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Abstract
The corrosion inhibition of AA2024-T3 Aluminium alloy in 3.5 % NaCl solution by using litchi chinensis seed ethanolic extract
has been evaluated by using potentiodynamic polarization curves, linear polarization resistance and electrochemical impedance
spectroscopy tests. Results have shown that the extract was a good corrosion inhibitor with an efficiency that increased with its
concentration. Corrosion and passivation current density values were decreased indicating that the extract behaves as an anodic
type of corrosion inhibitor. Inhibitor was adsorbed on to the metal surface in a combination of physical and chemical, dominated
by a physical type of adsorption following a Langmuir adsorption isotherm. Corrosion rate was decreased due to the formation
of a protective corrosion products layer which blocked further corrosion of metal by electrolyte.
Keywords: Aluminium, corrosion, sodium chloride, green inhibitor, litchi chinensis.

Resumen
La inhibición de la corrosión del aluminio AA2024-T3 en solución de 3.5% NaCl mediante el extracto etanólico de semillas
de litchi chinensis ha sido evaluado mediante curvas de polarización potenciodinámicas, resistencia a la polarización lineal y
espectroscopia por impedancia electroquímica. Los resultados mostraron que el extracto es un buen inhibidor cuya eficiencia se
incrementa con su concentración. Las densidades de corriente de corrosión y de pasivación fueron reducidas con el extracto, por
lo que el inhibidor se comporta como un inhibidor anódico. El inhibidor se adsorbe sobre la superficie del metal mediante una
combinación de adsorción física y química dominado por el de tipo física de acuerdo a una isoterma de adsorción de Langmuir. La
velocidad de corrosión disminuyó debido a la formación de una capa de productos de corrosión protectores los cuales bloquean
la corrosión del metal por el electrolito.
Palabras clave: Aluminio, corrosión, cloruro de sodio, inhibidor verde, litchi chinensis.
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1 Introduction

The combination of good mechanical properties, low
density, good thermal conductivity, low price and
excellent corrosion resistance make aluminium and its
alloys to be widely used in the cars manufacturing,
aerospace, shipping industry, food handling and
electronic devices industry (Martin et al., 2017;
Anbarasi & and Divya, 2017; He et al., 2014).For
instance, density for aluminium, carbon steel, stainless
steel, copper and titanium, which are within the most
widely used metals in the industry, are 2.7, 7.85, 8.02,
8.9 and 4.54 g/cm3 respectively; similarly, thermal
conductivity for the same metals are 205, 50, 15, 385
and 16 W/ m K. On the other side, corrosion resistance
of metals and alloys depend of the environment, but
aluminium and its alloys develop a layer of aluminium
oxide on their surface which provides them a high
corrosion resistance in many environments (Martin et
al., 2017; Anbarasi & Divya, 2017; He et al., 2014).
Due to these unique properties, AA2024-T3 aluminum
alloy is extensively used in the aerospace and ship
industry (Mohammadi et al., 2020). This alloy also
shows good corrosion resistance when exposed to the
atmosphere and many aqueous environments because
of a resistive oxide layer, Al2O3, spontaneously
formed when exposed to air or to the oxygen present
in most of aqueous environments and passivates the
alloy. However, some ions such as chlorides, present
in the sea, can disrupt this protective layer, and thus,
making necessary to protect aluminium alloy from
corrosion. One of the most popular and efficient
ways to fight corrosion of aluminium and its alloys
is the use of corrosion inhibitors. Nowadays, there
is a high need to look for applicable corrosion
inhibitors and those that are economically viable
and environmentally friendly. However, synthetic
organic corrosion inhibitors and traditional inorganic
corrosion inhibitors have restrictive environmental
regulations due to their hazardous effects (Flamini
et al., 2012). These environmental issues have
called for replacing these compounds by naturally
sourced from seeds, fruits, leaves, and flowers of
plants that can inhibit corrosion of materials in
corrosive media (Xhanari & Finsgar, 2019). Further,
they are inexpensive, harmless, readily obtainable,
and environmentally accommodative. In that sense,
natural products are widely reported as corrosion
inhibitors for aluminum and its alloys by several
authors (Solmaz et al., 2008). Natural compounds

efficiency as corrosion inhibitors depends on the
chemical composition like polyphenols, fatty acids,
anthocyanins, and protein (Pal & Das, 2020; Salinas-
Solano et al., 2020). In the last decade, many
extracts from natural products have been evaluated as
green, non-toxic, environmentally friendly corrosion
inhibitors (Popoola, 2019; Esquivel-López et al.,
2019; Rani & Basu, 2012; Njoku et al., 2016; Fouda
et al., 2009; Umoren et al., 2009; Ladha et al.,
2017; Ramírez-Arreola et al., 2020; Gerengi, 2012;
Kumpawat et al., 2012; Halambek et al., 2013; López-
Hernández et al., 2018; Gerengi & Sahin, 2012)
such as citric acid, Sansevieria trifasciata extract,
exudate gum from Raphia hookeri, illicium verum,
and so on. For instance, Kumpawat (Kumpawat et
al., 2012) evaluated stem alkaloid extract of different
varieties of Holy Basil as corrosion inhibition of
aluminium in HCl solution, whereas Halambek et al.
(2013) evaluated the ethanolic solution of Ocimum
basilicum L. oil as corrosion inhibitor for aluminium
in 0.5 M HCl using weight loss measurements,
potentiodynamic polarization, and Electrochemical
impedance spectroscopy (EIS) methods. Finally,
Gerengi studied the influence of date palm (Phoenix
dactylifera L.) fruit juice on 7075 type aluminium
alloy (AA7075) in 3.5% NaCl solution by Tafel
extrapolation and EIS (Gerengi & Sahin, 2012). It was
found that PDL fruit juice acted as a slightly cathodic
inhibitor, and inhibition efficiencies increased with the
increase of PDL fruit juice concentration.

Lychee (litchi chinensis Sonn.) is a tropical and
subtropical evergreen plant that belongs to the only
species of the genus Litchi in the Sapindaceae family
(Choi et al., 2017). The fruit is consumed as a fresh
or processed product, whereas its seeds are mainly
discarded as waste. Therefore, the seed extract can
be used as a corrosion inhibitor since it contains
compounds such as saponins, polyphenols, fatty acids,
anthocyanins, amino acids, and volatile oils (Paliga et
al., 2017; Saisavoey et al., 2018; Man et al., 2016).
Recently, ethanolic extract of lychee seeds revealed
the composition of twenty compounds a lignanoside,
four methyl jasmonates, as well as fifteen flavonoids
(Xiong et al., 2020; Dong et al., 2019). These
compounds contain active functional groups to inhibit
the metal corrosion (Liao et al., 2018). However, there
are no reports about the corrosion inhibition effects
of lychee seed extract on aluminum. Therefore, the
objective of this research work is to evaluate the use of
lychee seed extract as corrosion inhibitor for AA2024-
T3 in 3.5 wt.% NaCl. To achieve this, antioxidants
contained in lychee seeds will be extracted and added
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at different concentrations to the NaCl solution where
AA2024-T3 alloy is corroded at 25 ?C. Inhibitor effect
will be evaluated by using electrochemical techniques,
whereas corroded specimens will be analyzed with the
aid of electronic microscopy to elucidate a corrosion
mechanism.

2 Experimental procedure

2.1 Extract of Lychee seed

The lychee seeds were separated from the fruit,
washed with tap water, and dried in a hot oven at 60
° C. This temperature was used because it has been
reported that the stability temperature of polyphenols
is below 80 ° C (Volf et al., 2014). The most significant
moisture loss from lychee seeds was on the first day.
Subsequently, the seed weight was constant on the
fifth day. After this time, seeds were ground using
a blender machine to obtain a powder with a larger
surface area to extract its components. Alcohol (70%)
was used to extract the polar compounds from the seed
powder. The lychee seed powder (35 g) was placed on
a Soxhlet system with ethanol in a relationship of 1:
4 respectively. The system was refluxed during four
hours, as a reported elsewhere (Dong et al., 2019).
Then the seed powder was dried in an oven at 80 °
C. The powder weight lost was taken as the mass of
antioxidants extracted and solubilized in ethanol. The
yield of antioxidants extracted from the total mass
was 4 %. The extract was used as a solution. On
the other hand, a lychee seed extract aliquot (5 ml)
was dried in a vacuum to eliminate the ethanol. The
product was characterized by FTIR spectroscopy in
a Bruker Tensor 27 FT-IR Spectrophotometer (Pike
Miracle Single-Bounce ATR Cell).

2.2 Testing solution

As working electrolyte, a 3.5 (wt. %) NaCl solution
at 25 ºC was used, which is the solution widely used
in the literature to simulate sea water (Martin et al.,
2017; Anbarasi & Divya, 2017; He et al., 2014), and
was prepared with analytical grade reagents. These
conditions were chosen because sea water, which
contains the aggressive ion chloride, has an average
temperature of 25 ºC. Lychee extract was added in to
this solution at different concentrations.

2.3 Testing material

As testing material, AA2024-T3 aluminum alloy with
a nominal chemical composition, in wt. %, 3.8-5.0 Cu,
0.2-1.2 Mg, 0.4-1.0 Mn, 0.5-1.2 Si and Al as balance
was used. Cylindrical specimens with 6.00 mm in
diameter and 10.00 mm in length were encapsulated in
commercial polymeric resin. Specimens were ground
down to 600 grade emery paper, washed and rinsed
with acetone.

2.4 Electrochemical techniques

Different electrochemical techniques were used
including potentiodynamic polarization curves,
and electrochemical impedance spectroscopy (EIS)
measurements. For this purpose, an open to air glass
cell was used, for which a silver/silver chloride and a
3 mm diameter graphite rode were used as reference
and auxiliary electrodes respectively. Before starting
the tests, the open circuit potential value (OCP)
was monitored and allowed to reach a stable value.
Potentiodynamic polarization curves were started by
polarizing the specimens 600 mV more cathodic than
the free corrosion potential value, Ecorr , to find both
cathodic oxygen reduction and hydrogen evolution
electrochemical reactions; after this, potential was
scanned towards the anodic direction at a scan rate
of 1 mV/s ending at a potential value 600 mV more
anodic than Ecorr to find the passive region. Corrosion
current density values, Icorr were calculated by using
the Tafel extrapolation method. Inhibitor efficiency,
I.E., was calculated as follows:

I.E.(%) =
Icorr2 − Icorr1

Icorr1
× 100 (1)

where Icorr2 and Icorr1 are the corrosion current
density value in absence and presence of the inhibitor
respectively. Finally, EIS measurements, in both,
Nyquist and Bode formats, were carried out at the
Ecorr value by applying a signal ± 15 mV peak-
to-peak in the frequency interval of 0.05 to 20,000
Hz. Specimens from these 24 hours long experiments
were analysed in a low vacuum Scanning electronic
microscope (SEM) whereas micro chemical elemental
analysis was performed with an energy dispersive
analyser (EDS) attached to it.
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Fig. 1 FTIR spectrum of ethanolic lychee seed extract.
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Fig. 2 Chemical structure of a) methyl jasmonate, b)
quercetin and c) epicatechin identified in the lychee
seed extract.

3 Results and discussion

3.1 Inhibitor characterization

FTIR spectrum of the lychee seed extract is given in
Fig. 1. Dong et al. found twenty compounds in the
ethanolic extract of lychee seed, which was separated
by chromatography (HPLC) and characterized by 1H
and 13C NMR RMN spectroscopy (Dong et al., 2019).
They elucidated the molecule of each constituent and
reported four new compounds and sixteen known
compounds. The main components in the seed extract
are methyl jasmonates, a flavonoid called quercetin,
and epicatechin, with chemical structures as given in
Fig. 2. In addition to this, Paliga et al. (Paliga et
al., 2017) reported the presence of palmitic and oleic
acids, with very similar structures as those shown

 

 
 
 
 
 
 
 
 
 

0 500 1000 1500 2000 2500 3000

-0.9

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

 

 

O
C

P 
(V

)

Time (s)

0 ppm

100 ppm

200 ppm
300 ppm

400 ppm

500 ppm

Fig. 3 Variation on the OCP value for AA2024-
T3 aluminum alloy in 3.5% NaCl solution containing
lychee seed extract.

in Fig. 2. The signals are in agreement with those
reported in other studies (Popoola, 2019). Fig. 1 shows
a broad signal of the O-H stretching vibration at 3293
cm−1. The stretching vibration of C-H of the methyl
and methylene group appears at 2925 and 2851 cm−1.
The signal for the C=O stretching vibration of the ester
is at 1713 cm−1, and at 1615 cm−1 appears a strong
peak of the C=C vibration of unsaturated chains and
benzene rings. Finally, the signal observed for the C-
O stretch of the ether and ester group appears at 1235
cm−1, whereas at 1042 cm−1 an intense peak for the
C-O from the phenolic ring is observed.

3.2 Open circuit potential readings

The effect of the lychee seed extract concentration on
the variation of the OCP value with time for AA2024-
T3 aluminum alloy immersed in the 3.5 NaCl solution
is depicted in Fig. 3. This figure shows that the OCP
value shifts towards nobler values as the inhibitor
concentration increases, finding the most active value
in absence of inhibitor, due to its adsorption on
the metal surface (Rahmouni et al., 2005). For each
inhibitor concentration, during the beginning of the
test, the OCP value starts to move in to the noble
direction, this is because a film formed by the inhibitor
and meal ions released during its dissolution starts to
be built, until it reaches a steady state value due to the
complete formation of a protective corrosion products
film. However, regardless the inhibitor concentration,
some oscillations in the OCP value once the steady
state value has been reached due to the rupture and
reformation of the corrosion products film formed
by the inhibitor and the released metal ions during
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Fig. 4 Polarization curves for AA2024-T3 aluminum
alloy immersed in 0.5 M NaCl in presence and absence
of lychee seed extract at room temperature.

the metal dissolution process, indicating the film
instability.

3.3 Potentiodynamic polarization curves

Polarization curves for AA2024-T3 aluminum alloy
immersed in the 3.5 NaCl solution containing different
concentrations of the lychee seed extract is shown
in Fig. 4, where it can be seen that data display an
active-passive behavior with a well-defined passive
zone. In absence of inhibitor, this passive zone is due
to the establishment of an Al2O3 layer on the alloy
(Mohammadi et al., 2020; Flamini et al., 2012). In
the open-to-air NaCl solution, the expected anodic
reaction of Aluminum alloy is its dissolution:

Al→ Al3+ + 3e− (2)

whereas the main cathodic reaction is oxygen
reduction:

1
2

O2 + 2H2O + 3e−→ 3OH −+
1
2

H2 (3)

with the formation of Al(OH)3 according to:

Al3+ + 3OH−→ Al(OH)3 (4)

which rapidly is transformed in to Al2O3 according to:

Al(OH)3→ Al2O3 · 3H2O (5)

and this Al2O3·3H2O is the responsible for the alloy
passivation as long as there is oxygen present in the
aqueous system.

Electrochemical parameters obtained from these
curves are listed in table 1. This table shows that the

Ecorr value has an erratic behavior as the inhibitor
is added, however, the corrosion current density
value, Icorr, decreased as the inhibitor concentration
increases, for nearly one order of magnitude, reaching
its lowest value when 500 ppm of inhibitor were
added. This decrease in the Icorr value with an increase
in the inhibitor concentration is due to the adsorption
of the lychee seed extract on the metal surface (Ngobiri
et al., 2015; El Hamdani et al., 2015; Rajeswari et
al., 2014; Ahamad et al., 2010; Verna et al., 2018).
Inhibitor efficiency, I.E., behaved in the same fashion
as the Icorr value did, increasing with the inhibitor
concentration, reaching its highest value when 500
ppm of inhibitor were added in to the solution. In
addition to this, the passive current density value, Ipas,
decreased as the inhibitor concentration increased in
the same way as the Icorr did. The pitting potential
value, Epit, practically remained unaffected by the
inhibitor concentration, except at 400 ppm where it
reached a slightly nobler value than that obtained in
absence of inhibitor. Similar results were obtained by
Singh (Singh et al., 2014) who evaluated a cationic
Coptis chinensis root extract for 7075 aluminum alloy
in 3.5 NaCl solution. In absence of inhibitor, the
Icorr value they reported was 64 µA/cm2, whereas
for our alloy was 45.1?µA/cm2; with the addition of
500 ppm of inhibitor, they obtained an Icorr value
of 13 µA/cm2, and an inhibitor efficiency of 79%,
whereas in this research a value of 2.19 µA/cm2

and an inhibitor efficiency of 95% were found. The
main difference with 7075 aluminum alloy is the Zinc
content, 5.9%, which is absent in the alloy used in
this work. Similarly, Solmaz et al. (2008) evaluated
citric acid as corrosion inhibitor for pure Al in 2.M
NaCl, obtaining the highest efficiency, 87%, in a
concentration of 1.0× 10−5 M. On the other hand, the
metal surface area covered by the inhibitor, ?, which
is obtained by dividing the inhibitor efficiency value
by 100, increased with the inhibitor concentration,
which is evidence that the decrease in the corrosion
current density is by the inhibitor adsorption on to
the metal surface and to an increase in the area
of the metal covered by it (Ahamad et al., 2010).
Cathodic Tafel slope remained virtually the same
as the inhibitor concentration increased, indicating
that cathodic reactions such as oxygen reduction and
hydrogen evolution were not affected, but we have
seen a strong effect on the anodic side, and therefore
we can say that lychee seed extract behaves basically
as an anodic type of inhibitor.
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Table 1 Electrochemical parameters obtained from polarization curves for AA2024-T3 aluminum alloy in 3.5%
NaCl solution containing lychee seed extract.

Cinh (ppm) Ecorr (mV) Icorr (mA/cm2) Epit (mV) Ipas (mA/cm2) βc (mV/dec) I.E. (%) θ

0 -1120 4.51 ×10−2 -611 4.8 ×10−2 150 — —
100 -1170 2.92 ×10−2 -588 3.2 ×10−2 160 35 0.35
200 -1100 2.1 ×10−2 -595 2.4 ×10−2 140 53 0.53
300 -1130 8.4 ×10−3 -604 8.7 ×10−3 150 81 0.81
400 -1060 4.42 ×10−3 -662 4.8 ×10−3 145 90 0.90
500 -1100 2.19 ×10−3 -598 2.4 ×10−3 145 95 0.95
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Fig. 5 Langmiur adsorption isotherm for AA2024-T3
aluminum alloy immersed in 0.5 M NaCl in presence
and absence of lychee seed extract.

3.4 Adsorption isotherms

In order to elucidate more information the way that the
lychee seed extract is adsorbed on to metal surface, it
is necessary to use different adsorption isotherms such
as Langmuir, Temkin and Frumkin ones. According
to Fig. 5, results were fitted to the Langmuir type of
adsorption isotherm (Ahamad et al., 2010) which is
given by:

Cinh

θ
=

1
Kads

+ Cinh (6)

were the inhibitor concentration is represented by Cinh,
Kads is the adsorption constant = 3.12× 10−2 L/mg.

Standard adsorption free energy, ∆G0
ads and

the adsorption constant, Kads, are related through
following expression:

∆G0
ads = −RT ln(106Kads) (7)

where R is the universal gas constant, T is the absolute
temperature.
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Fig. 6 Effect of lychee seed extract concentration in
the a) Nyquist and b) Bode diagrams for AA2024-T3
aluminum alloy in 3.5% NaCl solution.

From data plotted in Fig. 6, a value obtained
for ∆G0

ads is -28.34 kJ mol−1, which, according to
literature (Ahamad et al., 2010) if this value is lower
than -20 kJ mol−1 there exists physical adsorption,
whereas if this value is lower than -40 kJ mol−1 exists
chemical adsorption; thus, a value of -28.34 kJ mol−1

is consistent with a mixture of a physical and chemical
type of adsorption dominated by a physical, weak type
of adsorption.
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3.5 Electrochemical impedance spectroscopy
measurements

EIS data in both Nyquist and Bode formats for
AA2024-T3 aluminum alloy immersed in the 3.5
NaCl solution containing different concentrations of
the lychee seed extract is shown in Fig. 6. In
absence of inhibitor, Nyquist data describe a single
depressed, capacitive loop at high and intermediate
frequencies with its center at the real axis, followed
for what looks like an unfinished second semicircle
at lower frequency values, Fig. 6 a. Bode diagrams
in the impedance-frequency format, Fig. 6 b, shows
2 different slopes in this case, which confirms the
existence of two different time constants. Thus,
it can be said that the high frequency semicircle
is related to the electrochemical reactions taking
place at the metal/corrosion products layer, due
to the presence of an Al2O3 layer of corrosion
products, whereas the low frequency loop represents
the electrochemical reactions taking place at the
metal/double electrochemical layer (Mohammadi et
al., 2020; Flamini et al., 2012; Xhanari & Finsgar,
M., 2019; Solmaz et al., 2008; Pal & Das, 2020). In
presence of the lychee seed extract, Nyquist diagrams
describe one depressed capacitive semicircle at high
and intermediate frequency values followed by a
second capacitive semicircle at lower frequencies.
The diameters of both semicircles increased with the
inhibitor concentration. As established above, the high
frequency semicircle represents the electrochemical
reactions taking place at the metal/corrosion products
layer, whereas the low frequency loop represents
the electrochemical reactions taking place at the
metal/double electrochemical layer, and the corrosion
products layer is due to the reaction between the
inhibitor and freshly generated Al3+ ions. On the
other hand, Bode diagrams in the phase angle-
frequency format, Fig. 8 b, show a single peak in
absence of inhibitor, but this peak is broadened as the
inhibitor concentration increases and two overlapped
peaks appeared at higher frequency values due to the
presence of the protective layer formed between the
inhibitor and released metal ions. The phase angle
also increased as the inhibitor concentration increased,
having a value of -62 degrees in absence of inhibitor
down to -75 degrees when 500 ppm of inhibitor were
added, which might be due to a decreases in the metal
dissolution rate due to the addition of inhibitor.

It is frequent the use of electric circuits like the one
shown in Fig. 7 to simulate the EIS response of a metal
being corroded in presence or absence of an inhibitor.

 

Fig. 7 Electric circuit used to simulate EIS data of
AA2024-T3 aluminum alloy in 3.5% NaCl solution in
presence of lychee seed extract.

In this figure, the electrolyte or solution
resistance is represented by Rs, whereas the double
electrochemical layer parameters such as charge
transfer resistance and its capacitance are represented
by Rct and Cdl respectively; finally, the corrosion
products layer parameters such as resistance and
capacitance are represented by R f and C f ; however,
since the observed semicircles in the Nyquist diagrams
are depressed due to surface heterogeneities due to
its dissolution, ideal capacitances Cd and C f are
replaced by a constant phase elements, CPEdl and
CPE f respectively. The impedance of a constant phase
elements, Z, is given by:

ZCPE =
1

Y( jw)n (8)

where Y is the admittance, and n is related to the
surface roughness and to the angle rotation of a pure
capacitance. Obtained parameters used to simulate
EIS data by using circuit shown in Fig. 10 are
given in table 2. It can be seen that both charge
transfer and film layer resistance values increased
whereas the double electrochemical layer and film
layer capacitance values decreased with increasing the
lychee seed extract concentration. Singh (Singh et al.
2014) who evaluated a cationic Coptis chinensis root
extract for 7075 aluminum alloy in 3.5 NaCl solution,
reported Rct values of 4065 and 22072 ohm cm2 at
0 and 500 ppm of inhibitor respectively (Solmaz et
al. 2008), using citric acid as corrosion inhibitor for
pure Al in 2.M NaCl reported value of 300 ohm cm2

in absence of inhibitor and a maximum value of 2184
ohm cm2, whereas in this work values of 6860 and
84854 ohm cm2 at the same inhibitor concentrations
are reported, which is very encouraging. Inhibitor
efficiency, calculated as:

I.E.(%) =
Rct(inh) −Rct(blank)

Rct(inh)
× 100 (9)
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Table 2 Parameters used to fit EIS data for for AA2024-T3 aluminum alloy in 3.5% NaCl solution containing
lychee seed extract.

Cinh (ppm) Rs (ohm cm2) Cdl (F cm2) nct Rct (ohm cm2) C f (F cm2) n f R f (ohm cm2) I.E. (%)

0 3.5 1.7 ×10−5 0.79 6860 2.29 ×10−5 0.52 14250
100 3.2 4.1 ×10−6 0.83 7025 4.38 ×10−5 0.57 26844 5
200 3.3 2.41 ×10−6 0.85 7995 1.18 ×10−6 0.61 128587 15
300 3.4 1.08 ×10−6 0.87 20875 1.12 ×10−6 0.65 183586 67
400 3.5 7.8 ×10−7 0.89 80265 3.16 ×10−6 0.69 206858 91
500 3.6 3.3 ×10−7 0.91 84854 1.12 ×10−6 0.71 225863 93

where Rct(blank) and Rct(inh) are the charge transfer
resistance values in the uninhibited and inhibited
solution respectively, also increased with the inhibitor
concentration. The increase in the Rct value as
the inhibitor concentration increased is due to its
adsorption on the metal surface, whereas the decrease
in the double layer capacitance, Cdl, is due to the
organic inhibitor adsorption on to the metal surface
and to the displacement of water molecules from the
surface according to following:

Inhsol + nH2Oads→ Inhads + nH2Osol (10)

were Inhsol is the inhibitor into the solution, Inhads is
the adsorbed inhibitor on to the metal surface which
have replaced n molecules of water adsorbed from the
metal in to the solution; an alternative way to calculate
double layer capacitance, Cdl, is as follows:

Cdl =
εε0A
δ

(11)

where?δ is the double layer thickness, ε is the double
layer dielectric constant, ε0 the vacuum electrical
permittivity, and A the surface area. Thus, the
adsorption of the inhibitor which has a lower dielectric
constant value is the cause of the decrease in the
capacitance value. On the other hand, the increase in
the film layer resistance, R f , is due to the increase
in thickness of this film due to the reaction of the
inhibitor with the released metallic ions during the
alloy dissolution to form a compound which increases
in thickness as more metal ions are released. Finally,
values for parameter n gives a measure of the surface
roughness due to the metal dissolution, taking values
close to 1 when a low dissolution rate is taking
place on the metal surface leading to a low surface
roughness; on the other hand, values close to 0.5 are
due to a high dissolution metal rate leading to a high
surface roughness. Thus, nct values increased from
0.79 in absence of inhibitor due to a high dissolution
rate to a value of 0.91 at the highest inhibitor
concentration where the lowest metal dissolution rate

was obtained and a lowest surface inhomogeneities
due to the inhibitor adsorption as explained above.

3.6 Surface morphology analysis

It has been established above that the reduction in
the dissolution rate of AA2024-T3 aluminum alloy
immersed in the 3.5 NaCl solution is due to the
adsorption of the lychee seed extract on to its surface
to form a layer of protective corrosion products.
In order to determine this, corroded specimens in
absence and presence of inhibitor were analyzed in
the scanning electronic microscope (SEM) and the
micrographs are presented in Fig. 8. In absence of
inhibitor or in concentrations lower than 200 ppm,
Figs. 8 a, b and c, the metal surface is not fully
covered by the corrosion products layer and some
forms of localized type of corrosion such as pits were
present. At a concentration of 300 ppm, Fig. 8 d, a
layer of corrosion products covers almost completely
the metal surface, however, such a layer presents a
high number of cracks which serve as pathways for
the corrosive environment penetrate though them and
attack the underlying metal. Some pits were observed
also. As the inhibitor concentration increased, Figs.
8 e and f) the layer of corrosion products covers a
much higher surface metal area, the number of cracks
decreases dramatically at 400 ppm, whereas at 500
ppm, a smooth, almost defects free film which protects
the metal was observed.

3.7 Corrosion mechanism

To better explain the corrosion inhibition process
and mechanism of the antioxidant constituents in the
lychee seed extract on the steel surface, a schematic
diagram of their adsorption is shown in Fig. 9. The
compounds have a strong electron-donating and
chelating capacity with metals, giving the extract
ability to inhibit metal corrosion. This chemisorption
is preferable by an electronic interaction between
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Fig. 8 SEM micrographs of AA2024-T3 aluminum alloy corroded in 3.5% NaCl solution containing a) 0, b) 100, c)
200, d) 300, e) 400 and e) 500 ppm of lychee seed extract.

 AA2024-T3 

Fig. 9 Chemisorption of the antioxidant constituents in the lychee seed extract.
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the unshared pairs electrons (pink) from heteroatoms
(red) and the π orbitals bond (dotted line) from
the molecules and the benzene rings with the d
orbitals on the metallic surface until the formation
of a very rigid barrier of molecules. As it was
mentioned above in Fig. 2, the lychee see extract
contains in its structure compound such as Methyl
Jasmonate, Quercitin and Epicatchin, all of them
contain aromatic rings linked with Carbon ring
containing mainly hydroxyl groups and oxygen. The
oxygen and OH− groups are chemically adsorbed over
the metal surface through adsorption due to a donor-
acceptor interaction between them and the metallic
surface. The free positions in the π orbital in Al, Mg
and Cu, allows the donation of electrons to the Oxygen
and Hydrogen molecules allowing the formation of
a barrier that blocks the exchange electrons between
the anodic and cathodic sites forming a protective
passive layer composed mainly of Al2O3, Al(OH)3
and AlO(OH) [34]. Typically, the AA2024-T3 shows
two-time constants with in presence of inhibitor where
the formed at low frequencies is attributed to the
absorption of the inhibitor over the metal surface
that blocks the cathodic sites which contain copper
and magnesium particles, reducing the molecular
interaction with the metal surface.

Conclusions

A study on the use of the ethanolic extract of
lychee seeds as corrosion inhibitor for AA2024-T3
aluminum alloy in 3.5% NaCl solution has been
performed. Lychee seed extract resulted a good
corrosion inhibitor with an efficiency which increased
with its concentration. Highest inhibitor efficiency
value, higher than 90%, was reached with the addition
of 500 ppm. Polarization curves showed that this
extract behaves basically as an anodic type of inhibitor
Corrosion current density value was decreased for
more than on order of magnitude, since it was
decreased from 4.51×10−2 in the uninhibited solution,
down to 2.19 × 10−3 mA/cm2. In addition to this,
passive film properties were improved since the
passive current density value was decreased from
4.8 × 10−2 to 2.4 × 10−3 mA/cm2 and its resistance
increased from 8.4 × 104 to 2.2 × 105 ohm cm2. The
pitting potential value remained practically unaltered
by the addition of the inhibitor, fluctuating around a
value of -600 mV. Extract was adsorbed on to the
metal surface following a Langmuir type of adsorption

isotherm with a Gibbs free energy value of -28.34
kJ mol−1 in a weak physical type of adsorption.
Morphological analysis of corroded surfaces indicated
the formation of protective corrosion products on to
the metal surface protecting it from the corrosive
attack. In absence of inhibitor or lower concentrations
than 300 ppm, the film formed by the inhibitor does
not cover completely the metal surface or it presents
numerous defects such as porous and micro cracks. At
inhibitor concentrations of 400 and 500 ppm, the film-
formed inhibitor is much more compact with a lower
number of porous or micro cracks. A mechanism is
given for which the lychee seeds extract compounds
interact with metal to protect it from corrosion.
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