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Plant extracts as corrosion inhibitors have received significant attention due to their potential activities and cost-
effectiveness. In this current work, it is intended to utilize the inhibitive activity of the Cycas inermis plant leaves extract 
(CILE) to mitigate the corrosion of soft cast steel (SCS) in sulfuric acid medium and reduce the environmental risk. The 
studies revealed that the inhibition efficiency of CILE increases with higher concentrations of the inhibitor but decreases 
with rising temperatures. The maximum inhibition efficiency of 96.15% has been achieved at a concentration of 2.0 g/L. 
The adsorption of CILE on the SCS surface follows the Langmuir adsorption isotherm model. Surface morphology analyses 
of both uninhibited and inhibited SCS have been evaluated using scanning electron microscopy (SEM), atomic force 
microscopy (AFM), and water contact angle (WCA) measurements. SEM analysis indicated that the metal surface is 
significantly protected from aggressive corrosion due to the inhibitor. AFM visualization confirms the formation of a 
protective layer on the steel surface, which resulted in a reduction in surface roughness. Overall, this study demonstrates the 
potential of CILE as an effective, environmentally friendly corrosion inhibitor for soft cast steel in acidic environments. 
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Introduction 
Soft cast steel has been universally employed in 

numerous manufacturing factories since long ago, 
which including shipbuilding, civil engineering, 
automobiles, and home appliances1. Aqueous acids are 
frequently utilized in industrial operations for cleaning, 
pickling, and descaling, particularly in acidification 
procedures and oilfields2,3. These acidic solutions 
severely corrode metal surfaces, resulting in significant 
financial losses for numerous sectors. Consequently, it 
is critical to stop and combat rusting, and it appears, in 
our opinion, that changing the solution's condition 
could protect the material from corrosion. Because of 
their affordability, effectiveness, and ease of use, 
inhibitors are frequently employed4,5. Inhibitors are 
regularly utilized to stop the aggressive assault on 
metallic items and to stop metal disintegration and acid 
consumption. In the industrial setting, inhibitors are 
chemical substances that are employed in tiny amounts 
to slow down the rate at which metals and alloys 
corrode when exposed to harsh environments, and so 
reduce economic losses from metallic corrosion by 
delaying the corrosion process and limiting its rate. The 
way inhibitors work is heavily dependent on how they 

are formulated and how wisely they are used in certain 
situations. Researchers are looking at ecofriendly 
corrosion inhibitors since some unconventional 
materials can be utilized instead of synthesised, 
dangerous corrosion inhibitors. Due to the growing 
demand for green chemistry, the hunt for an effective 
inhibitor for metal corrosion in various corrosive 
conditions has recently gained increased importance6-10. 

Furthermore, the material to be employed as a metal 
corrosion inhibitor needs to be affordable, easily 
accessible, and ecologically friendly because the entire 
concept of metal protection is based on financial 
benefit and cological durability. Plants are a good 
source of inexpensive, easily accessible, and safe green 
inhibitors. Plant components have an organic 
composition and include specific phytoconstituents11-15. 
Numerous reports have indicated that plant extracts 
from diverse sections are good and efficient metal 
corrosion inhibitors in a variety of corrosive conditions 
such as Hymenaeastigonocarpa fruit shell16, Peganum 
harmala17, Chrysophyllum albidum18, Swertiachirata19, 

Magnolia kobus20, Dolichandra unguis-cati leaves21, 
Plectranthus amboinicus22, African mangosteen leaves23 
their affordability and environmental friendliness make 
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them widely recognized on a global scale24,25. This 
study includes the plant used as a medicinal product 
Cycas inermis since its leaves included twelve 
components, 7 of which have been determined for the 
extremely first time for this species. From the species, 
extracts included 14 biflavonoids, 3-lignans, 3-flavan-
3-ols, 2-flavone-C-glucosides, 2-nor-isoprenoids, and 1 
flavanone26,27. All of the plant's components seem to 
have numerous applications including in common 
household items, traditional medicine, pharmacology, 
food preparation, and the detection of gastric cancer 
cell production, migration, and invasion28. This plant 
specifically possesses antioxidant and antibacterial 
properties in its leaves29. The CILE plant extract acts as 
a potent and eco-friendly green corrosion inhibitor. 
Recently, various methods have been devised for 
isolating plant components. Among these, the Soxhlet 
extraction method is the most efficient in terms of time 
and resource conservation. This approach is both cost-
effective and proficient at separating solid materials 
from aqueous solutions, utilizing solvent reflux and 
siphoning to continuously isolate the pure solvent from 
the plant matter. The heated sample, placed on filter 
paper, interacts with the solvent. When the solvent 
level surpasses the siphon top, it is siphoned back. This 
cycle extracts portions of the material repeatedly, 
ensuring the solid substance remains pure and 
concentrated in the RB flask. Fig. 1 illustrates the 
whole process. In this research, the crude leaf extract of 
Cycas inermis proves superior to synthetic inhibitors 

due to its renewability, biodegradability, sustainability, 
and consistent composition and effectiveness. 

In order to extract CILE using the least quantity of 
solvent feasible, the Soxhlet extraction method was 
employed. Taking several electro-active components 
from the root of Cycas inermis and applying them as a 
possible corrosion inhibitor for SCS in 1 M H2SO4 is 
the primary goal of the current study. 
 
Experimental Section 
 
Soft cast steel coupons preparation 

The SCS plate was cut into dimensions of 5 cm ×  
1 cm × 0.1 cm for the weight loss technique and  
1 cm² for polarization studies. The chemical 
composition of the SCS was as follows (in percentage): 
Mn 0.27, Si 0.07, S 0.03, P 0.06, Ni 0.02, Cu 0.02,  
C 0.10, with the remainder being Fe. The samples 
were polished using silicon carbide papers ranging 
from 180 to 2000 grit, then degreased with acetone, 
rinsed with distilled water, and dried with a clean 
cloth. The initial weight of the samples was measured 
using an analytical balance. 
 
Inhibitor preparation 

The leaves of Cycas inermis were identified and 
collected from the campus of Karnatak Science 
College, Dharwad, India. Under running water, the 
leaves were washed and shade-dried for 8 days. The 
dried leaves were fine-grained using a mechanical 
grinder to convert the material into a powdered form. 
The Soxhlet process is a productive technique for 
extraction that involves continuously circulating the 
same solvent via the extractor. The technique of 
Soxhlet extraction is exceptionally inexpensive and 
only requires a small quantity of solvent. For this 
study, 25 g of powdered plant material was taken in 
the extractor and was extracted using 300 mL of 
ethanol and subjected for a period of 6 h. The 
extracted solution was then concentrated using a 
rotary evaporator. Subsequently, a specified amount 
of the crude extract was dissolved in ethanol to obtain 
the CILE stock solution. 
 
Preparation of test solution 

The samples are subjected to a corrosive solution 
consisting of a 1.0 M H2SO4 solution. An inhibitor 
solution was formed by diluting a different range of 
CILE solutions in 1 M H2SO4. Reagents of AR grade 
and double-distilled water were utilized to create 
corrosive liquid samples. 

 
 

Fig. 1 — Soxhlet extraction technique 
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Mass loss measurements 
Accurate measurements were taken of the initial 

weights of the pre-treated specimens, which were then 
fully submerged in 100 mL of an experimental solution 
containing 1 M concentration of H2SO4 both with and 
without varying doses of the inhibitor. These 
immersions occurred at different time intervals 1, 2, 3, 
4, 5, 6 and 12 h, and were maintained at a constant 
temperature of 301 K. Subsequent to the designated 
exposure periods, the specimens were extracted, 
subjected to drying, and their weights were recorded 
once again. Utilizing the obtained weight differentials, 
the inhibition efficiency (ηW), surface coverage (θ), and 
deterioration rate (mmpy) were derived through the 
application of specific mathematical formulations. 
 

Electrochemical studies 
An electrochemical workstation, specifically the 

CH-Electrochemical model CH1660D, was utilized to 
perform the electrochemical measurements. The setup 
included a standard glass electrochemical cell 
configured with three electrodes. This cell was 
equipped with a platinum electrode serving as the 
counter electrode, a saturated calomel electrode (SCE) 
acting as the reference electrode, and a SCS sample 
with an uncovered surface area of 1 cm² clamped up 
in a specimen holder, functioning as the working 
electrode (WE). All potential values recorded during 
the measurements were referenced against the SCS. 
 

Studies on Tafel polarization 
A meticulously smoothened sample was exposed to 

a 1 M sulfuric acid solution as the deterioration 
medium, both without and with the inhibitor, at a 
temperature of 303 K. The sample was then left to 
reach a stable open-circuit potential (OCP). Once the 
OCP was established, the sample was polarized by 
applying a voltage of -200 mV in the cathodic 
direction and +200 mV in the anodic direction at a 
scan rate of 1 mV/s. This process was conducted to 
obtain the potentiodynamic current-potential curves. 
 

Investigations using electrochemical impedance spectroscopy 
(EIS) 

Impedance measurements were made between  
0.01 Hz and 100 kHz at the open-circuit potential 
using a 5-mV AC sine wave voltage. Nyquist plots 
were used to analyze the impedance data, with the 
charge transfer resistance (Rct) determined from the 
diameter of the semicircular arc in the plot. 
 

Thermodynamic factors and adsorption isotherm 
The impact of the CILE component that binds to 

the metal surface on the adsorption kinetics in a 1M 

H2SO4 solution was assessed across a temperature 
range of 301 to 321 ± 1K using conventional mass 
loss measurements. The thermodynamic aspects of 
the adsorption kinetics were thoroughly analyzed, 
and the collected data were fitted into the 
appropriate adsorption model to gain deeper insights 
into the process. 
 
Surface investigations 

The investigation into the alterations in the barrier 
morphology of SCS throughout the course of corrosion 
and protection processes was conducted using SEM, 
specifically employing the Model-JEOL JSM-IT 
500LA instrument for atomic force microscopy  
(AFM-Nanosurf® EasyScan 2). FT-IR spectroscopy 
was employed to elucidate the chemical interactions 
involving the CILE functional group on the surface of 
SCS by utilizing a Nicolet 6700 spectroscope. 
Additionally, to assess the hydrophobicity of the metal 
surface, a WCA analysis was performed. This study 
was carried out using the Model-DMs-401 FAMAS 
software developed by Kyowa Interface Science Co. 
Ltd., Japan. 
 
Results and Discussion 
 

Results of weight loss assessment 
The acid dissolution behavior of SCS in 1.0 M 

H2SO4 was examined using mass reduction and 
electrochemical techniques, both in the presence and 
absence of CILE. The SCS dissolution rate was  
found to be quite high when 1.0 M H2SO4 was used 
without inhibitor; however, the dissolution rate was 
significantly decreased when an inhibitor was added. 

The dissolution rate and %ηW of SCS in an aqueous 
acid at 301 ± 1 K with various CILE doses and 
different time hours are shown in Table 1. Corrosion 
will occur more quickly in the absence of an inhibitor 
due to the plenty of H+ ions available in the acid 
medium, which speeds up the reduction process.  
SCS corrosion is reduced by CILE in comparison to 
acidic media, and a raise in inhibitor concentration 
improves inhibitory efficacy. At an optimal CILE 
dose of 2.0 g/L for a 1.0 M H2SO4 solution, the 
highest efficiency of 96.15% was observed. 2.0 g/L 
was determined to be the ideal inhibitor dosage 
because no discernible increase in efficacy was seen 
when the inhibitor concentration was raised. If the 
concentration of the inhibitor is higher than 2.0 g/L, 
the inhibitor-metal connections may become weaker, 
and H2O or SO4

2- ions may replace the inhibitor, 
which will reduce the inhibitor's effectiveness.  
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In an acidic solution, the liberation of hydrogen  
also continues to be dominant. Therefore, mass 
accumulation is not occurring throughout the 
superficial layer of SCS. In an acidic solution, the 
CILE constituents undergo protonation, which results 
in a decrease in the reduction reaction. When CILE 
components are added, they attach to the soft cast 
steel's surface and form a thin coating that keeps the 
metal surface isolated from acidic environments and 
prevents corrosion. Eqs (1), (2), and (3) were used, 
accordingly, to quantify the corrosion rate (υcorr), the 
percentage of inhibitory efficacy (%ηw), and the 
surface coverage (𝜃) of the CILE plant extract30. 

Wୡ୭୰୰ ൌ
଼଻.଺ൈ୛మି୛భ

୅୘ୈ
 ... (1) 

Where A is the exposed surface area for corrosion 
investigations in square centimeters, T is the 
immersion duration in h, D is the density of the SCS 
sample (7.85 g/cm3), and W2-W1 is the observed 
weight loss in mg. The following formula was used to 

calculate the surface coverage (θ) and percentage 
inhibitory effectiveness (%ηw):  

%𝜂௣ ൌ
ௐమିௐభ

ௐమ
 ൈ  100 ... (2) 

θ ൌ
ௐమିௐభ

ௐమ
  ... (3) 

Where, W2 and W1 are the mass loss of SCS bare 
and with inhibitor. 

The changing protection ability of the corrosion 
inhibitor over time is a critical aspect of the study. 
Table 1 illustrates this phenomenon in detail, showing 
how the inhibition efficiency evolves with prolonged 
exposure. Initially, the inhibition efficiency is high due 
to the rapid adsorption of CILE molecules on the SCS 
surface, forming a protective film. However, over time, 
there is a gradual decrease in inhibition efficiency. The 
decline in protection efficiency can be attributed to 
several factors. As time progresses, the concentration 
of active CILE molecules in the solution may reduce 
due to continuous adsorption and possible degradation, 
leading to a thinner protective layer. Additionally, the 
formation of corrosion products on the SCS surface can 
impede further adsorption of inhibitor molecules, thus 
reducing the effectiveness of the protective film. 
Variations in temperature and pH over time can also 
affect the stability and adsorption efficiency of the 
inhibitor molecules31. 
 
Potentiodynamic polarisation measurements 

The polarization curves of SCS in a 1.0 M H2SO4 
solution are displayed in Fig. 2 both in the absence 
and with various inhibitor concentrations. Eq. (4) is 
utilized to calculate the inhibition efficiency for each 
inhibitor concentration. 

 
%𝜂௪ ൌ

𝑖 ௖௢௥௥௢ െ  𝑖௖௢௥௥
𝑖 ௖௢௥௥
௢  ൈ 100 

... (4)

Here, 𝑖 ௖௢௥௥௢  and 𝑖௖௢௥௥  symbolize corrosion current 
densities without and with various CILE doses. Table 2 
lists the electrochemical characteristics, including 
cathodic (βc) and anodic (βa) Tafel plots, inhibition 
efficiency (%ηp), corrosion potential (Ecorr), and 
corrosion current density (icorr). Each experiment 
was conducted three times for each test group under 
identical conditions. The consistency of the results 
was confirmed by the standard deviation of the 
electrochemical polarization measurements. Lower 
corrosion current densities are achieved by raising 
inhibitor concentrations. Fig. 2 and Table 2 clearly 
demonstrate that the presence of CILE in the acidic 
medium progressively reduces both cathodic and 

Table 1 — Weight-loss details for SCS in 1M H2SO4 with and 
without CILE at 301 ±1K 

Time 
(h) 

Conc. 
(g/L) 

Corrosion 
rate 

(mmpy) 

Inhibition 
efficiency  

(%ηW) 

Surface 
coverage 

(θ) 
1 Blank 52.28   

1.25 5.03 90.38 0.9038 
1.50 4.02 92.30 0.9230 
1.75 3.02 94.23 0.9423 
2.0 2.01 96.15 0.9615 

2 Blank 40.72   
1.25 4.52 88.89 0.8889 
1.50 3.52 91.36 0.9136 
1.75 3.02 92.59 0.9259 
2.0 2.01 95.06 0.9506 

4 Blank 37.20   
1.25 4.02 89.19 0.8919 
1.50 3.27 91.22 0.9122 
1.75 2.51 93.24 0.9324 
2.0 2.01 94.59 0.9459 

5 Blank 34.58   
1.25 4.42 87.21 0.8721 
1.50 3.82 88.95 0.8895 
1.75 3.22 90.70 0.9070 
2.0 2.61 92.44 0.9244 

6 Blank 32.51   
1.25 4.19 87.11 0.8711 
1.50 3.69 88.66 0.8866 
1.75 3.18 90.21 0.9021 
2.0 2.68 91.75 0.9175 

12 Blank 33.68   
1.25 3.52 88.56 0.8856 
1.50 3.27 89.55 0.8955 
1.75 3.02 90.30 0.9030 
2.0 4.61 91.04 0.9104 
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anodic current densities. This effect becomes 
increasingly pronounced with higher concentrations 
of CILE32,33. This behaviour demonstrates the 
inhibitor's ability to prevent SCS corrosion in acidic 
medium and by chemically adsorbing its molecules  
on both anodic and cathodic sites, which facilitates 
that it functions through a mixed mode of inhibition. 
Table 2 shows the relationship between inhibitor 
concentration and the decrease in corrosion current 
density. Fig. 2 illustrates that the presence of an 
inhibitor causes a significant shift in both cathodic 
and anodic polarization curves toward lower current 
densities. This shift is more pronounced in the 
cathodic Tafel curves due to the inhibitor reducing 
hydrogen evolution, and in the anodic Tafel curves 
due to decreased metal dissolution. These findings 
indicate effective corrosion mitigation. From Table 2, 
it is evident that the presence of the inhibitor 
significantly reduces both the anodic Tafel slopes and 
cathodic Tafel slopes indicating that the inhibitor 
shows mixed behaviour34,35. The reduction in the 
corrosion rate for soft cast steel when an inhibitor is 
added to the corrosive medium supports this 
conclusion. The data in Table 2 elucidates that as the 
inhibitor concentration increases, the corrosion rate of 

the metal decreases in 1M H2SO4 at a temperature of 
301 ± 1 K. These results prompt the inference that 
CILE holds promise as a potent inhibitor. The 
examined inhibitors appear to behave as mixed-type 
agents, according to the overall data. It has been noted 
that when inhibitor concentrations rise, inhibition 
efficiency also increases. Maximum inhibitory 
efficiency is achieved at a concentration of 2.0 g/L, 
with a maximum value of 93.69%. 
 
Electrochemical impedance spectroscopy measurements 

An essential non-destructive technique for 
evaluating the protective layer that develops on 
metallic surfaces and providing an estimate of the 
mechanism causing corrosion are done by 
electrochemical impedance spectroscopy measurement. 
EIS studies enable a quantitative comprehension of the 
kinetics of the electrode process and the surface 
characteristics at the metal/solution contact. EIS 
provides a quick and simple method for monitoring the 
track of corrosion processes, with evaluation carried 
out close to the corrosion potential to ensure accurate 
results36. The fact that EIS operates at lower applied 
voltage levels makes non-destructive tests possible. 
Nyquist plots of the EIS results for soft cast steel 
subjected to 1 M H2SO4 solution at 301 ± 1 K, both 
with and without varying concentrations of CILE. Z-
simp 3.21 was used to generate the equivalent circuit 
R(QR(LR)), are shown in Fig. 3. The adsorption of 
elements such as (H+)ads and (SO4

2-)ads is what allows 
the LF inductive loop to relax. In the present research, 
various impedance variables, such as the constant 
phase element (CPE) takes on a double-layer 
capacitance for bettering the circuit's fit double layer 
capacitance, solution resistance (Rs), n is the phase 
shift, (RL) inductive resistance, charge transfer 
resistance (Rct), percentage inhibition efficacy (%ηp) 
and L represents the inductive element were calculated 
from fitting curves. Table 3 summarizes the results that 
were achieved. The following equation was then used 
to calculate capacitance and (%ηp) values: 

𝑍஼௉ா ൌ
ଵ

௒೚ሺ௝ఠ೙ሻ
 ... (5) 

Table 2 — Soft cast steel corrosion characteristics were measured at 301±1K in 1M H2SO4 using the potentiodynamic  
polarization technique 

Conc. (g/L) E corr (V vs SCS) Icorr  (A cm-2) βa (V/dec) -βc (V/dec) C.R. (mil/yr) (%ηw) 
Blank -0.525 2.637 × 10-3 7.095 5.721 1.207 × 103  
1.25 -0.482 4.243 × 10-4 10.386 7.732 1.942 × 102 83.91 
1.5 -0.480 3.180 × 10-4 11.293 7.761 1.456 × 102 87.94 

1.75 -0.484 2.066 × 10-4 11.813 7.923 9.457 × 101 92.17 
2.0 -0.481 1.665 × 10-4 12.178 7.826 7.619 × 101 93.69 

 

 
 
Fig. 2 — Soft cast steel polarization curves at various CILE
concentrations 
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Where, 𝑌𝑜= CPE values, n = CPE exponent 
acquired from the Phase shift value, 𝜔 = is angular 
frequency, where, 𝜔 = 2𝜋f, f = is the frequency, j = 
imaginary part37. 

%𝜂௣ ൌ
ୖౙ౪ିோ೎೟

ೀ

ୖ౦
ൈ 100 ... (6) 

According to the information provided, the solution 
resistance (Rs), which signifies the total opposition of 
the electrode and substance, remains almost 
unchanged in 1M H2SO4 solution with and without 
CILE extract. Conversely, the charge transfer 
resistance (Rct) values are depicted as semicircles 
centered on the real axis of the Nyquist diagram. It 
has been observed that the charge transfer resistance 
value increases considerably after adding various 
amounts of CILE. The CILE plant extract's inhibitory 
effect was ascertained by applying the inverse 
correlation between the corrosion current density and 
the (Rp) value. 

Where ‘n’ represents the CPE, the exponent 
obtained from the phase shift value. Here, the CPE 
exponent values vary from -1 to 0 to +1. When n = 1, 
the CPE can behave like an inductor, while n = 0 
means that the CPE can behave like a resistor. The 
impedance of the CPE shows up when n = 0.5 and  
n = -1, then the CPE can act as a capacitor. Here 

obtained n values are presented in Table 3, which 
indicates that the values of n are slightly less than one, 
which shows that the CPE is slightly different from 
the capacitor38. Further, when the extract molecules are 
present on the SCS surface, there is an increase in Rct 
values, indicating that the inhibitory efficacy of the 
extract is via an adsorption mechanism. Fig. 4 shows 
the Bode plot that relates the logarithm of impedance 
and phase shifting to the logarithm of the frequency. In 
bode graphs, the lowest phase angle and impedance 
data suggest severe corrosion on the exposed metal 
surface39. The CILE extract has a maximal inhibitory 
activity of 93.43% at 2.0 g/L and functions effectively 
as a corrosion inhibitor to mitigate corrosion on SCS. 
A 3-D graph is given in Fig. 5 to illustrate the 
relationship of %ηp for mass loss, potentiodynamic 
polarization tests, and EIS measurements.  
 

Impact of temperature 
The experiment covered a range of temperatures, 

from 301 K to 321 ± 1K, showing a consistent trend at 
higher temperatures that led to increased corrosion 
rates and reduced inhibition efficiency. The phenomena 
are particularly apparent in acidic environments where 
the evolution of H2 gas predominates because anodic 
and cathodic processes are accelerated by high 
temperatures. The impact of temperature on inhibition 

 
 

Fig. 3 — Nyquist plots for SCS in the nonexistence and existence
of CILE 

Table 3 — The electrochemical characteristics of SCS samples were examined by adding CILE and in bare condition. 

Concentration (g/L) Rs  (Ω cm2) Y0 × 10-6 (S sn cm-2) N Rp  (Ω cm2) Cdl  (μF/cm-2) L (Ω cm2) RL  (Ω cm2) (%ηp) 
Blank 1.77 292.0 0.83 8.748 180.84 32.7 81.2  
1.25 2.49 287.5 0.81 70.01 169.34 119.4 451.7 87.50 
1.50 2.52 263.6 0.80 82.02 156.37 216.5 578.9 89.33 
1.75 3.36 222.1 0.77 112.5 120.83 210.3 704.4 92.22 
2.0 2.99 195.6 0.80 133.2 116.05 222.2 704.6 93.43 

 
 
Fig. 4 — Bode plots showing the effects of adding and without
adding CILE 



INDIAN J CHEM TECHNOL, SEPTEMBER 2025 
 
 

656

effectiveness is explained in Table 4, which compares 
situations under which there is inhibition and those 
under which there is no inhibition at various doses of 
CILE. Table 4 presents data indicating a clear 

correlation between temperature and corrosion rate. 
This indicates that the protective inhibitor coating on 
SCS surfaces has been compromised, resulting in 
desorption at elevated temperatures40. 

Figs 6 and 7 graphically represent the Arrhenius 
and transition state conditions for SCS in a 1.0 M 
H2SO4 solution at various concentrations of the  
CILE inhibitor. The activation factors are explained in 
Table 5 and Eq. (7) represents the expression for the 
Arrhenius and transition state formulas41. 

 
 
Fig. 5 — 3-D graph of the %ηp of weight loss measurements, 
PDP studies and EIS  
 

Table 4 — Effect of The temperature on SCS in 1M H2SO4 with 
varying doses of CILE 

Temp. 
(K) 

Concentration  
(g L-1) 

Corrosion 
rate 

(mm/year) 

Percentage 
inhibition 

efficiency (%ηp) 

Surface 
coverage 

(θ) 
301 Blank 52.28   

1.25 5.03 90.38 0.9038 
1.50 4.02 92.30 0.9230 
1.75 3.02 94.23 0.9423 
2.0 2.01 96.15 0.9615 

306 Blank 84.45   
1.25 10.05 88.09 0.8809 
1.50 8.04 90.48 0.9048 
1.75 6.03 92.86 0.9286 
2.0 5.03 94.05 0.9405 

311 Blank 113.60   
1.25 16.09 85.84 0.8584 
1.50 13.07 88.50 0.8850 
1.75 10.05 91.15 0.9115 
2.0 9.05 92.03 0.9203 

316 Blank 145.77   
1.25 26.14 82.07 0.8207 
1.50 23.12 84.14 0.8414 
1.75 20.11 86.21 0.8621 
2.0 17.09 88.28 0.8828 

321 Blank 170.91   
1.25 35.19 79.41 0.7941 
1.50 31.17 81.76 0.8176 
1.75 27.14 84.12 0.8412 
2.0 23.12 86.47 0.8647 

 

 
 

Fig. 6 — Arrhenius diagrams for SCS 
 

 
 

Fig. 7 — Transition state diagrams for SCS 
 

Table 5 — CILE inhibitor activation characteristics for SCS 

Conc. 
(g/L) 

Ea*  
(kJ mol-1) 

A 
 (kJ mol-1) 

ΔH*  
(kJ mol-1) 

ΔS* 
 (J mol-1 K-1) 

Blank 46.99 8.27 × 109 113.24 -23.701 
0.975 78.05 1.95 × 1014 229.47 -23.663 
1.200 82.95 1.09 × 1015 246.59 -23.656 
1.350 90.04 1.35 × 1016 271.20 -23.647 
1.500 98.42 2.83 × 1017 300.38 -23.637 
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𝑙𝑛𝜐௖௢௥௥ ൌ 𝑙𝑛𝐴 െ
ாೌ∗

ோ்
 ,  ... (7) 

Within the Arrhenius equation, A symbolizes the 
pre-exponential constant, R stands for the gas 
constant, and T represents the absolute temperature. 
According to the information in Table 5, the inhibited 
system demonstrates a greater activation energy (Ea) 
value of 98.42 kJ/mol, whereas the uninhibited system 
has a lower value of 46.99 kJ/mol. It is important to 
remember that a rise in the CILE concentration leads 
to a noticeable rise in Ea, which was attributed to 
chemical adsorption phenomena. The activation 
enthalpy (ΔH*) and entropy (ΔS*) were then 
computed using Eq. (8) in accordance with the 
Arrhenius equation. 

𝑙𝑛
జ೎೚ೝೝ
்
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ோ்
,  ... (8) 

According to the Arrhenius equation, which takes 
into account A as the pre-exponential constant, R is 
the gas constant, and T as the absolute temperature. 
This increased Ea corresponds to the higher 
concentration of CILE, which is thought to be due to 
chemical adsorption. The Arrhenius plot, which 
shows the relationship between lnυcorr vs 1000/T (as 
displayed in Fig. 6), is exhibiting a linear correlation 
with a slope equivalent to (Ea/2.303R). When plotting 
lnυcorr/T vs 1000/T (as displayed in Fig. 7), an erect 
line is created, where the slope represents 
(ΔH*/2.303R), and the intercept is [ln(R/Nh) + 
(ΔS*/2.303R)]. These graphical representations aid in 
determining the activation entropy (ΔS*) and 
activation enthalpy (ΔH*)42. 

Without the use of an inhibitor, the activation 
enthalpy (ΔH*) in aqueous H2SO4 were calculated to 
be 113.24 kJ/mol to 300.38 kJ/mol, correspondingly. 
Localized corrosion at surface sites with greater Ea* is 
suggested by the greater Ea* and ΔH* data in the 
presence of the inhibitor, which point to an increased 
energy barrier. While ΔS* levels are linked to greater 
disorderliness during the inhibitor's adsorption and 
subsequent attachment to the soft steel surface, 
positive ΔH* values indicate suppressed corrosion.  
A raised ΔS* and enhanced solvent entropy are 
resulting from the displacement of H2O molecules by 
this adsorption43,44. 
 
Behaviour of adsorption isotherms 

The prevailing assumption is that the process of 
corrosion inhibition occurs as a result of the inhibitor 
constituents binding to the interface between the metal 
barrier and the surrounding solution. Although the 

corroding surface adsorption process never reaches an 
equilibrium state, it does so at a stable adsorption rate 
that is noticeably high. In this nearly static process,  
the thermodynamic analysis of quasi-equilibrium 
adsorption is justified, employing suitable equilibrium 
isotherms. The efficacy of the CILE as an inhibitor 
hinge on its capacity to adhere to the metal barrier. 
Gaining insight into the manner of adsorption is 
essential for understanding the correlation between the 
inhibitor and the metal barrier45. The application of the 
Langmuir adsorption isotherm to experimental data 
insights into accumulation of the CILE on SCS in 
aqueous acid at a temperature of 301 ± 1K. The 
Langmuir isotherm offers the most accurate match and 
exhibits impressive agreement with the given Eq. (9). 
஼

ఏ
ൌ ଵ

௄ೌ೏ೞ
൅ 𝐶,  ... (9) 

The Langmuir adsorption isotherm equation 
achieved remarkable success in fitting the model,  
with C representing concentration, θ denoting  
surface area coverage, and Kads as the adsorption 
equilibrium constant. 

The effectiveness of utilizing the Langmuir 
adsorption isotherm to study inhibitor constituent’s 
adsorption on SCS surfaces is demonstrated by the 
correlation factor (R2) and a slope value close to 
unity. This implies that the molecules that have been 
adsorbed do not interact with one another. Table 6 
presents the adsorption equilibrium constants (Kads) 
derived from the linear plots of inhibitor 
concentration (Cinh) versus the ratio of inhibitor 
concentration to surface coverage (Cinh/θ), as depicted 
in Fig. 8, which includes error bars for accuracy. 
These findings suggest a stronger and more efficient 
interconnection between the metal barrier and the 
CILE compounds under investigation46. Additionally, 
Table 6 furnishes the data for the standard free energy 
of adsorption (∆𝐺௔ௗ௦

௢ ), which is linked to Kads by a 
pertinent Eq. (10). 

∆𝐺௔ௗ௦
௢ ൌ െ2.303𝑅𝑇𝑙𝑜𝑔 ቀ𝐾௔ௗ௦ ൈ 𝐶ுమೀቁ,  ... (10) 

Table 6 — Data of the thermodynamics of inhibitor adsorption on 
SCS surface at varying temperatures in 1.0 M H2SO4. 

Temp. 
(K) 

Kads 
(L mg-1) 

G0
ads 

(kJ mol-1) 
H0

ads 

(kJ mol-1) 
S0

ads 

(J mol-1 K-1) 

301 4418.33 -31.061 -16.77 47.48 
306 4082.80 -31.377 -16.77 47.74 
311 3750.23 -31.699 -16.77 48 
316 3425.71 -31.941 -16.77 48.01 
321 2856.57 -31.961 -16.77 47.32 
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Investigations into the interactions between the 
CILE and the analysis of adsorption-free energy 
(∆𝐺௔ௗ௦

௢ ) on the barrier of SCS often demand careful 
consideration. The connection between ∆𝐺௔ௗ௦

௢  and the 
equilibrium constant for the adsorption process (Kads) 
is described by the above equation. Here R denotes 
the gas constant, T the temperature, and CH2O the 
water content. To find the enthalpy of adsorption 
(∆𝐻௔ௗ௦

௢ ), the slope data of∆𝐺௔ௗ௦
௢ /T vs. 1000/T were 

used in Fig. 8. Furthermore, the Eq. (11) is utilized to 
compute the entropy of adsorption (∆𝑆௔ௗ௦

௢ ) as follows: 

∆𝑆௔ௗ௦
௢ ൌ

൫∆ுೌ೏ೞ
೚ ି∆ீೌ೏ೞ

೚ ൯

்
,  ... (11) 

The adsorption process's thermodynamic parameters 
can be calculated using the above formulas. These 
metrics give crucial details regarding the strength and 
intensity of the CILE's interaction with the metal 
barrier at different temperatures. Table 6 displays the 
determined values of ∆𝐺௔ௗ௦

௢  and Kads,. A ∆𝐺௔ௗ௦
௢  value 

below zero suggests that the accumulation of the CILE 
onto the SCS barrier occurs spontaneously. By 
applying this Eq. 1, determined value of ∆𝐺௔ௗ௦

௢   
is -31.961 kJ/mol to -31.061 kJ/mol. The negative 
∆𝐺௔ௗ௦

௢  value indicates that CILE molecules 
spontaneously self-adsorb onto the soft cast steel 
surface. This behaviour is consistent with the general 
tendency of organic inhibitors to self-adsorb on metal 
surfaces. If the ∆𝐺௔ௗ௦

௢  value is greater than  
-40 kJ/mol, chemical adsorption is considered 
predominant, whereas if it is less than -20 kJ/mol, 
physical adsorption is dominant. Values of ∆𝐺௔ௗ௦

௢  

between these ranges indicate that both adsorption 
processes may occur. However, it is important to note 
that the adsorption of organic molecules on metal 
surfaces often involves a combination of both 
chemical and physical interactions. The ∆𝐺௔ௗ௦

௢  value 
for CILE is between these two extremes indicating 
that the adsorption involves both chemical and 
physical interactions. The initial stage in the 
adsorption of organic molecules from the extract 
involves their physical interactions with the electrode 
surface. These interactions occur through weak 
forces, such as dipole-dipole interactions. Beyond 
physisorption, chemical reactions may also take place. 
Chemical interactions can occur through charge 
sharing between the d orbitals of the metal and the 
free electron pairs of adsorption-active centers, such 
as nitrogen, sulfur, and oxygen atoms, as well as the π 
electrons of double or triple bonds in organic 
molecules. These findings indicate that the 
accumulation of the inhibitor on the SCS barrier 
involves a combination of physical and chemical 
adsorption characteristics. This underscores the 
intricate nature of the adsorption process, highlighting 
the contribution of various mechanisms to corrosion 
inhibition. Fig. 9 represents the adsorption enthalpy 
∆𝐻௔ௗ௦

௢  (-16.77 kJ mol-1) is negative, indicating the 
CILE adsorption is exothermic. The values of 
∆𝑆௔ௗ௦

௢ that have been found are positive, signifying 
that the CILE components were adsorbed on the 
SCS surface by the desorption of water molecules 
which in turn improved the disorder and raised the 
entropy for adsorption47-49. 

 
 
Fig. 8 — Graphs illustrating the Langmuir Adsorption Isotherm
for SCS immersed in a 1.0 M H2SO4 solution at varying inhibitor
concentrations within the temperature range of 301-321 ± 1 K 
 

 
 

Fig. 9 — Graph of ∆Gୟୢୱ
୭ /T versus 1000/T for 1 M H2SO4 
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Examining FT-IR spectra 
The FT-IR spectrometer is an influential tool 

utilized to discern the bonding nature of organic 
inhibitors adhered to metal surfaces. FTIR spectra are 
utilized for scrutinizing the protective layer 
established on metal surfaces50. The suppression 
observed in the CILE could be attributed to the 
existence of these primary compounds, which possess 
functional groups as illustrated in Fig. 10. In this, 
infrared band of -OH detected at 3419 cm-1, C-H 
stretching frequency of alkene at 2854 and 2922 cm-1,, 
C=O band of conjugated acid at 1663 cm-1. The peak 
at 1380 cm-1 is due to -C-O stretching. The FT-IR 
spectrum of the SCS specimen after being immersed 
in an aqueous acid for 20 h, which includes  
2.0 g/L of CILE, is illustrated in Fig. 10. It showed  
the stretching band of -OH at 3342 cm-1, C-H 
stretching at 2973 cm-1, C=O stretching vibration  
at 1650 cm-1 indicating that only these electron-

donating centers of CILE constituents engage in 
interactions with the metallic substrate. The observed 
alterations in the stretching frequencies indicate that 
inhibitory molecules interact with the metal substrate 
through two possible mechanisms: chemical bond 
formation and weak intermolecular interactions. 
Based on FT-IR findings, the inhibitor compounds are 
made up of heteroatoms, which will function as Lewis 
bases and coat the metal substrate by forming a 
protective layer to minimize corrosion50. 
 
Scanning electron microscopy  

The SEM is the best tool for acquiring insights into 
the inhibitor's effectiveness in safeguarding electrode 
barriers from significant harm and promoting the 
development of shielding layers on metal substrates. 
The examination was carried out on specimens 
immersed in acidic solutions, with the addition and 
non-addition of the CILE for a period of 24 h. Figs 11a, 

 
 

Fig. 10 — FTIR spectra of (a) Pure CILE and (b) SCS specimen immersed in acid containing 2.0 g/L CILE 
 

 
 

Fig. 11 — SEM pictures of SCS (a) Highly polished surface, (b) During submerged time of 24 h in aqueous acid i.e., 1M H2SO4 and (c) 
dipped time of 24 h in 1M H2SO4 with 2.0 g/L of CILE 
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11b and 11c showcase a sequence of SEM visuals.  
Fig. 11a illustrates the polished soft cast steel surface, 
exhibiting clarity and highlighting the consistent  
and flawless quality of the metal sample. In contrast, 
Fig. 11b depicts the SCS specimen exposed to an 
aggressive environment (i.e., lacking inhibitor), 
revealing superficial degradation and the presence of 
cavities resulting from the aggressive acidic medium 
attack. The SCS specimen suspended in the acidic 
solution containing the optimal inhibitor concentration 
of 2.0 g/L of CILE is represented in Fig. 11c. The 
metal superficial shows noticeably reduced damage, 
attributed to the formation of corrosion products 
formed amid the iron atoms and the CILE constituents, 
serving as a safeguard. Furthermore, this safeguard 
decelerates the corrosion mechanism by obstructing 
additional acid solution attacks on the SCS substrate, as 
a result diminishing the corrosion rate51. 
 
Atomic-microscope analysis 

AFM stands out as an invaluable instrument for 
comprehending surface morphology across nano-to 
microscales, as well as for evaluating inhibitor 
effectiveness at metal-solution interfaces. AFM was 
used for post-experiment analysis of the surface 
morphology. To systematically examine the superficial 
texture of SCS with the existence and non-existence of 
the CILE inhibitors, we have captured AFM 
topographic images, displayed in Fig. 12a, b, and c, 
along with the corresponding outcomes in Table 7. 
Fig. 12a displays an AFM image of a highly 
smoothened SCS substrate, which shows the least Ra 
value of 22.627 nm. Fig. 12b displays the AFM image 
of the SCS sample without the CILE inhibitor in a 
corrosive environment, revealing a notably elevated 
Ra value of 241.4 nm. In Fig. 12c, the AFM image 
depicts the soft cast steel surface when exposed to an 

optimal concentration of 2.0 g/L of CILE inhibitor. 
Table 7 reveals the average roughness of the samples. 
The observation explains the significant improvement 
in surface smoothness, as evidenced by the reduction 
in the value of Ra to 81.541 nm. These findings 
indicate that the acid environment caused serious 
harm to the SCS substrate when the CILE was absent. 
However, in the existence of the CILE, the acid 
environment only caused minor damage to the SCS 
barrier. This demonstrates that the CILE’s active 
components are intended to adhere to the SCS barrier, 
reducing the corrosion rate52,53. 
 
Contact angle analysis 

To assess how the soft cast steel surface behaves in 
terms of its hydrophobic and hydrophilic properties, a 
contact angle experiment was conducted with and 
without the CILE. Fig. 13a depicts the samples  
dipped in the aggressive solution without the  
inhibitor at about 6 h, displaying a contact angle of 
41.5 degrees, indicating its hydrophilic nature.  
Fig. 13b demonstrates that the contact angle on the 
SCS surface rises when a minimal dose of the inhibitor 
is added, specifically at 1.25 g/L, with the contact angle 
reaching 100.3°. This indicates that the components 
within CILE effectively bond to the SCS. In Fig.13c, 
for the optimized CILE dose of 2.0 g/L, the contact 
angle rise to 112.9°. The increase in contact angle 
values suggests that the hydrophilic character of the 

 
 
Fig. 12 — atomic force microscopy 3-D micrographs of (a) polished SCS surface, (b) SCS dipped for 6 h in aqueous acid and (c) SCS in
acid along with 2.0 g/L of CILE 

Table 7 — AFM results on the SCS surface in 1M H2SO4 in 
presence and absence of CILE 

Specimen Conc. 
(g/L) 

Average 
roughness (Ra) 

(nm) 

Root mean square 
roughness (Sq) 

(nm) 
Polished  - 22.627 28.507 
Blank 1 M H2SO4 - 241.4 294.28 
Inhibitor 2.0 81.541 109.32 
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soft cast steel surface is reduced. This alteration is 
caused by CILE’s organic components sticking to the 
soft cast steel surface and obstructing its active areas. 
Consequently, the rise in hydrophobicity points to a 
drop in soft cast steel corrosion rates54-60. 
 
Conclusion 

Considerable investigation has been conducted 
using diverse approaches to examine the corrosion 
inhibitive characteristics of the CILE inhibitor, aiming 
to mitigate the corrosion of soft cast steel in a 1M 
H2SO4 solution. The inhibition efficiency was 
thoroughly assessed using the weight loss method, 
potentiodynamic polarization, and electrochemical 
impedance spectroscopy techniques. Electrochemical 
analysis revealed that CILE functions as a potent 
corrosion inhibitor for SCS and inhibition efficiency 
increases with increase in CILE concentration. The 
maximum inhibition efficiency obtained from the 
weight loss method, polarization technique, and 
electrochemical impedance spectroscopy were 
96.15%, 93.69%, and 93.43%, respectively. 
According to Tafel graphs, CILE acts as a mixed-type 
inhibitor, regulating the corrosion rate of both 
cathodic and anodic reactions. EIS studies unveiled a 
rise in charge transfer resistance in the presence of 
CILE. The adsorption mechanism of CILE on the SCS 
surface follows the Langmuir adsorption model, and 
the values of the corrosion protection effect at  
higher temperatures, activation energy, and enthalpy 
indicate that both physisorption and chemisorption  
are involved in the adsorption process. Analysis using 
FT-IR, SEM, and AFM indicated that CILE safeguards 
the soft cast steel surface by creating a protective layer 
on the specimen surface, consistent with the 
electrochemical data. The contact angle evaluation 
illustrated that CILE constituents render the specimen 
surface hydrophobic. In conclusion, CILE exhibits 

excellent corrosion inhibition properties for SCS in a 
1M H2SO4 solution, making it a viable candidate for 
industrial applications where sustainable and effective 
corrosion protection is required. 
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