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ABSTRACT
The efficiency of oil extract of Balanites aegyptiaca seeds on the inhibition of mild steel corrosion
in 1 M HCl has been investigated using gravimetric and electrochemical (Potentiodynamic Polarization
(PDP) and Electrochemical Impedance Spectroscopy (EIS)) techniques. Results obtained show that
Balanites aegyptiaca (BA) oil extract inhibited the acid corrosion of mild steel. Polarization technique
showed that BA oil extract acted as mixed-type inhibitor in 1 M HCl solution. The impedance technique
reveals that charge-transfer process controls the corrosion of mild steel. The inhibiting action of BA oil
extract was attributed to their adsorption on the mild steel surface and the formation of dense protective
layer which increased by increasing their concentration. BA inhibits the corrosion of mild steel by an
adsorption mechanism, which follows Temkin adsorption isotherm. Physical adsorption mechanism has
been proposed for the inhibitory action of BA oil extract. The protective film formed on the surface was
confirmed by scanning electron microscopy (SEM).
Keywords: Mild steel, corrosion, inhibition, Temkin adsorption isotherm, Balanites aegyptiaca,

1. INTRODUCTION
The gradual deterioration of metals used in oil and gas, construction and fabrication,
electrical and electronics, ship building and other engineering industries has been a major
problem. The consequences of corrosion damage are tremendous ranging from health, safety to
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economic standpoints amongst others [1]. Many strategies have been employed in overcoming
the corrosion problem which include coatings and linings, cathodic protection, materials
selection and the use of corrosion inhibitors amongst others. The use of corrosion inhibitors is
one of most practical and cost effective methods of fighting corrosion. Inhibitors reduce the rate
of corrosion mainly by adsorption of ions/molecules onto the metal surface and blocking one
or more of the electrochemical reactions occurring at the solution/metal interface. The need to
continuously develop new corrosion inhibitors for different environment is a major challenge
for corrosion scientists, electrochemists and researchers in the field of science and technology
as inhibitors are usually effective only for a particular material in a certain environment. Owing
to strict environmental legislation, the recent and growing trend is the use of plant extracts as
corrosion inhibitor. Recently, several plant extracts have been reported to be very effective
corrosion inhibitors for the protection of mild steel in acidic media [2-9].
Balanites aegyptiaca (BA) is a widely distributed African plant of medicinal interest. It
is a small evergreen savanna tree with a dark brown stem which usually attains a height of 4.56 m [10]. Different parts of the plant were reported to have medicinal properties in many
ethnobotanical studies as anthelminthic, a purgative, leukoderma and emetic [11, 12]. However,
the most useful part of the plant is its fruits, which are edible with seeds containing high amount
of oil. The fruit commonly known as desert date, is a drupe, pubescent when green, becoming
yellowish and glabrous, after ripening [13]. It contains four layers; the outer skin called epicarp,
the fleshy pulp called mesocarp, the woody shell called endocarp and the inner seed called
kernel. All of the four layers can be utilized for different industrial and pharmaceutical products
[14]. The seed contains high amounts of oil which can be consumed in human food, converted
into biodiesel or used for medicinal purposes [15]. The most important product obtained from
the fruits is the saponins which has proven to have a wide range of industrial and pharmaceutical
applications [16]. The presence of saponins is believed to be responsible for its inhibitory
action.
The present study reports the efficiency of oil extract from B. aegyptiaca seeds on the
inhibition of mild steel corrosion in 1 M HCl solution. The techniques used include gravimetric,
Potentiodynamic Polarization (PDP) and Electrochemical Impedance Spectroscopy (EIS)
techniques as well as scanning electron microscopy (SEM) analysis.

2. EXPERIMENTAL PROCEDURES
2. 1. Materials
Mild steel sheets having weight percentage composition of C-0.05%, P-0.36%, Mn-0.6%,
Si-0.03% and the remainder Fe were used in this study. Each sheet was mechanically pressed
and cut into coupons of different dimensions depending on the technique employed. The
coupons were polished mechanically with emery papers of 1/0 to 4/0 grades and subsequently
washed with distilled water, degreased with absolute ethanol, dried using acetone, weighed
using digital balance and stored in a desiccator before use. 1 M HCl solution made from
analytical grade hydrochloric acid (37%) and distilled water was used as the corrodent.
BA fruits were obtained from Kwaya Town in Bornu State, Nigeria. Oil from seeds of
BA fruits was extracted locally using the manual method. 5 Kg of the kernel seed was soaked
for 12 h in cold water. The kernels were then de-hulled to yield the seeds, which were roasted
in an open pan and ground to paste. Warm water was poured on the seeds and the seeds were
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squeezed for hours to yield about 100 ml of oil. The oil was then heated to remove any
remaining traces of water and to maintain the quality [17]. Experiments were performed using
different concentrations of BA oil extract (50–300 ppm), prepared based on volumetric law
(V1N1 = V2N2).
2. 2. Weight loss experiment
Mild steel coupons used in weight loss method were of dimensions 2 cm × 3 cm × 0.25
cm. The coupons prepared as shown in Section 2.1 were provided with holes of uniform
diameter to facilitate suspension of the specimens in the test solution. The pre-weighed coupons
were immersed in 100 mL of 1M HCl with various concentrations of BA oil extract (0, 50, 100,
150, 200, and 300 ppm), maintained at 303, 313, and 323K in a thermostated bath for 7 hours
of exposure. All tests were carried out in an open air.
At the end of the tests, the specimens were carefully retrieved, washed with a bristle brush
under running water, dried in acetone and then reweighed in order to determine the weight loss,
which was taken to be the difference between the weight of the coupons at a given time and its
initial weight. Triplicate experiments were performed in each case and the mean values
reported, to get good reproducibility results in the measurement. From the weight loss data, the
corrosion rates (ρ) were calculated from equation (1):
(1)

where W is the average weight loss of three mild steel specimen, A is the specimen surface
area and t the immersion period in hours (7 h). With the calculated corrosion rate, the surface
coverage (θ) and percentage inhibition efficiency (%IEWL) were calculated using equations
(2) and (3), respectively [18].
(2)

(3)
where ρB and ρI are the corrosion rate in the absence and presence of BA respectively.
2. 3. Electrochemical experiments
Electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization (PDP)
experiments were carried out using an Advanced Electrochemical System workstation (PARC
Parstart-2273). The electrochemical experiments were performed using a typical threeelectrode cell of 500 ml capacity at 303 K with a platinum foil counter electrode (CE) and
saturated calomel electrode (SCE) as reference electrode. A mild steel specimen of dimension
1 cm × 2 cm, with the surface prepared as described in the section 2.1, served as the working
electrode. Before measurement, the mild steel (working electrode) was immersed in a blank
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acid solution to establish a steady state open circuit potential (OCP) for 30 min. Each
experiment performed in aerated solutions, were run in triplicate to check the reproducibility.
EIS measurements were carried out at corrosion potentials (Ecorr) using an AC signal of 5 mV
amplitude over a frequency range of 100 kHz – 0.01 Hz. PDP studies were conducted at a scan
rate of 0.333 mV/s in the potential range of ±250 mV relative to the corrosion potential.
Experiments were always repeated at least three times. The Potentiodynamic polarization
(PDP) experiments were conducted at a scan rate of 0.333 mV/s. The potential range employed
was ±250 mV versus corrosion potential. The polarization data was analyzed using the
Powersuite software [19, 38-42]. The percentage inhibition efficiency (%IEEIS) was calculated
from the electrochemical impedance spectra by equations (4).

(4)

where RctB and RctI are the charge transfer resistance values in the absence and presence of BA
respectively. The percentage inhibition efficiency (% IEPDP) was calculated from the
polarization curves by the following equation

(5)

i
b
where I corr
and I corr
are the corrosion current densities in the absence and presence of BA
respectively.

2. 4. Surface morphology
The scanning electron microscopy (SEM) model XL-30FEG was used to examine the
specimen surface after immersion in corrosive media for 24 h. The surface of the mild steel
coupons with dimension 2 cm × 2 cm × 0.25 cm was examined by making photographs of the
surface in the absence and presence of the optimum concentration of BA oil extract (300 ppm)
after immersion.

3. RESULTS AND DISCUSSION
3. 1. Weight loss measurement
3. 1. 1. Effect of inhibitor concentration
Corrosion rate of mild steel in 1 M HCl in the presence of different concentrations of BA
oil extract at temperature ranging from 303 to 323 K was measured and plotted in Figure 1a.
Compared to blank acid solution without BA oil extract, presence of BA oil extract causes a
decrease in the corrosion rate but the influence of BA is concentration and temperature
dependent. This is clearly revealed as the corrosion rate of mild steel in the presence of BA oil
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extract decreases with increase in concentration and temperature both in the absence and in the
presence of BA. This result indicate that BA oil extract could act as effective corrosion
inhibitors for mild steel in 1M HCl. The inhibition efficiency increased with increase in the
concentration of BA oil extract but decreased with increase in temperature (Figure 1b). The
highest inhibition efficiency was obtained with 300 ppm BA concentration. The observed
decrease in inhibition efficiency with increase in temperature is suggestive of physical
adsorption of BA oil extract onto the mild steel surface [4].
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Figure 1. Variation of (a) corrosion rate and (b) inhibition efficiency with inhibitor
concentration for mild steel in 1 M HCl containing BA oil extract at different
temperatures from weight loss measurements.

3. 1. 2. Effect of temperature
The effect of temperature on the corrosion behaviour of mild steel in 1 M HCl containing
different concentrations of BA oil extract was studied in the temperature range 303-323 K using
weight loss measurements at 7 h. In elucidating the effect of temperature on the corrosion
inhibition process, the activation parameters such as apparent activation energy (Ea), the
enthalpy change of activation (ΔH*) and the entropy change of activation (ΔS*) were calculated
using Arrhenius equation (Eq. 6) and Eyring’s transition-state equation (Eq. 7).

(6)

(7)
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where ρ is the corrosion rate, A is the pre-exponential factor, R is the universal gas constant, N
is Avogadro’s number and h is Planck’s constant. Arrhenius plots of log ρ versus 1/T for the
corrosion rate of mild steel is given in Figure 2a. The values of Ea were evaluated from the
slope of the plots and given in Table 1.
Table 1. Activation parameters for mild steel in 1 M HCl without and with different
concentrations of BA oil extract.
Conc. (ppm)

Ea (kJ/mol)

∆H*(kJ/mol)

∆S* (J/mol/K)

Blank

25.39

17.45

-148.23

50

28.01

24.55

-136.99

100

34.92

26.93

-131.23

150

38.33

30.40

-131.54

200

40.84

31.01

-127.88

300

43.51

30.92

-121.87
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Figure 2. Arrhenius plots (a) of log ρ and Eyring’s transition state plot (b) of log ρ/T against
1/T for mild steel in 1 M HCl in the absence and presence of different concentrations
of BA oil extract.

Plots of log (ρ /T) against 1/T (as shown in Figure 2b) gives straight lines with slops of
(ΔH*/2.303R) and intercepts log (R/Nh) + (ΔS*/2.303R) from which ΔH* and ΔS* were
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evaluated and also listed in Table 1. From Table 1, it was found that the value of Ea is higher
for inhibited solution than that for uninhibited. This higher value of Ea is obtained due to
adsorbed inhibitor molecules which create physical barrier for charge and mass transfer [20].
According to authors [21-23], such behavior is suggestive of physisorption mechanism of
adsorption. The positive values of ΔH* as seen from Table 1 gives an evidence of endothermic
nature of dissolution of mild steel, which suggests the slower dissolution of mild steel in the
presence of inhibitor [24]. Besides, the ΔH* values of inhibited solutions are higher compared
to uninhibited and infers a slower corrosion rate in the inhibited solution [25, 26]. The negative
values of ΔS* in the absence and presence of the BA oil extract implies that the activated
complex is the rate determining step and represents association rather than dissociation.
Furthermore, the values of ΔS* for inhibited acid solutions are more positive than those of
uninhibited. This observation could be caused by increase in the entropy of the solvent due to
water desorption from substrate surface in the presence of inhibitor [27].
3. 1. 3. Adsorption considerations
Adsorption isotherm models have been continually used by authors [28-30] in describing
the adsorption mechanism of corrosion inhibitors on metals surfaces. This is because,
adsorption isotherms can provide important clues to the nature of metal-inhibitor interaction.
Different adsorption isotherms were assessed and the Temkin adsorption isotherm was found
to fit well with the experimental data obtained from the investigated BA oil extract. The model
of Temkin adsorption isotherm has the degree of surface coverage (θ) relating to the inhibitor
concentration (C), according to the Equation (8) as follows [31]:
exp (-2aθ) = KadsC

(8)

where Kads is the adsorption equilibrium constant and a, is the attractive parameter. Plots of θ
obtained from weight loss measurement against ln C gave linear relationship, as presented in
Figure 3. This shows that the adsorption of BA oil extract on mild steel surface follows the
Temkin adsorption isotherm. The Kads values were calculated from the intercept of the plot
while the values of the attractive parameter (a) were calculated from the slope. The adsorption
parameters obtained from Temkin adsorption isotherms are recorded in Table 2. The Kads value
gives an indication to the force of adherence that exists between the inhibitor and the mild steel
surface. Large values of Kads suggests enhanced adsorption and therefore improved inhibition
efficiency [32]. The values of the adsorption equilibrium constant, Kads as seen in Table 2
indicate that the force of adherence of the inhibitor to the metal surface decreases with increase
in temperature. This behaviour is a common feature of physisorption mechanism. The values
of attractive parameter (a) are negative in all cases, indicating that repulsion exists in the
adsorption layer.
The equilibrium constants for adsorption, Kads are related to the free energy of adsorption,
ΔGads by Equation (9):
ΔGads = -RTln (55.5Kads)

(9)

where 55.5 is the molar concentration of water in the solution, R and T are the molar gas
constant and absolute temperature respectively. The calculated values of ΔGads are listed in
Table 2. From the values of ΔGads calculated, negative value reveals the spontaneity of the
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adsorption process and stability of the adsorbed layer on the mild steel surface. The ΔGads values
are lower than - 20 kJmol−1 which is consistent with physiosorption [33].
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Figure 3. Temkin adsorption isotherm for BA oil extract on mild steel in 1 M HCl solution at
different temperatures

Table 2. Calculated thermodynamic parameters of adsorption obtained from Temkin
adsorption isotherm.
Temperature
(K)

R2

Kads

a

∆Gads
(J/mol/K)

303

0.9968

25.07

-3.23

-18.23

313

0.9932

18.89

-3.01

-18.10

323

0.9911

12.52

-2.86

-17.57

3. 2. Electrochemical impedance spectroscopy (EIS) measurements
Data obtained from the EIS measurement were used to construct Nyquist plots for mild
steel in 1 M HCl without and with selected concentrations of BA oil extract at 303 K as
presented in Figure 4(a). Nyquist curves were modelled by equivalent circuits using ZSimpWin
3.0 software. The simple equivalent circuit used to fit the experimental results is shown in
Figure 4(b). Rs in the circuit represents the solution resistance which is the high frequency
intercept with the real axis that was found in the Nyquist plots, Rct represents the charge transfer
resistance which is the low frequency intercept with the real axis and Q represents a constant
phase element (CPE). In modeling of corrosion systems, CPE is used in place of ideal capacitors
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to account for the non-homogeneity in the system. The impedance of constant phase element
ZCPE is defined by two values, Yo and n. 𝑌𝑜 is a proportional factor while the factor n, defined
as CPE power, can serve as a measure of the surface heterogeneity [34]. When 𝑛 = 0, CPE
represents a resistance, when 𝑛 = 1, a capacitance, when 𝑛 = −1, an inductance, and when 𝑛 =
0.5, a Warburg element. In corrosion studies, the low value of n can be attributed to the
roughening of the electrode surface. The impedance ZCPE can be calculated from Equation (10):

(10)
where 𝜔 is the angular frequency in rad s-1 (𝜔 = 2πf when f is the frequency in Hz), and 𝑗2 = -1 is an imaginary number. The double layer capacitance (𝐶dl) can be calculated from Equation
(11):
𝐶dl = Yo (j𝜔”)-n

(11)

where 𝜔” is the frequency at which the imaginary part of the impedance has a maximum.
The Nyquist plots show a series of depressed semicircles with center under the real axis
[35]. It is obvious from Figure 4, that there was a gradual increase in the diameter of each of
the semicircles of the Nyquist plots on the addition of BA oil extract which signifies that
addition of BA slowed down the desolation rate of the mild steel. This was probably achieved
by the adsorption of molecules of BA oil extract onto the mild steel surface which covered the
active site of corrosion on the surface of the metal. The derived (Rs, Rct, n, Y0) and computed
(𝐶dl and % IEEIS) electrochemical parameters are shown in Table 3. The values of the charge
transfer resistance (Rct) as could be seen in Table 3, increased while the double layer
capacitance (𝐶dl) decreased with increase in BA oil extract concentration. The increase in Rct
and decreased in 𝐶dl with BA oil extract concentration, suggests increased adsorption of BA oil
extract molecules on the metal surface, leading to improved protection of the mild steel surface
[36]. The values of n are also observed to be slightly higher in the inhibited solution than
uninhibited. This probably means that, the surface roughness of the electrode reduced
significantly on addition of BA oil extract to the test solution.
Table 3. Impedance parameters for mild steel in 1 M HCl with and without selected
concentrations of BA oil extract at 303 K.
Concentration
(ppm)

Rs
(Ω cm2)

Rct
(Ω cm2)

n

Yo
(μ Ω-1s2cm-2)

Cdl
(μFcm-2)

%IEEIS
(%)

Blank

1.48

17.2

0.95

198.5

99.6

-

150

1.89

55.1

0.89

104.1

41.1

68.8

300

1.97

281.9

0.91

87.7

19.3

93.9

It is also clear from the Table 3, that inhibition efficiency (%IEEIS) increased with increase
and decrease in Rct and 𝐶dl respectively, in the presence of BA oil extract. The maximum Rct
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value of 281.9 Ω cm2 and minimum 𝐶dl value of 19.3 μFcm-2 are obtained at an optimum
concentration of 300 ppm with a maximum inhibition efficiency of 93.9%. A good agreement
is observed between the results obtained in weight loss method and electrochemical methods.

(a)

Chsq: 4.96E-03

(b)

Figure 4. (a) Nyquist plot for mild steel in 1 M HCl with and without selected concentrations
of BA oil extract at 303 K. (b) Equivalent model used to fit the impedance data for mild steel
in 1 M HCl in the absence and the presence of BA oil extract.

# of pars with
The effect of addition of selected concentrations of
BA oil std.
extract onerrors
the anodic and
rel.
cathodic polarization curves of mild steel in 1 M HCl solution was studied at 303 K. The
potentiodynamic polarization curves are shown in Figure 5. Table 4 shows values of
electrochemical corrosion kinetic parameters such as>20%:
anodic and cathodic Tafel1
slopes
(β and
/6
β ), current density (i ), corrosion potential (E ) and inhibition efficiency (% IE )
evaluated from potentiodynamic polarization curves for mild steel in 1M HCl containing
>1000%: 0 / 6
selected concentrations of inhibitor.
3. 3. Potentiodynamic polarization (PDP) measurements

a

c

corr

corr

PDP

Polarization studies revealed that both the anodic and cathodic corrosion current density
(icorr) decreased remarkably with the addition of the BA oil extract and the corrosion potential
(Ecorr) shifts to less negative values upon addition of the extract. This could be attributed to the
formation of adherent adsorbed film on the mild steel surface. Also, the βa values of the
inhibited systems are slightly higher than those of the blank acid solutions (Table 4) compared
to βc values. This implies that, although BA oil extract may be said to function as a mixed-type
inhibitor, it is predominantly anodic [37]. The inhibition efficiency (% IEPDP) for BA oil extract
increased with increase in concentration and reached a value of 92.0% at an optimum inhibitor
concentration of 300 ppm. The efficiencies obtained from PDP method is in good agreement
with those from EIS (Table 3) and weight loss (Figure 1(b)) techniques.
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Figure 5. Polarization curves of mild steel without and with selected concentrations of BA oil
extract in 1 M HCl at 303 K.

Table 4. Potentiodynamic polarization parameters for mild steel corrosion in 1 M HCl with
and without BA oil extract.
Concentration
(ppm)

Ecorr
(mV vs SCE)

icorr
(μA cm-2)

βa
(mV dec-1)

βc
(mV dec-1)

Blank

-477.8

809.2

85.2

51.8

150

-452.4

249.8

101.8

56.6

69.1

300

-433.9

65.0

118.4

59.3

92.0

IEPDP
(%)

3. 4. Scanning Electron Microscopy (SEM) Analysis
SEM analysis was performed to investigate the surface morphology of the mild steel after
immersion in 1 M HCl without and with optimum concentration of BA oil extract for 24 h at
303 K as depicted in Figure 6.
The surface of mild steel in 1 M HCl without the inhibitor was extensively damaged
(Figure 6(a)), however a thin and uniform layer is observed on the surface of the specimen
immersed in the inhibitor solution which presents the metal in a better condition having smooth
surface (Figure 6(b)) compared with that of the surface immersed in 1 M HCl alone. This is
evidence that BA oil extract can be absorbed on the mild steel surface and insulate the surface
from the acidic medium.
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(a)

(b)

Figure 6. SEM micrographs of mild steel in 1 M HCl solution at 303 K in the absence (a) and
presence (b) of 300 ppm BA oil extract.

4. CONCLUSIONS
The studied oil extract behaves as efficient corrosion inhibitor for corrosion of mild steel
in 1 M HCl and its inhibition efficiency increases with increasing the concentration but
decreases with rise in temperature. The inhibition action of BA oil extract is mainly due to its
adsorption on the mild steel surface and the adsorption process obeys Temkin adsorption
isotherm. The results obtained from weight loss measurements, potentiodynamic polarization
(PDP) and electrochemical impedance spectroscopy (EIS) are in good agreement. The result of
polarization study demonstrated that BA oil extract is a mixed-type inhibitor but predominantly
anodic. SEM micrographs showed that the inhibitor molecule formed a good protective film on
the steel surface.
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