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Abstract: Corrosion inhibitive and adsorption capabilities of Tribulus terrestris plant extract on
aluminum in 1.0 N HCI solution was evaluated by mass loss and electrochemical methods. The
inhibition efficiency increased with increasing extract concentration, whereas it decreased with
increasing immersion time. The adsorption of the extract on the metal surface was physisorption,
supported by AGags values( around -20 kJ mol™) and obeyed by Langmuir, Temkin and Freundlich
adsorption isotherms. Electrochemical studies revealed mechanistic aspects of corrosion inhibition like
Potentiodynamic polarization measurements indicated the nature of inhibitor is a mixed type and
impedance studies supported the formation of a protective layer of inhibitor on a metal surface. SEM
micrograms were also applied to study surface morphology. These images confirmed the creation of a
protective film over the metal surface.
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1. Introduction

Aluminum metal is soft, durable, lightweight, low density 2.73 g/cm® and malleable
[1]. It is non-magnetic, non-toxic and non-sparking, silvery-white metal. Aluminum has good
thermal and electrical conductivity and is capable of being a superconductor at a critical
temperature of 1.2K and a magnetic field of about 100 gausses. Aluminum is the most abundant
metal in the Earth's crust (8.3% by mass) and the third most common chemical element on our
planet (after oxygen and silicon) [2]. It is the most commonly used nonferrous metal for
fabrication purposes. Aluminum has several advantages over iron, such as abundance,
lightweight, durability and resistance to corrosion.

Corrosion of metal is a major industrial problem and to control it, different methods
reported in the literature are not only expensive but also toxic. The use of corrosion inhibitors
is one of the best-known and most useful methods to protect materials from corrosion in the
industry. Unfortunately, many of the inhibitors used are inorganic salts or organic compounds
with limited solubility and toxic properties. Due to great awareness of health and environmental
risks, our attention was redirected to find more suitable inhibitors which are non-toxic and eco-
friendly. Therefore, a great need to investigate a non-toxic replacement as a green corrosion
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inhibitor compatible with current industrial technologies and the environment with their
availability and relatively economical natural substances.

Organic compounds containing heterocyclic atoms of higher basicity and higher
electron density, in addition to polar groups and m-electrons, have proven to be quite efficient
in minimizing the influence of corrosion [3,4].

These inhibitors generally have heteroatoms O, N, S and P, which are the active centers
for the adsorption process on the metal surface [5]. The inhibition efficiency for all these
heteroatoms should follow the sequence O <N < S <P. The lone pair of electron and n electrons
of the inhibitor molecule accelerates electron transfer from inhibitor to metal. In general,
organic compounds such as acetylenic alcohol, amines, thiols, tannins, flavonoids, steroids,
saponins, and other nitrogen-containing heterocyclic compounds have been used as inhibitor.

Many investigations have been done to work out on the use of natural plant extracts as
corrosion inhibitors for Aluminium in HCI medium such as Azadirachia Indica (AZI) [6],
Lawsonia inermis [7], Andrographis panniculata [8] Areca flower extract [9] Cyamopsis
tetragonolobus (Guar gum) [10] Newbouldia laevis leaves [11] extracts of Borassus flabellifer
dust [12].

In the present study, plant Tribulus terrestris has been selected to investigate its
anticorrosion behavior for aluminum in an acidic medium (HCI). This plant possesses various
pharmacological properties and has been traditionally used in folk medicines. The alcoholic
extract of various aerial parts (Fruit, Leaf and Stem) of this plant has been used in different
concentrations as corrosion inhibitors.

The genus Tribulus of the Zygophyllaceae family comprises 25 genera and about 250
species in the world [13], of which 3 species, viz Tribulus terrestris, Tribulus alatus and
Tribulus cistoides, are commonly found in India. Among them, Tribulus terrestris is mainly
used by modern herbalists as well as by Ayurvedic seers as a medicinal herb [14]. The previous
phytochemical study of Tribulus terrestris [15] has reported the presence of saponins,
glycosides, flavonoids, tannins and alkaloids. It was also found that the methanolic extract of
this plant has more phytochemical compounds than aqueous extract[16].

The use of the Tribulus terrestris has been reported to inhibit the corrosion of mild steel
in H2S04 solutions [17] in phosphoric acid [18] and aluminum in Basic Media [19].

2. Materials and Methods

2.1. Test coupons and solutions.

The clean abraded, washed and dried rectangular aluminum coupons of Gauge 25
(0.045cm), density 2.70 (gm/cm?) with dimension 2.5cm x 3.0cm x 0.045¢m containing a small
hole of about 3mm diameter near the upper edge were used for the experiment.

The solution of 1.0N HCI was prepared by dilution of analytical reagent grade HCI with
bi-distilled water. The extracts were prepared by drying the fruit, leaf and stem part of the
plants in air, then finely powdered and extracted by boiling with 80% methanol in the Soxhlet
apparatus. The concentration range of various extracts of a plant used was 0.12%- 0.60%.

2.2. Mass loss measurements.

The coupons of aluminum were immersed in 50 ml of 1.0N HCI solutions for
predefined time with and without plant extract at 303+1 K temperature. All coupons were
washed with double distilled water, dried, weighed and mass loss of coupons was measured for
https://biointerfaceresearch.com/ 2604
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a workout of the influence of various parameters, such as concentration of inhibitor and time.
The mass of coupons was measured using a weighing machine of precision of £0.1 mg. The
Inhibition Efficiency (IE%), degree of surface coverage (0) and corrosion rate were calculated
[20] by Equation (1).

IE% = (1 aM 100 1
6= (- ) (1

Where, AMo is mass loss of metal without inhibited acid and AM is mass loss of metal with
inhibited acid.
The Corrosion Rate (CR) can be obtained [21] by Equation (2).

CR = 8.76x10*xAM 5
~ AxTxD )

where, CR is in millimeter per year (mmpy), mass loss is in gram, the area is expressed in cm?,
time in hours and density is expressed in gram/cm?.

2.3. Electrochemical measurements.

The electrochemical studies were made using a Gamry Potentiostat/Galvanostat (Model
Reference 600) with EIS software Gamry Instruments Inc., USA. The cell body consists of 250
mL flat-bottom five-necked glass flask with three-electrode cell assemblies (Euro cellTM)
connected to a computer-controlled potentiostat. The cell assembly consists of following
electrodes (i) working electrode - aluminium coupon of 15 cm? (i) Auxiliary/ Counter electrode
- graphite electrode and (iii) Reference electrode - Standard Calomel Electrode (SCE).

All the measurements for Potentiodynamic polarization studies were done by changing
the electrode potential automatically from -0.10 to 0.10 V vs. reference electrode to determine
the corrosion current (lcorr). The impedance measurement was carried out at open circuit
potential under unstirred conditions and a stabilization period of 30 min for the frequency range
from 100 kHz to 100 mHz.

19, — I
IE% = <°°IO—C°> 100 ..(3)

corr
where, 19, and I, are the corrosion current in absence and in presence of inhibitor,
respectively.

For electrochemical impedance studies, electrochemical parameters such as charge
transfer resistance (Rct) and double layer capacitance were determined from impedance data.
The inhibition efficiency is calculated from the Rct value by using [22]:

R._R?
IE% = <%> 100 . (4)

ct
where, R%: and R are the charge transfer resistance in the absence and in the presence of
inhibitor, respectively.

https://biointerfaceresearch.com/ 2605


https://doi.org/10.33263/BRIAC122.26032617
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC122.26032617

3. Results and Discussion
3.1. Mass loss measurements.

The gravimetric parameters and their calculation for corrosion rate, surface coverage
and inhibition efficiency are obtained from the mass loss method for the following two
parameters at 303+1K.

3.1.1. Inhibitor concentration.

Here it is studied the corrosion inhibitive properties of various extracts of plant Tribulus
terrestris as organic and natural inhibitor for corrosion inhibition of aluminium in acidic
medium. The effect of the inhibitor on the corrosion behavior of aluminum in hydrochloric
acid is represented in Table 1. It is observed that the corrosion rate of Al in HCI containing
inhibitor decreases with the increase of inhibitor concentration and inhibition efficiency
increases with an increase in inhibitor concentration for plant extract from 0.12% to 0.60%.
The results revealed that the increase in inhibition efficiency may be because the inhibition
action takes place via adsorption of organic molecules present in the inhibitor onto the
aluminium surface [23].

It is presumed that the corrosion reactions are nullified from the active sites of a metal
surface by covering its adsorbed inhibitor species, whereas the corrosion reactions usually take
place on the inhibitor-free area. Therefore, the inhibition efficiency is directly proportional to
the fraction of the surface covered with adsorbed substances [24].

Table 1. Gravimetric parameters of aluminium in 1.0N HCI with various concentrations of inhibitor at 303+1 K.
The effective area of specimen — 15.0; Immersion Time — 30 minutes.

Concentration Corrosion Inhibition
of inhibitor Mass loss, AM Rate, CR Surface Efficiency, IE
WiV (%) (mg) (mmpy) coverage, 0 (%)
Blank 453.7 1962.7
Fruit extract
0.12 218.2 943.9 0.5191 51.91
0.24 151.5 655.4 0.6661 66.61
0.36 109.2 472.4 0.7593 75.93
0.48 82.8 358.2 0.8175 81.75
0.60 65.5 283.3 0.8556 85.56
Leaf extract
0.12 222.6 963.0 0.5094 50.94
0.24 171.4 741.5 0.6222 62.22
0.36 133.7 578.4 0.7053 70.53
0.48 100.5 434.8 0.7785 77.85
0.60 79.3 343.0 0.8252 82.52
Stem extract
0.12 234.1 1012.7 0.4840 48.40
0.24 178.5 772.2 0.6066 60.66
0.36 148.8 643.7 0.672 67.20
0.48 124.2 537.3 0.7263 72.63
0.60 89.9 388.9 0.8019 80.19

3.1.2. Immersion time.

The obtained data of inhibition efficiency and corrosion rate for aluminum coupons at
different time periods explains the effectiveness of inhibitor action of different parts of plant
Tribulus terrestris throughout immersion time. Based on corrosion rate data in the blank, it is
concluded that aluminum is corroded vigorously in hydrochloric acid medium. The values for
corrosion rate obtained in the presence of inhibitor are much less than that of blank for all the
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immersion time indicates film's existence on the corroding surface. It is observed in Table 2
that IE decreases with increasing immersion time. Because as the period of immersion
increases, the protective film of inhibitor molecules formed on the metal surface, the aggressive
acid medium and IE decreases [25].

Table 2. Gravimetric parameters of aluminium in 1.0N HCI with various time intervals at 303+1 K. Effective
area of specimen — 15.0 cm?,

o i‘;ﬁ?tfi'mr Corroz'r‘]’ggﬁte* CR Inhibition Efficiency, IE (%)
wiv (%) 10 Min. 20 Min. 30 Min. 10 Min. 20 Min. 30 Min.
Blank 2066.1 1997.3 1962.7
Fruit Extract
0.12 934.4 937.0 943.9 54.77 53.09 51.91
0.24 661.9 654.1 655.4 67.96 67.25 66.61
0.36 433.5 447.7 472.4 79.02 77.58 75.93
0.48 341.3 351.0 358.2 83.48 82.42 81.75
0.60 275.1 281.0 283.3 86.68 85.93 85.56
Leaf Extract
0.12 963.0 949.3 963.0 53.39 52.47 50.94
0.24 699.5 739.1 7415 66.14 63.00 62.22
0.36 516.5 549.6 578.4 75.00 72.48 70.53
0.48 414.0 427.6 434.8 79.96 78.59 77.85
0.60 303.7 338.7 343.0 85.3 83.04 82.52
Stem Extract
0.12 992.8 998.6 1012.7 51.95 50.00 48.40
0.24 772.2 774.8 772.2 62.63 61.21 60.66
0.36 569.7 609.3 643.7 72.42 69.49 67.20
0.48 467.2 530.1 537.3 77.39 73.46 72.63
0.60 350.4 384.1 388.9 83.04 80.77 80.19
—~ 90 4
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E‘\ g0 4
5’ ]‘5 __
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Figure 1. Effect of inhibitor concentration and immersion time on inhibition efficiency for fruit extract.

3.1.3. Applicability of adsorption isotherms.

To determine the mechanism of corrosion adsorption, different adsorption isotherm
graphs were plotted. The gravimetric results have shown that the inhibition process occurs
through an adsorption mechanism, where inhibitors form a thin protective film on the metal
surface, which protects it from aggressive media. The efficiency of adsorbate (inhibitor
molecule) directly depends on the surface covered () by adsorbed molecule. The surface
coverage of the inhibitor is calculated using the following equation in the mass loss method.

https://biointerfaceresearch.com/ 2607


https://doi.org/10.33263/BRIAC122.26032617
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC122.26032617

All the adsorption isotherms describe the relationship between surface coverage and
extract concentration.

3.1.3.1. Langmuir adsorption isotherm.

The Langmuir adsorption isotherm equation is shown as:

]
log (ﬁ) = logC + logK,qs ..(5)

where, C is a concentration of inhibitor, 6 is a fraction of surface coverage area, Kads is
adsorption equilibrium constant.

When a graph is plotted between log(6/1-0) and logC, a straight line (R2> 0.9) is
obtained as shown in figure 2 with gradient (slope) equal to one and intercept equal to log Kads.
The values of all linear correlation coefficients (R) are almost near to 1, indicates the adsorption
of plant extract on aluminum surface obeys Langmuir adsorption isotherm. Langmuir isotherm
indicates monolayer adsorption of inhibitor molecule, or we can say inhibitor molecule
occupies one active site on a metal surface. However, the gradient is practically not unity
because there is an assumption in Langmuir isotherm that there is no interaction between
adsorbed molecules and between adsorbate and adsorbent molecules. This condition is not
practically possible; therefore, the gradient is not unity [26]. Langmuir adsorption isotherm
indicated that the organic components present in the plant extracts having polar atom or groups
are adsorbed on the metal surface may interact by mutual repulsion or attraction [27, 28].

The reciprocal intercept values of Langmuir plots are equal to the adsorption
equilibrium constant (Kags) represents the degree of adsorption. The Kads values are used to
calculate free the energy of adsorption ( AGY4).

3.1.3.2. Temkin adsorption isotherm.

The Temkin adsorption isotherm equation shown as

623 = Kags C ...(6)
—2.303 logKad —-2.3031log C
0 = 0% + = . (7)
2a 2a

where, C is a concentration of inhibitor, 0 is a fraction of surface coverage area, Kads is
adsorption equilibrium constant.

When the graph is plotted between 0 and log C, a straight line is obtained (figure 2), the
plot supports the proclamation that the mechanism of corrosion inhibition is due to the
formation of a protective film on the metal surface. The fit of the experimental data to these
isotherms provides evidence for the role of adsorption in the observed inhibitive effect of
Tribulus terristris. From Temkin data observed that the corrosion inhibition by inhibitor
compounds is a result of their adsorption on the metal surface [29] The attractive parameter
(@) 's negative values (a) indicate that repulsion exists in the adsorption layer [30].

3.1.3.3. Freundlich isotherm.

The Freundlich isotherm is given by the equation shown as

https://biointerfaceresearch.com/ 2608
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log 6 = log Kass +- log C ...(8)

where n is the interaction parameter.

The plot of log 6 vs. log C shown in figure 2 is linear and the linearity proves that the
adsorption of inhibitor on aluminum surface follows Freundlich isotherm. The slope is the
value of 1/n and the intercept is equal to log Kags. From the graph, the values of Kads and n are
calculated. Value of n is a measure of adsorption intensity or surface heterogeneity. If n =0,
there is more surface heterogeneity, n < 1 implies chemisorption whereas n > 1 indicates
cooperative adsorption [31].

The adsorption studies clearly revealed that the experimental data fitted the Langmuir,
Freundlich and Temkin adsorption isotherm with a correlation coefficient greater than 0.90.
The adsorption equilibrium constant (Kads) value in (g/L) is highest for fruit extract and lowest
for stem extract in all adsorption isotherm, which indicates that fruit extract is the most effective
inhibitor followed by leaf and stem extract aluminum surface. The value of AGQ,, is calculated
with the help of the following equation:

AGY4s = —RTIn(55.5K,45) - (9)

ads

where, AGY, is a change in Gibbs free energy, Kads is adsorption equilibrium constant, R is
universal gas constant (8.314 J K'* mol™), T is absolute temp and 55.5 is a concentration of
water (mol/litre).

The negative values of AGQ, reveals that adsorption of inhibitor molecules on mild
steel surfaces is a spontaneous process [32]. The value of AG24, around — 20 kJ/mol or lower
supports the electrostatic interaction (physisorption) between the adsorbent and adsorbate [33].
From the values of affinity constants in Freundlich isotherm and adsorption capacity in all three
isotherms, it was found that the fruit extract was most effective for adsorbing, followed by the
leaf and stem, respectively.

Table 3. Adsorption parameters on aluminium corrosion inhibition by Tribulus terrestris plant extract obtained
from Langmuir, Temkin and Freundlich adsorption isotherms.

Extract R? Intercept Slope a n K AGads

Langmuir

Fruit 0.9864 1.038 1.065 - 10.93 -16.14

Leaf 0.9771 0.935 0.983 - 8.60 -15.54

Stem 0.9656 0.846 0.921 - 7.01 -15.02
Temkin

Fruit 0.9896 0.982 0.471 -2.44 121.45 -22.21

Leaf 0.9979 0.949 0.454 -2.53 122.80 -22.24

Stem 0.9888 0.920 0.445 -2.59 116.34 -22.10
Freundlich

Fruit 0.9828 0.0140 0.2939 - 3.40 1.033 -10.20

Leaf 0.9966 -0.0017 0.2908 - 3.44 0.996 -10.11

Stem 0.9963 -0.0157 0.2935 - 341 0.964 -10.03

3.2. Electrochemical measurement.

3.2.1. Potentiodynamic polarization measurements.

The electrochemical corrosion kinetic parameters were examined by using Gamry
potentiostat/galvanostat. The anticorrosion behavior of inhibition was studied via anodic and
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cathodic polarization by plotting a curve between corrosion current density (lcorr) and corrosion
potential (Ecorr). These curves are known as the Tafel plot and the slope of the anodic and
cathodic Tafel curves are aand Bc (mv/decade), respectively.
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0.8 4 0.85 -

0.80

0.6 4
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0.4 4
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log (6/1-6)

0.2+ 0.60
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Figure 2. (a) Langmuir; (b) Temkin; (c) Freundlich isotherms for the adsorption of Tt extract on the surface of
the aluminum in 1.0 N HCI.

The experimental data are shown in Table 4 and their computed Tafel plots are shown
in figure 3. It can be seen from the experimental values that the corrosion current density
decreases significantly with an increase in inhibitor concentration supports the retardation of
the corrosion process [34].

The lower current density in the presence of inhibitor indicates that the metal surface is
passivated due to the formation of the inhibitor layer [35].

The shift in Ecorr Value is positive/negative side 40 mV, and by literature survey, it was
found that if a shift in corrosion potential is less than + 85mV with respect to corrosion potential
of the blank solution, inhibitor act as mixed-type inhibitor; hence these inhibitors are mixed
type of inhibitor [36].

The above study results show that fruit extract of the plant has better inhibition property
than stem and leaf extract.

Significant changes in both the values of 3a and 3c as compare to blank solutions also
suggest that these inhibitors protect the corrosion process by adsorption of inhibitor molecules
on both anodic and cathodic sites. It is also shown in Tafel plots that there is a clear shift in the
cathodic and anodic part of curves with the addition of inhibitors. So it is known as a mixed
type inhibitor.
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Table 4. Potentiodynamic polarization parameters of aluminium in 1.0N HCI with various concentrations of the

inhibitor at 303+1 K.

(():foi?ﬁrt;ﬁg:mn -Ecorr icorr pa -Be CR 0 IE
WiV (%) (mV) (LA/cm2) (mV/dec) (mV/dec) (mmpy) (%)
Blank 847 3620 108.5 6058.0 39.530 - -
Fruit extract
0.12 836 1650 72.7 851.4 17.960 0.5442 54.42
0.36 840 720 55.8 567.7 7.855 0.8011 80.11
0.60 844 520 40.8 580.8 5.673 0.8564 85.64
Leaf extract
0.12 835 1702 84.7 320.7 18.580 0.5299 52.99
0.36 847 952 62.6 360.5 10.380 0.7370 73.70
0.60 842 569 59.8 6871.0 6.209 0.8428 84.28
Stem extract
0.12 835 1826 81.9 3853.0 19.890 0.4956 49.56
0.36 836 1060 77.2 561.4 11.600 0.7072 70.72
0.60 828 732 74.8 3236.0 7.980 0.7978 79.78
Fruit Extract
-0.75
o
& -0.80
E -0.85 -@- Blank
ot - 0.12%
> 0.90 ® 0.36%
@ 0.60%
-0.95
1.0e-006 1.0e-005 1.0e-004 1.0e-003 1.0e-002 1.0e-001
1 (A/em?)
(a)
Leaf Extract
-0.75
3 -0.80
¢ “® Blank
> 08 o 0.12%
O 0,
5 ® 0.36%
0.90 - 0.60%
-0.95
1e-006 1e-005 1e-004 1e-003 1e-002 1e-001
1 (A/em?)
(b)
Stem Extract
-0.75
3 -0.80
g -® Blank
> 08 * 0.12%
o @ 0.36%
>
0.90 ® 0.60%
-0.95
1.0e-006 1.0e-005 1.0e-004 1.0e-003 1.0e-002 1.0e-001
i (A/em?)
(c)

Figure 3. Tafel curve for aluminum in the absence and in the presence of different concentrations of Tribulus
terrestris in 1.0N HCI (a) Fruit Extract; (b) Leaf Extract; (c) Stem.
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3.2.2. Electrochemical impedance spectroscopy.

The electrochemical impedance of a material is the most important property for
studying the mechanism of inhibitor action on metals. Gamry Potentiostat/Galvanostat of
frequency range from 100 kHz to 100mHz was used to obtain electrochemical impedance data
at open circuit potential.

The impedance behavior of aluminum in HCI with and without the addition of different
plant extracts are presented as complex impedance plots (Nyquist plots) as well as Bode plots.
The impedance parameters namely charge transfer resistance (Rct), double layer capacitance
(Ca1), solution resistance (Rs) for aluminum in different concentration of HCI are shown in
Table 5 The general semi-circle shape of curves is almost maintained throughout all
concentration range of inhibitor manifest that there is no change in corrosion mechanism
occurred on the addition of plant extract [37]. All the impedance curves shown in figure 5(A)
were analyzed by fitting equivalent Randle’s circuit model represented in figure 4. That is
constituted of series solution resistance (Rs) with the parallel combination of resistance Rct and
capacitor Ca.

The increase in plot radius with an increase in inhibitor concentration indicates the
increase of impedance due to an increase in the number of inhibitive molecules and also
indicates that the corrosion rate of aluminum decreases with increasing extract concentration
[38]

The value of charge transfer resistance increases with the addition inhibitor due's with
creation to the protective film on aluminum or solution interface and reduces the double layer
capacitance and increases the thickness of electronic double-layer [39]. These semi-circles also
indicate that IE% increases with an increase in inhibitor concentrations. It is also observed that
these are not perfect due to the inhomogeneity of the aluminum surface arising from surface
roughness or interfacial phenomena [40].

Table 5. Impedance parameters obtained using Randle equivalent circuit for aluminium in 1.0N HCI with
various inhibitor concentrations at 303+1 K.

Concentration
of inhibitor Real Ra Cal » 0 IE
WiV (%) (Q.cm?) (Q.cm?) (UF cm?) (%)
Blank 7.956 19.51 8.221
Fruit extract
0.12 0.735 41.03 12.530 0.5245 52.45
0.36 7.038 88.01 4974 0.7783 77.83
0.60 2.399 130.00 11.790 0.8499 84.99
Leaf extract
0.12 2.611 39.12 9.884 0.5013 50.13
0.36 5.502 70.66 8.055 0.7239 72.39
0.60 4.143 116.00 9.436 0.8318 83.18
Stem extract
0.12 1.745 38.18 8.236 0.4890 48.90
0.36 5.820 62.08 6.602 0.6857 68.57
0.60 4.259 114.00 8.031 0.8289 82.89

The prohibition of corrosion is again supported by the rise in the phase angle with the
increase in the concentration of fruit, leaf, or stem extract of plant Tribulus terrestris, as shown
in the Bode plot in figure 5(B) [41]. The value of phase angle in these plots is related to the
roughness of the electrode surface. The higher the value of @max lower is the surface roughness.

https://biointerfaceresearch.com/ 2612
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Therefore on increasing inhibitor concentration, surface roughness decrease means corrosion

decreased.
Cdl
|
i I
Ret
Figure 4. Randle equivalent circuits corresponding to the analyzed system.
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Figure 5(A). The nyquist curve for aluminum in different concentrations of Tribulus terrestris in 1.0N HCI (a)

Fruit Extract; (b) Leaf Extract; (c) Stem Extract.
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Figure 5 (B). Bode curve for aluminum in different concentrations of Tribulus terrestris in 1.0N HCI: (a) Fruit
Extract; (b) Leaf Extract; (c) Stem Extract.

3.3. SEM Analysis.

The SEM micrographs of magnification (x10000) of aluminum were used for their
surface analysis. The SEM images of aluminum specimens in untreated condition and after
immersion in 1.0N HCI for 24 hours with and without 0.60% fruit extract of Tribulus terrestris
are shown in figure 6 a,b,c, respectively. The SEM image of the untreated metal surface shows
the smooth metal surface, which indicates the absence of any corrosion product on a metal
surface. It can be clearly observed that the surface of aluminum in acidic media without
inhibitor shows more roughness with pits and cracks because of badly attack by a corrosive
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environment with compare to those coupons which immersed in acidic media containing
inhibitor. These observations reveal that Tribulus terrestris plant extract is able to reduce the
corrosion rate in the acidic environment due to the formation of a film layer of an insoluble
complex on the surface of the metal. The metal surface is covered with a thin layer of the
inhibitor [42,43].

Al —Pure (a) Al - Blank (b) Al -0.60% F (c)
Figure 6. SEM images of aluminium (a) untreated aluminium; (b) aluminium in 1.0N HCI (blank solution); (c)
aluminium in 1.0N HCI with 0.60% fruit extract.

4. Conclusions

All the plant extract (i.e., fruit, leaf and stem) studied were found to be effective
corrosion inhibitors for aluminum in hydrochloric acid medium. The results lead to the
following conclusions:

Mass loss study results reveal that inhibition efficiency (IE%) increases with inhibitor
concentration decreases with increasing immersion time and maximum IE% was observed for
fruit extract at the concentration of 0.60% at 303K; The adsorption of different concentrations
of the plant extract on the surface of the aluminium in 1.0 N HCI solution follows Langmuir,
Temkin and Freundlich adsorption isotherm; The EIS analysis indicates that the corrosion
resistance or impedance increase with extract of Tribulus terrestris by the formation of a
protective layer on metal; The Tafel analysis indicates that plant extract is a mixed-type
inhibitor; The analysis of experimental values of mass loss, Tafel polarization and EIS are in
good agreement with one another; These inhibitors were observed as economical, powerful as
well as an eco-friendly and less toxic tool for prevention of corrosion in the environment of
industrial area.
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