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Abstract
The inhibition action of environmentally sustainable inhibitor Cycas revo-
luta leaves extract (CRLE) for corrosion protection of soft-cast steel in a solution
of HCl was assessed with electrochemical and chemical methods. The eco-
friendly inhibitor forms a thin coating on soft-cast steel and slows the corrosion
in acid media. The percent inhibition performance, corrosion current density,
corrosion potential, and both anodic and cathodic slopes for Tafel were calcu-
lated. The results for electrochemical and chemical research are in beneficial
correlation with each other. The inhibitor’s inhibitory ability was well illustrated
by the CRLE adsorption on soft-cast steel followed the Langmuir isotherm.
The investigations reveal that CRLE is a mixed form of inhibitor. Studies were
performed with varying inhibitor amounts and temperatures. Thermody-
namic parameters were calculated, and it shows that the corrosion inhibition
effect is spontaneous and exothermic. The interaction of the plant extract was
characterized by SEM, FTIR, contact anglemeasurements, andAFM techniques.
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1 INTRODUCTION

Soft-cast steel is commonly used for mass production for
its cheap rate, mechanical strength, and deformability, and
plenty of other features.[1] Industries heavily depend on
the metal and their alloys, and during this process, they
are exposed to corrosive media to form a stable compound
and during this process mass loss of the metal occurs, and
the external metal surface corrodes and termed as corro-
sion. Acid treatments for industrial applications are also
used, for example, chemical cleaning, pickling, industrial
processing, de-scaling, acidizing, and so on.[2-6] Corrosion
is a big problem to society that causes economic loss in

Abbreviations: CRLE, Cycas revoluta leaves extract
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the industrial sector because lot of investment is made
annually on corrosion-related issues.[7,8] Several methods
such as cathodic protection, application of the coating, and
corrosion inhibitors are employed to overcome this prob-
lem by reducing the rate of corrosion of metals and their
alloys.[9–14] The extracts of plants are considered as an effi-
cacious inhibitor for corrosion including Tagetes erecta,[15]
Pimenta dioica,[16] Azadirachta indica extract,[17] and Jus-
ticia gendarussa plant extract[18] have briefed as to the
finest inhibitor for corrosion in the corrosive medium.
The medicinal plant Cycas revoluta was included in this
research because its leaves yielded 12 components, seven
of which were identified over the first occasion for this
genus. Fourteen biflavonoids, three lignans, three flavan-
3-ols, two flavone-C-glucosides, two nor-isoprenoids, and
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F IGURE 1 Represents the adsorption of inhibitor molecules
on soft-cast steel

one flavanone were extracted from the species.[19] The
whole plant seems to have a wide variety of applications,
including food preparation, household products, tradi-
tional medicine, pharmacognosy, and diagnosis of gastric
cancer cell formation, migration, and invasion.[20] Specif-
ically, the leaves of this plant exhibit antimicrobial and
antioxidant properties.[21] These phytochemicals present
in the plant bind to the soft-cast steel and form a thin coat-
ing, slowing down corrosion in hydrochloric acid shown
in Figure 1. The green inhibitor derived from the plant
source is closer to the chemical composition of traditional
organic corrosion inhibitors.
The present work is carried out for the plant extract

obtained from the leaves of Cycas revoluta and further was
subjected to corrosion-protection studies for soft-cast steel
in hydrochloric acid.

2 MATERIALS ANDMETHODS

2.1 Inhibitor preparation

The leaves of Cycas revolutawere taken from the botanical
garden of Karnatak Science College, Dharwad, India, and
washed under running water. The leaves were dried in the
sunlight for 6 days and ground to a powder with amechan-
ical grinder. Soxhlet extraction is an efficient method to
extract useful active molecules from a wide range of nat-
ural materials. In this work, 30 g of powdered leaves and
300mL of ethanol were taken in soxhlet apparatus over the
period of 5 h for extraction process. The extract containing
an excess of ethanol was expelled by a rotary evaporator,
and obtained 4.7 g of the solid residue, and the complete
solid sample was used to prepare the stock solution, there-
fore it was taken in the range of 0.47, 0.94, 1.41, and 1.88 g/L.

2.2 Preparation of test solutions

HCl (1 M) and CRLE test solution for varying concentra-
tions are prepared for corrosion studies with analytical-
grade chemicals and double-distilled water.

2.3 Sample preparation

For corrosion studies, commercial-grade soft-cast steel
with composition (Mn 0.5%, C 0.19%, P 0.05%, S 0.04%, Si
0.2%, and remainder Fe 99.02%) sheets with 0.1 cm thick-
nesswere selected. Formass-lossmeasurements, rectangu-
lar plates with exposed areas of 5× 1× 0.1 cm are being uti-
lized, and soft-cast steel used as a working electrode with a
surface area of 1 cm2 was exposed for electrochemicalmea-
surements, while the remaining portion was coated with
chemical-resistant epoxy coating. Soft-cast steelwas glazed
by sandpaper of different grades (180-2000) until a mirror
finishwas achieved, beginningwith the coarsest to the fine
grade. The specimens were cleaned properly with doubly
distilled water, dried, and stored in a desiccator before test-
ing.

2.4 Mass-loss measurements

To evaluate the rate of corrosion and inhibition effect of
soft-cast steel in the hydrochloric acid, mass-loss exper-
iments were performed. Using electronic digital bal-
ance (Scale Tech), the washed & dry specimens were
weighed and suspended in a 100 mL beaker containing
acid or acid solution with differing inhibitor concentra-
tions and placed in a thermostat. The specimens were
removed after the specified immersion time, washed in
running water, cleaned, dried, and placed in a desiccator
to reach room temperature and weighed. All the measure-
ments were done twice, and the results were given as aver-
age mass-loss values.

2.5 Electrochemical measurements

In the CHI608D (CH Instruments produced in Austin,
United States) electrochemical workstation, electrochem-
ical tests were carried out at 300 ± 1 K. Three electrodes
consist of the membrane, specifically the working elec-
trode (soft-cast steel), the auxiliary electrode, and the glass
electrode (Ag/AgCl). To determine the open-circuit poten-
tial (OCP) of the test solution, the soft-cast steel elec-
trode was allowed to stand in the test solution for 30 min
before each electrochemical measurement. All the mea-
sured potentials were correlated with the Ag/AgCl elec-
trode. The possible range acquired by adding –0.2 to+0.2 V
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to a value of OCP, potential-current profiles were recorded
at a scanning rate of 0.01 V/s for Tafel readings. The cor-
rosion potential (Ecorr), corrosion current (Icorr) cathodic
(βc), and anodic (βa) Tafel slope corrosion variables were
measured. Impedance assessments were carried out with
an AC signal of 5 mV amplitude and an OCP frequency
spectrumof 0.1 Hz to 1 kHz. The ZSimp Win 3.21 application
was used to match the impedance data to the most suit-
able equivalent circuit. The Nyquist plots are often used to
acquire impedance parameters.

2.6 Adsorption isotherm and
thermodynamic considerations

Plant extract (CRLE) is an effective inhibitor that binds
to the metal surface and protects soft-cast steel corrosion
in acidic environments. Different parameters for adsorp-
tion were determined and analyzed. The adsorption of
CRLE follows Langmuir adsorption isotherm. The activa-
tion parameter for soft-cast steel corrosion with and with-
out CRLE components was examined through the mass-
loss method for temperature 300±1 to 320 ±1K using stan-
dard equations.

2.7 FT-IR spectroscopic studies

Using a Nicolet 5700 FT-IR spectrometer with a wave-
length of 4000 to 400 cm−1 forCRLE extract, FT-IR spectra
were recorded to specify the functional group and the cor-
relation of these groups on the soft-cast steel surface during
acidic corrosion.

2.8 Surface characterization

The soft-cast steel surface morphologies were investigated
by the approach of the scanning electron microscope
(SEM: Model-JEOL make, JSM-IT 500LA), Atomic force
microscopy (AFM-Nanosurf R© EasyScan 2), and water
contact angle (Model-DMs-401 famas software make:
Kyowa interface science Co. Ltd Japan) techniques. The
specimen was dipped in the test solution without and with
CRLE for 2 h at ambient temperature to receive images of
the working electrode.

3 RESULTS AND DISCUSSION

3.1 Mass-loss method

Table 1 represents the rate of corrosion and percentage
inhibition performance of soft-cast steel with varying con-

centrations ofCRLE in 1MHCl at 300± 1 K. In the absence
of an inhibitor, the rate of corrosion is greater due to the
presence of a significant amount of H+ ions in the acid
medium, which hikes the rate of the reduction reaction.
Compared to the acidic media, CRLE reduces corrosion

in soft-cast steel, and the inhibition performance (ηw) is
enhanced with an increased concentration of inhibitor.
The highest ηw 96.66 was recorded for CRLE at an opti-
mized concentration of inhibitor for 1 M HCl solution. As
the inhibitor concentration was raised, no significant rise
in the ηw was observed, so 1.88 g/L was considered the
optimum concentration of the inhibitor. The inhibitor con-
centration above 1.88 g/L may lead to the weakening of
metal-inhibitor interactions, resulting in the replacement
of inhibitor by water or chlorine ions with a decrease in
inhibition efficiency. Further hydrogen evolution is also
dominated in acidic solution. Hence, mass build-up is not
taking place over the soft-cast steel surface. The CRLE
molecules are protonated in an acid medium, and these
protonated molecules lead to the decline in the reduction
reaction. The addition of inhibitor components binds to the
surface of soft-cast steel and develops a thin coating that
segregates the surface of themetal from the acidmedia and
controls soft-cast steel corrosion.[22]

3.2 Potentiodynamic polarisation
studies

The Tafel polarization plots without and with varying con-
centrations of CRLE in 1 M HCl for soft-cast steel at the
range of temperature 300 ± 1 K are presented in Figure 2.
Corrosion variables such as corrosion potential (Ecorr),

corrosion current density (icorr), rate of corrosion (υ),
cathodic (βc) and anodic (βa) Tafel slope, and inhibition
performance (ηw) were calculated by this approach have
been recorded in Table 2. The inhibition performance%ηW
of the CRLE for soft-cast steel was measured by the expres-
sion:

% 𝜂𝑤 =
𝑖𝑜𝑐𝑜𝑟𝑟 − 𝑖𝑐𝑜𝑟𝑟

𝑖𝑜𝑐𝑜𝑟𝑟
× 100

where 𝑖𝑐𝑜𝑟𝑟 and 𝑖𝑜𝑐𝑜𝑟𝑟 are the corrosion current density
without and with CRLE for soft-cast steel.
The outcomes of such measurement techniques (Fig-

ure 2 and Table 2) were interpreted as follows:
There is a slight improvement in the inhibited solution’s

corrosion potential (Ecorr) relative to an uninhibited solu-
tion that does not exceed 85 mV. These findings demon-
strate that theCRLE inhibitor exhibits amix-type inhibitor,
decreasing both reactions of anodic metal dissipation and
reaction of cathodic hydrogen liberation.[23,24]



4 of 14 Electrochemical Science Advances
Full article
doi.org/10.1002/elsa.202100059

TABLE 1 At 300 ± 1 K mass-loss criteria for soft-cast steel in 1 M HCl without and with various inhibitor concentrations

1 MHCl
Time
(hours)

Concentration
(g/L)

Corrosion rate
(mpy)

Inhibition
efficiency (%ηw)

Surface
coverage (θ)

1 Blank 183.85
0.47 30.64 83.33 0.8333
0.94 18.38 90 0.90
1.41 12.25 93.33 0.9333
1.88 6.12 96.66 0.9666

2 Blank 189.98
0.47 30.64 83.87 0.8387
0.94 21.44 88.70 0.8870
1.41 15.32 91.93 0.9193
1.88 9.19 95.16 0.9516

3 Blank 196.10
0.47 28.59 85.41 0.8541
0.94 22.47 88.54 0.8854
1.41 16.34 91.66 0.9166
1.88 10.21 94.79 0.9479

4 Blank 193.04
0.47 27.57 85.71 0.8571
0.94 22.98 88.09 0.8809
1.41 15.32 92.06 0.9206
1.88 9.19 95.23 0.9523

5 Blank 205.91
0.47 31.86 84.52 0.8452
0.94 23.28 88.69 0.8869
1.41 15.93 92.26 0.9226
1.88 11.03 95.23 0.9523

∙ There has been a substantial reduction in corrosion cur-
rent density and corrosion rate (υ) of soft-cast steel by a
rise in CRLE concentrations in 1 M HCl. Since inhibitor
molecules adsorb to the surface of soft-cast steel, they
prevent the corrosion sites on the surface from the bulk
medium.

∙ Reducing values of 𝑖𝑐𝑜𝑟𝑟 of the inhibited solution com-
pared to non-inhibited solution lead to a rise in inhi-
bition of the inhibitor’s efficiency for soft-cast steel
in 1 M HCl. We noticed an improvement in ηw
values with an increase in CRLE concentrations in
1 M HCl.

∙ The rise in ηw rises with a rise in the inhibitor concentra-
tion at a temperature range of 300±1K for soft-cast steel
1 MHCl. The highest inhibition performance was found
to be 88.84% at 1.88 g/L of CRLE because of the adsorp-
tion of CRLE on a soft-cast steel surface.

∙ A slight shift in the movement of the cathodic (βc) and
anodic (βa) Tafel slope has demonstrated thatCRLE hin-

ders the corrosion of soft-cast steel by adsorption with-
out affecting the corrosion mechanism.

Test results of electrochemical polarization research
have shown that CRLE is a propitious soft-cast steel cor-
rosion resistor in 1 M HCl solution.

3.3 Electrochemical impedance
measurements

EIS calculations for soft-cast steel were performed without
and with varying concentrations of CRLE in 1 M HCl at a
range of temperature 300 ± 1 K. As shown in Figure 3, the
EIS spectrum was measured, and the computed corrosion
parameters, viz., resistance polarization (Rp), double-layer
capacitance (Cdl), and inhibition performance (ηw) were
recorded by the proper equivalent circuit as presented in
Figure 4 and have been included in Table 3. The inhibition
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F IGURE 2 For 1 M HCl at 300 ± 1 K polarization curves for
soft-cast steel in the absence and presence of CRLE

performance of soft-cast steel in 1 M HCl with varied con-
centrations of inhibitor by using the following relation

% 𝜂𝑤 =
𝑅𝑃(𝑖𝑛ℎ) − 𝑅𝑃(0)

𝑅𝑃(𝑖𝑛ℎ)
× 100

where 𝑅𝑃(𝑖𝑛ℎ) and 𝑅𝑃(0) are represented as the values
of polarisation resistance of inhibited and uninhibited
solution. Double-layer capacitance (Cdl) values were com-
puted using the equation:

𝐶𝑑𝑙 = (𝑄𝑅1−𝑛
𝑐𝑡 )1∕𝑛

The constant phase factor (CPE) is Q and n is the expo-
nent of CPE, which gives descriptions of the degree of

F IGURE 3 Soft-cast steel Nyquist plots in 1 M HCl in the
absence and presence of varying concentrations of CRLEextract at
300 ± 1 K

F IGURE 4 Equivalent circuit fit for the Nyquist graphs of
CRLE

homogeneity of the surface. There is a set of semicircles
in the EIS spectrum (Nyquist plots) with high frequencies
capacitive loop and a reduced inductance circuit. The fol-
lowing investigation was conducted on the effects of the
EIS measurements recorded in Table 3.

TABLE 2 Corrosion measurements for soft-cast steel achieved using the polarization method in 1 M HCl at 300 ±1K

Conc. of Acid
(M)

Concentration
(g/L)

-E corr(V vs
SCE)

Icorr
(A cm−2)

β
a(V/dec)

β
c(V/dec)

C.R.
(mil/yr) (%ηW)

1 M Blank -0.400 2.515 × 10−3 6.776 7.512 1.484 × 10−3 —
0.47 -0.454 3.556 × 10−4 12.130 7.361 2.037 × 10−2 85.86
0.94 -0.456 3.044 × 10−4 12.059 7.384 1.770 × 10−2 87.89
1.41 -0.453 2.827 × 10−4 11.476 7.549 1.643 × 10−2 88.75
1.88 -0.464 2.806 × 10−4 12.216 8.615 1.631 × 10−2 88.84

TABLE 3 Corrosion parameters for soft-cast steel achieved using the EIS approach in 1 M HCl at 300±1K

Conc. of acid
(M)

Concentration
(g/L) Rp (Ω cm2)

Cdl
(μF/cm-2) (%ηw)

Surface coverage
(θ)

1 M Blank 8.392 2463 —-
0.47 41.70 1431 79.88 0.7988
0.94 66.01 818 87.28 0.8728
1.41 76.11 232 88.97 0.8897
1.88 77.47 141 89.16 0.8916
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∙ In the Nyquist plot, the value of Rp is defined as the
diameter of the semicircle. As metal dissolution is con-
trolled, the diameter or Rp values of inhibited solution
hike with rising CRLE concentrations. The inhibitor
binding is attributed to the surface coverage of soft-cast
steel in the 1 M HCl.

∙ The rise in double-layer thickness because of the
formation of a protective coat on the metal/solution
interface slows down the corrosion process. The
double-layer capacitor (Cdl) values decline with a rise
in CRLE concentration.[25]

∙ The inhibition performance increases with a rise in the
concentration of CRLE to the acid media. This is due
to strong inhibitor adsorption, which controls the des-
orption mechanism of the metal surface.[26] At an opti-
mized concentration of 1.88 g/L of CRLE at 300±1K, we
identified a peak inhibition efficiency of 89.16%.

The EIS calculation reveals the CRLE serves as a propi-
tious inhibitor for corrosion of soft-cast steel in 1 M HCl.
The results reported in the EIS measurements are similar
to the findings indicated in the measurements of potentio-
dynamic polarization.

3.4 Activation parameters

The impact of temperature on an inhibited soft-cast steel
surface with the acidic medium is highly volatile, as
numerous modifications generally occur on the surface
layer, include etching, inhibitor desorption, decomposi-
tion, and rearrangement.[27] The impact of temperature on
the corrosion rate of soft-cast steel in 1 M HCl solution in
the existence of varied concentrations of CRLE was exam-
ined at temperatures ranging from 300 ± 1 to 320 ± 1 K as
presented in Table 4. The corrosion rate rises both with-
out inhibitor and rise in temperature for soft-cast steel, but
the rate of corrosion declines in the bearing of inhibitor.
The activation energy (Ea)wasmeasured by the Arrhenius
diagram, achieved by plotting lnυcorr versus 1000/T is pre-
sented in Figure 5. The transition state and Arrhenius for-
mula are provided:

log (𝜐𝑐𝑜𝑟𝑟) =
−𝐸𝑎

2.303𝑅𝑇
𝑙𝑜𝑔𝐴

𝜐𝑐𝑜𝑟𝑟 =
𝑅𝑇

𝑁ℎ
𝑒

Δ𝑆∗

𝑅𝑇 𝑒
Δ𝐻∗

𝑅𝑇

where 𝜐𝑐𝑜𝑟𝑟 is rate of corrosion, A is the pre-exponential
factor,R is gas constant,T is temperature, h is Planck’s con-
stant, N is Avogadro number, Ea is the activation energy,

F IGURE 5 Arrhenius plots for soft-cast steel in 1 M HCl
solution without and with varying amounts of CRLE

ΔS* is the entropy of activation, and ΔH* is activation
enthalpy. Table 5 lists the measured Ea, A, ΔH*, and ΔS*
values. As seen in Table 5, the Ea and A results with CRLE
are predicted to be greater than those without, signifying
that the dissolution of soft-cast steel is reduced in the exis-
tence of an inhibitor, leading to decreased corrosion rate
resulting in the process of forming a protective layer on
the surface of soft-cast steel.[28] The values ΔH* and ΔS*
were determined from the slope (-ΔH*/2.303R) and, inter-
cept ([log(R/Nh) + ΔS*/(2.303R)] of the transition plots
acquired by the plot of lnυcorr/T versus 1000/T) at all tem-
perature analyzed in the existence of various concentra-
tions of CRLE as shown in Figure 6. The ΔH* and ΔS* val-
ues are mentioned in Table 5 and were calculated by the
formulae.

Δ𝐻∗ = −𝑠𝑙𝑜𝑝𝑒 × 𝑅

Δ𝑆∗ = 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 − 𝑙𝑛

(
𝑅

𝑁ℎ

)

The rise in ΔH* suggests an endothermic reaction,
implying that soft-cast steel dissolution is sluggish, per-
haps due to the forming of an energy barrier.[29] The
greater ΔH* value shows that inhibitor molecule adsorp-
tion on the soft-cast steel surface is a quasi-substitution
mechanism among CRLE in the aqueous phase and
molecules of H2O on the soft-cast steel surface.[30] During
the rate-determining process, the addition of the inhibitor
improves activation of entropy (ΔS*) values, causing a
reduction in disorder from the activated system to the
reactants.[31]
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TABLE 4 The impact of temperature on the %ηw of soft-cast steel in 1 M HCl at various CRLE concentrations with a 1-hour immersion
time

1 MHCl

Temp.
(in K)

Concentration
(g/L)

mass-loss
in (mg)

Corrosion rate
(mpy)

Inhibition
efficiency
(%ηw) θ

300 Blank 30 183.85
0.47 5 30.64 83.33 0.8333
0.94 3 18.38 90 0.90
1.41 2 12.25 93.33 0.9333
1.88 1 6.12 96.66 0.9666

305 Blank 46 281.90
0.47 9 55.15 82.60 0.8260
0.94 6 36.77 86.95 0.8695
1.41 4 24.51 91.30 0.9130
1.88 2 12.25 95.65 0.9565

310 Blank 72 441.24
0.47 15 91.92 79.16 0.7916
0.94 11 67.41 84.72 0.8472
1.41 8 49.02 88.88 0.8888
1.88 5 30.64 93.05 0.9305

315 Blank 85 520.91
0.47 19 116.44 77.64 0.7764
0.94 15 91.92 82.35 0.8235
1.41 11 67.41 87.05 0.8705
1.88 8 49.02 90.58 0.9058

320 Blank 109 667.99
0.47 27 165.46 75.22 0.7522
0.94 20 122.56 81.65 0.8165
1.41 16 98.05 85.32 0.8532
1.88 12 73.54 88.99 0.8899

TABLE 5 Activation parameters

1 MHCl C (g/L) Ea*(kJ/mol) A(kJ/mol) ΔH*(kJ/mol)
ΔS*(J mol−1

K−1)
Blank 51.145 1.59451 × 1011 116.31 -23.69
0.47 65.949 1.03189 × 1013 177.33 -23.67
0.94 75.469 2.92066 × 1014 211.34 -23.66
1.41 82.797 3.60104 × 1015 237.69 -23.65
1.88 101.752 3.45378 × 1018 302.96 -23.63

3.5 Adsorption isotherm and
thermodynamic calculations

Corroding surface adsorption cannot reach the equilib-
rium state and is usually in a stable-state of adsorption.
But the rate of corrosion is much strong; the equilibrium
state of adsorption continues to be a quasi-static process. In

this particular instance, the thermodynamic consideration
of quasi-equilibrium adsorption using appropriate equilib-
rium isotherms is reasonable.[32] As an effective corrosion
inhibitor, the efficiency of the CRLE mostly relies on the
proficiency to adsorb on the metal surface. Therefore the
understanding mode of adsorption is necessary, and this
will provide fruitful facts regarding the correlation of the
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F IGURE 6 Transition state plots for soft-cast steel in 1 M HCl
solution with varying amounts of CRLE in the absence and presence
of CRLE

inhibitor with the surface of the metal. Many isotherm
models have been tried to match experimental results,
including Langmuir, Temkin, Freundlich, Frumkin, and,
Flory-Huggins to get more details regarding adsorption of
CRLE on soft-cast steel in 1MHCl at 300± 1K. The optimal
match was obtained using Langmuir’s isotherm, which is
in remarkable agreement with the following formula.

𝐶

𝜃
=

1

𝐾𝑎𝑑𝑠
+ 𝐶,

where θ is a surface covering, C is the inhibitor con-
centration described as ηz/100 at various inhibitor concen-
trations measured from the mass-loss measurements, and
Kads is the equilibrium constant of the bindingmechanism
associated to Δ𝐺𝑜

𝑎𝑑𝑠
as follows

𝐾𝑎𝑑𝑠 =
1

55.5
𝑒−

Δ𝐺𝑜
𝑎𝑑𝑠

𝑅𝑇

where R is gas constant, T is the absolute temperature,
and the molar water concentration is 55.5. The graph of
Cinh/θ against Cinh are presented in Figure 7 are almost
straight lines with unit slope.
All regression correlations were calculated are actu-

ally nearby 1, signifying Langmuir isotherm can comply
with the binding of CRLE on the soft-cast steel surface.
The inhibitor adsorption on the metal surface is usually
assumed to be the crucial move in the inhibition process.
It is essential to establish isotherm models, which define
the adsorption mechanism of corrosion inhibitors as they
provide valuable details regarding the mode of interaction
among metal inhibitors.
The adsorbed CRLE on soft-cast steel is indicated by

the negative values of Δ𝐺𝑜
𝑎𝑑𝑠

. Physisorption is the elec-

F IGURE 7 Langmuir adsorption isotherms for soft-cast steel
in 1 M HCl at varying inhibitor concentrations

trostatic association between charged particles and the
metal’s charged surface, and this is typically associated
with −Δ𝐺𝑜

𝑎𝑑𝑠
values of about or less than -20 kJ/mol. The

results around or higher than -40 kJ/mol state that the
molecules are corresponding to chemisorption exchange
of mean charge or shift of inhibitor to the metal surface
to form a co-ordinate type of metal bond.[33]
Table 6 presents the data of Kads, Δ𝐺𝑜

𝑎𝑑𝑠
, Δ𝐻𝑜

𝑎𝑑𝑠
, and

Δ𝑆𝑜
𝑎𝑑𝑠

. The values obtained were in the range of -32
to - 34 kJ/mol in the existing research, which states
that the adsorption of inhibitor on soft-cast steel is
primarily chemisorption. Moreover, free energy adsorp-
tion Δ𝐺𝑜

𝑎𝑑𝑠
values relatively near to -40 kJ/mol suggest

that chemisorption imparts substantial participationwhile
physisorption imparts the slightest contribution to the
CRLE inhibition process.[34] The adsorption enthalpy was
inferred by Gibbs Helmholtz formulae

{
𝜕
(
Δ𝐺𝑜

𝑎𝑑𝑠
∕𝑇

)
∕𝜕𝑇

}
𝑝 =

−Δ𝐻𝑜
𝑎𝑑𝑠

𝑇2

The following equation can be rearranged to give this
formula

Δ𝑆𝑜
𝑎𝑑𝑠

=

(
Δ𝐻𝑜

𝑎𝑑𝑠
− Δ𝐺𝑜

𝑎𝑑𝑠

)
𝑇

,

The graph for Δ𝐺𝑜
𝑎𝑑𝑠

∕𝑇 versus 1000/T is linear as pre-
sented in Figure 8 with a slope equivalent to Δ𝐻𝑜

𝑎𝑑𝑠
, and

the intercept is Δ𝑆𝑜
𝑎𝑑𝑠

. The adsorption enthalpy Δ𝐻𝑜
𝑎𝑑𝑠

is -
9.01 kJ/mol, and adsorption randomness for Δ𝑆𝑜

𝑎𝑑𝑠
ranges

around 78 J/mol/K, accordingly.[35] In this analysis, the
Δ𝐻𝑜

𝑎𝑑𝑠
value is -9.01 kJ/mol, suggesting that CRLE adsorp-

tion on soft-cast steel surface is an exothermic process
with a mostly chemisorption approach.[36] In the presence
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TABLE 6 Thermodynamic parameters for inhibitor adsorption in 1 M HCl in soft-cast steel at varying temperatures

1 MHCl Temperature Kads (L/g) ΔG0
ads(kJ/mol) ΔH0

ads(kJ/mol)
ΔS0ads(J
mol−1 K−1)

300 8790.43 -32.674 -9.01 78.88
305 7886.43 -32.943 -9.01 78.47
310 7231.18 -33.260 -9.01 78.23
315 7228.56 -33.795 -9.01 78.68
320 6936.73 -34.222 -9.01 78.79

F IGURE 8 Relationship between Δ𝐺𝑜
𝑎𝑑𝑠

∕𝑇 versus 1000/T for
1 M HCl

of CRLE, the Δ𝑆𝑜
𝑎𝑑𝑠

values are high, and negative values
suggest a decrease in entropy leading to a decline in dis-
ordering as the reactants transition to the steel adsorbed
material.[37] The findings of the thermodynamic analysis
show the CRLE adsorption is systematic chemical adsorp-
tion.

3.6 FT-IR studies

The FT-IR studies of the crude CRLE as shown in Fig-
ure 9A showbroadband observed at 3419 cm−1 corresponds
to the free –OH group. The adsorption peaks found at 2922
and 2854 cm−1 show the presence of –C-H and = C-H
stretching. The sharp band at 1663 cm−1 is due to the pres-
ence of the –C = O group. Similarly –C-O stretching peak
is observed at 1344 cm−1. 1015 cm−1 and 1088 cm−1 are due
to the appearance of C-H bending.
The FT-IR spectrum of the specimen upon reactionwith

an inhibitor-containing acid medium as shown in Fig-
ure 9B shows a slight deviation in the peaks compared to
that of crude CRLE. The broadband at 3447 cm−1 confirms
the free –OH group. Sharp peaks at 2923 and 2853 cm−1

represent the presence of –C-H stretching. Carbonyl group

stretching frequency is noticed at 1647 cm−1 and band at
1019 cm−1 confirms C-H bending vibration.

3.7 SEM analysis

The scanning electron microscope is utilized to examine
the surface morphologies of soft-cast steel in 1 M HCl. The
SEM examines the changeover in the morphological fea-
tures of the soft-cast steel without and with inhibitor.[38]
Figure 10A depicts the SEM image of a polished soft-cast
steel surface which displays a smooth and clean surface.
SEM images for soft-cast steel dipped in 1 M HCl for 2 h
immersion time without and with an inhibitor of opti-
mized concentrations of CRLE are shown in Figure 10B,
10C, accordingly. The CRLE protects the soft-cast steel cor-
rosion on the inclusion of 1.88 g/L of the inhibitor to the
corrosive medium, while a great degree of decomposition
would be seen on the soft-cast steel surface that had been
subjected to corrosive media.

3.8 AFM study

AFM is a useful aspect for nano-to-microscale investi-
gation of the surface morphology and to evaluate the
inhibitor effect on the development and production of cor-
rosion at both metal/solution interfaces. The AFM test-
ing provides the soft-cast steel surface average rough-
ness (Ra), which is helpful in the detection of the inhibitor
efficiency. The adsorptionmechanism of theCRLE on soft-
cast steel can be described based on Ra values.[39,40]
In the presence and absence of a CRLE inhibitor, the

3D photographs and topography profiles of soft-cast steel
are shown in Figure 11 and Table 7. The roughness val-
ues obtained represent themechanism of inhibitor adsorp-
tion on soft-cast steel. The polished soft-cast steel surface
is shown in Figure 11A, the Ra value is 14.382 nm. The soft-
cast steel dipped in 1 M HCl without inhibitor for 2 hours
is shown in Figure 11B and has Ra 217.19 nm. But when
the soft-cast steel is immersed in 1 M HCl with a 1.88 g/L
CRLE inhibitor presented in Figure 11C, the Ra value was
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F IGURE 9 The FT-IR spectra of CRLE: A = Cycas revoluta leaves extract spectrum; B = Scratched compound from the surface of
soft-cast steel with CRLEFT-IR spectrum

reported to be 88.421 nm, which is less than the default
(blank) value. In the existence of inhibitor, a drop in Ra
value suggests the binding of inhibitor molecules on a soft-
cast steel surface.

3.9 Contact angle study

The hydrophobicity of the protective coating on the soft-
cast steel was measured using the water contact angle.[41]
A contact angle investigation is conducted to examine the
surface morphologies of soft-cast steel dipped in 1 M HCl

without and, with CRLE. Table 8 shows the shift of contact
angle from the bare to the inhibited specimen. The con-
tact angle of soft-cast steel in 1MHCl without inhibitor for
two hours is 57.2ο as seen, in Figure 12A. This is attributed
to the unavailability of CRLE, the water molecules have
more affinity towards the metal surface (more hydrophilic
nature). Figure 12B shows a hike in the contact angle to
88.3ο that denotes the CRLEmolecules adsorb on the soft-
cast steel in 1 M HCl and actively prevent the dissolution
process. This means that there is a decrease in the affin-
ity of water molecules towards the metal surface (reduced
in hydrophilic nature) and has decreased wettability due
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F IGURE 10 Scanning electron micrographic images of soft-cast steel: A = Polished soft-cast steel surface; B = Soft-cast steel in 1 M HCl
without inhibitor for 2 h; C = Soft-cast steel dipped for 2 h immersion period in 1 M HCl containing 1.88 (g/L) of the CRLE

TABLE 7 AFM results of CRLE

Specimen
Concentration
(g/L)

Mean
(Sm) (fm)

Valley
depth
(Sv)(nm)

Peak height
(Sp)(nm)

Peak valley
height
(Sy)(nm)

Average
roughness
(Sa)(nm)

Root mean
squareroughness
(Sq)(nm)

Polished soft-cast
steel

– -5.744 -82.385 106.09 188.48 14.382 17.966

Blank 1 M HCl – -4.647 -928.92 1013.8 1942.7 217.19 270.62
Inhibitor 1.88 -5.744 -441.52 436 877.52 88.421 123.97

to the rise in, hydrophobic nature which indicates the for-
mation of a protective film over the soft-cast steel by active
molecules present in CRLE. Due to this, there is a decline
in hydrophilicity that avoids corrosion progression.

4 SUMMARY AND CONCLUSIONS

In 1 M HCl, CRLE is a potent inhibitor for corrosion of
soft-cast steel, where the inhibition efficiency rises as the
inhibitor concentration increases upto1.88 g/L.

∙ The inhibitor concentration and temperature of the
experimental solution usually regulate the inhibition
efficiency (ηw) of CRLE on the surface of soft-cast steel.

∙ At an optimized concentration of 1.88 (g/L), the highest
ηw of 96.66 was reported for mass-loss in 1 M HCl.

∙ We can deduce from polarization curves that CRLE is a
mixed kind of inhibitor.

∙ Electrochemical impedance calculations (EIS) demon-
strate as the inhibitor concentration on the surface of
soft-cast steel rises, the (Rp) values rise while the (Cdl)
values fall, assisting CRLE adsorption.
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F IGURE 11 The 3D AFMmicrographs: A = Polished soft-cast steel surface. B = Soft-cast steel in 1 M HCl without inhibitor for 2 h.
C = Soft-cast steel dipped in 2 h immersion period in 1 M HCl containing 1.88 (g/L) of the CRLE
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TABLE 8 Contact angle on soft-cast steel surface

Trial
Number

Contact angle
(ο) Blank

Contact
angle (ο)
1.88 g /L of
CRLE

1 57.2 85.9
2 59.3 87.4
3 67.4 88.3
4 68.3 90.3
5 68.8 92.2

F IGURE 1 2 Contact tests: A = Soft-cast steel immersed in 1 M
HCl (contact angle = 57.2ο); B = Soft-cast steel immersed in 1 M HCl
with 1.88 g/L of CRLE (contact angle = 88.3ο)

∙ The adsorption of CRLE from HCl solution on the
soft-cast steel surface fulfilled Langmuir’s adsorption
isotherm.

∙ Chemisorption is mainly responsible for the inhibitor’s
adsorption on the soft-cast steel surface.

∙ Because of the presence of CRLE, the corrosion product
for soft-cast steel surface is IR active.

∙ Scanning electron micrographs reveal the inhibitory
effects of CRLE against corrosion.

∙ The influence of inhibitor on the surface of soft-cast steel
via the adsorptionmechanism is supported by AFM and
contact angle tests.
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