study, the maximum displacement is about

32 mV which is less than 85 mV, suggesting that the studied
inhibitors are of mixed type. It is evident from Table 2 that
with increasing extract concentration, values of bc and ba
decreases. After comparing the literature (Singh et al., 2012)

it was observed that the decrease in bc may be attributed to
the adsorption of an inhibitor molecule on the metal surface
and hindered the alkali attack, therefore, did not change the

hydrogen evolution reaction mechanism. In the anodic case,
the decrease in ba might be attributed to the modification of
anodic dissolution process because of adsorption of the inhibi-

tor module on the active sites. The cathodic and anodic slopes
shifted to the lower current density, as compared to the blank
thus, the inhibition efficiency (g%) increased with increasing
the extract concentration and reaching a maximum value of

85.7% for MO at 0.6 g L�1.
Figure 4 Tafel curves for aluminium in 1 M NaOH in the

absence and presence of optimum concentration (0.6 g/L) of

inhibitors at 303 K.
3.2.2. Electrochemical impedance spectroscopy

The corrosion behaviour of AA specimen was also investigated
by EIS technique at optimum concentration of inhibitors and
given in Fig. 5. As can be seen from Fig. 5, the impedance dia-

gram is explained by the semicircles, suggesting that the corro-
sion process occurs mainly through charge transfer (Prabhu
and Rao, 2014). With increasing the inhibitor concentrations,

a noticeable change in impedance modulus of AA in 1 M
NaOH solution occurs by increasing the diameter but there
is no change occurring in corrosion mechanism. It is proved
by similar shape of impedance modulus in the absence and

presence of inhibitors. Three loops are manifested in Fig. 5:
a large capacitive loop at higher frequency (HF) region, a sec-
ond capacitive loop at lower frequency (LF) region separated

by an inductive loop of intermediate frequencies (IF).
For calculation of impedance data an equivalent circuit

depicted in Fig. 6 was used. This equivalent circuit contains

solution resistance (Rs), charge transfer resistance (Rct) and
inductive elements (RL and L). In the presence of inhibitors,
the appearance of L is explained by the fact that aluminium
is still going to dissolve via charge transfer process on the

adsorbed inhibitor aluminium surface In this circuit another
constant phase element (CPE2) is present which is placed in
parallel to charge transfer resistance element Rct2. The mea-

surement of charge-transfer resistance corresponds to the
Al+–Al3+ reaction is defined by Rct2. To compensate for
non-homogeneity in the system, the CPE is used in this model

which is defined by two values, Q and n. The impedance of
CPE is represented by:

ZCPE ¼ ð 1

QðjxÞnÞ ð6Þ
Figure 5 Nyquist plots of AA in 1 M NaOH without and with

optimum concentration (0.6 g/L) of inhibitors at 303 K.



Figure 6 Electrical equivalent circuit used for the analysis of

impedance spectra. Figure 7 Bode (log f vs. log |Z|) and phase angle (log f vs. a)
plots of impendence spectra for aluminium in 1 M NaOH in the

absence and presence of optimum concentration of inhibitors at

303 K.
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where Q denotes the proportionality constant comparable to
capacitance, j is the imaginary unit and x is the angular fre-
quency (x= 2pf, f is the frequency at maximum in Hz), n is
the phase shift which is related to degree of surface non-

homogeneity. The double layer capacitance (Cdl) is deduced
from the following equation.

Cdl ¼ Q� ð2pfmaxÞn�1 ð7Þ
From the Table 3, it can be observed that the value of dou-

ble layer capacitance (Cdl) decreases in the presence of inhibi-

tors, due to adsorption of inhibitor molecules over the AA
surface. Analysis of Table 3 reveals the presence of inhibitors
increase the value of Rct than those of the inhibitor free system.

The increase in Rct values for the inhibited system is attributed
to the decrease in the active surface necessary for the corrosion
reaction and it also may be imputed with a slower corrosion

rate. The inhibition efficiency associated with charge transfer
resistance value is calculated by the following equation:

g% ¼ RCTðiÞ � RCTð0Þ
RCTðiÞ

� 100 ð8Þ

where Rct (i) and Rct (0) are the charge transfer resistance values

with and without inhibitor, respectively.
Bode impedance and phase angle plots are shown in Fig. 7.

It is well known that the value of S and a� for an ideal capac-
itor should be �1 and �90� respectively. However the maxi-

mum slope value and maximum phase angle observed in the
present study are �0.79 and 69� respectively. These deviations
at intermediate frequencies are known to be the deviation from

the ideal capacitive behaviour. The approaching of S and a�
value towards ideal capacitor reveals the adsorption of inhibi-
tor molecules over the AA surface.

3.2.3. Surface analysis

SEM images of AA surface exposed to 1 MNaOHwithout and
with 0.6 g/L bark extract for 3 h are given in Fig. 8a–d. Fig. 8a

is the micrograph of the AA surface in the absence of inhibitor
Table 3 Electrochemical impedance parameters for AA in 1 M N

inhibitors at 300 K.

Inhibitors Rs

(X)
Q1

(SX�1 cm�2)

n (Rct)1
(X cm2)

L

(Hcm2)

Blank 1.023 500 � 10�6 0.975 0.849 0.221

MO 1.430 94.6 � 10�6 0.991 6.723 0.145

TA 2.323 141.9 � 10�6 0.989 4.112 0.166

MI 1.423 166.1 � 10�6 0.982 2.934 0.218
and its inspection reveals that there are clear pits and cavities
are observed with roughness due to strong damage by the
attack of NaOH. Fig. 8b–d are the micrographs in the presence

of inhibitors. The close observation of these micrographs
proved that there is less damage to the Aluminium surface,
which is achieved due to adsorption of inhibitor molecules.

3.2.4. Atomic force microscope

Atomic force microscopy is a powerful technique for gathering
of roughness statistics from a variety of surfaces. AFM is

becoming an accepted method of roughness investigation
(Hakeem et al., 2014). The three-dimensional AFM images
of the AA surface in the absence and presence of inhibitors

are shown in Fig. 9a–d. Fig. 9a displays the image of the AA
coupon after immersing in uninhibited 1 M NaOH solution
for 3 h as strongly damaged. The maximum height scale of
the AA surface in corrosive solution was 800 nm. After adding

inhibitors the surface appears more flat, homogeneous and
uniform (Fig. 9b–d). The maximum height scales of the surface
were 150 nm, 180 nm and 250 nm for MO, TA and MI respec-

tively. These results suggested that the bark extract inhibitor
shows an appreciable resistance to corrosion.

3.3. Inhibition study of constituents

The aqueous extract of barks contains various phytochemical
components such as 4-(alpha-l-rhamnopyranosyloxy)-benzylglu

cosinolate inMO (Mishra et al., 2011). Tannin, saponin, and fla-
vonoids are in TA. Xanthone C-glucoside mangiferin as a major
component in MI (Chidozie and Adoga, 2014). The molecular
structure of major active constituents is given in Table 4. These

constituents contain p-bonds, nitrogen and oxygen atoms in
their molecular structures as active centres for adsorption.
aOH in the absence and presence of optimum concentration of

RL

(X cm2)

Q2

(SX�1 cm�2)

(Rct)2
(X cm2)

Cdl

(lF cm�2)

g
(%)

0.121 39.8 � 10�6 0.188 413.8 –

2.268 77.2 � 10�6 1.402 73.97 85.4

3.434 62.1 � 10�6 1.039 78.05 79.1

2.340 48.8 � 10�6 1.022 95.56 72.0



Figure 8 SEM micrographs of (a) uninhibited and (b) inhibited AA sample containing 0.6 g/L of MO (c) TA (d) MI in 1 M NaOH.

Figure 9 AFM spectra of aluminium specimens (a) uninhibited and (b) MO (c) TA (d) MI in 1 M NaOH.
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It can be suggested that aluminium combines with ambient
oxygen for the formation of an oxide layer film

2AlðmetalÞ þ 3=2 O2 ðgasÞ $ Al2O3 ðsolidÞ

The oxide film formed acts as a static barrier that isolates
the metal from the solution. However, alkaline solutions are
known to destroy its property. The aluminium dissolution
reaction in alkaline medium is due to the following reaction:

Alþ 3H2OþOH� ! 3=2 H2 þ ½Al ðOHÞ4��

The soluble complex ion formed leads to the dissolution of the
metal. Adsorption of the inhibitor at the AA surface occurs by
replacing water molecules. Basically adsorption of inhibitors



Table 4 Molecular structure of major constituents present in extracts.

Inhibitors Major constituents Molecular structure Refs.

MO 4-(alpha-l-rhamnopyranosyloxy)-benzylglucosinolate
C

S O

O
OH3C

HO OH OH

N
O S

O

O

OH

HO

OH
OH

CH2

Mishra et al. (2011)

TA Ellagic acid

O

O

O

O

HO

HO

OH

OH Harika et al. (2013)

MI Mangiferin
O

OH

HO
OH

HO

O O

OH

OH

H
OH

Chidozie and Adoga (2014)
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occurs due to the presence of heteroatoms, –OH groups and pi
bonds, which creates a protective film on it. This restricts the dif-

fusion of ions to or from the metal surface and hence retards the
overall corrosion process. The high inhibition performance by
MO bark extract is due to large size of constituent’s molecule

which coverswide areas on theAAsurface (Quraishi et al., 2010).

4. Conclusion

Among studied bark extracts, MO is found to give effective
protection for aluminium in NaOH solution. Inhibition effi-
ciency increases with increasing the concentration and

decreases slightly with an increase in temperature from 303
to 333 K. All inhibitors acted as mixed-type. Langmuir
adsorption isotherm was found to be best fit among different
isotherms. SEM and AFM analyses showed the formation of

a protective film of the inhibitor on the AA surface.
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