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Abstract
The anticorrosive activity of Combretum indicum (CI) leaf extract has been examined on mild steel corrosion in 1M HCl by 
using weight loss and electrochemical measurement techniques. The results of these experimental techniques have consist-
ent in confirming the effect of the CI leaf extract on corrosion inhibition and a mechanism for the inhibition was proposed. 
The dissolution rate of steel in acidic solution was found to be sensitive to the concentration of CI leaf extract and the cor-
rosion rate reduces when the concentration of CI leaf extract is increased and reaches the high protection efficiency. The 
potentiodynamic polarization study confirms the mixed mode of inhibition. Ultraviolet–visible (UV) and Fourier -transform 
infrared (FTIR) spectroscopic techniques were performed to evaluate the phenomenon of adsorption in the plant extract and 
the functional groups. The surface morphology analysis (SEM) further corroborates the adsorption of inhibitor molecules 
over the metal surface.
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1 Introduction

Mild steel is one of the most commonly used metal in resi-
dential and commercial structures, due to its excellent tensile 
strength, durability, and low cost. But it has poor resistance 
to corrosion in acidic environments. Acids are generally 
used in several industries for the removal of scale and rust. 
Hydrochloric acid is one of the most aggressive acids which 
is widely used in industries for pickling processes. Chemi-
cally active metals and alloys are affected by the corrosion 
due to the exposure of metals to the acidic solution. Corro-
sion is the destruction of a metallic surface due to its inter-
action with the environment and it can be lowered by using 
suitable preventive measures. Corrosion inhibition is one of 
the most practical and convenient techniques to prevent cor-
rosion on metals in an acidic environment. Corrosion inhibi-
tors control the metallic dissolution and acid consumption, 
by forming a protective layer on the metal surface. A variety 

of organic compounds were studied as corrosion inhibitors. 
Literature reveals that organic inhibitors containing heter-
oatoms such as nitrogen, sulfur, phosphorous, and oxygen 
with aromatic rings in their structures are excellent inhibi-
tors. But unfortunately, they have high manufacturing costs 
and toxicity on the environment. Therefore, natural prod-
ucts have been used as environmentally acceptable, readily 
available, and low-cost inhibitors. Plant extracts are a rich 
source of natural chemical compounds, which are analogous 
to organic inhibitors [1–4].

The inhibition effect of various natural products extracted 
from the plants in an acidic medium for mild steel has been 
reported by many authors, among that, extracts of Dardagan 
[5], Rosa canina [6], Myrobalan [7], Tamarindus indica [8], 
Prosopis farcta [9], Glycyrrhiza glabra [10] and Ginkgo [11] 
were found to be an excellent inhibitors in 1M HCl. The 
corrosion inhibitive property of Gentiana olivieri [12] was 
observed in 0.5M HCl. Irvingia wombolu [13] Euphorbia 
heterophylla L [14] Cocoa leaf [15] showed good inhibition 
efficiency for mild steel in 1.5M HCl. Tephrosia purpurea 
[16] extract prevented the corrosion on the mild steel surface 
in 1N HCl. Anticorrosive properties of Aegle marmelos [17], 
Radish leaf [18], Armoracia rusticana [19], and Artemisia 
herba-alba oil [20] were studied in 0.5 M  H2SO4. Citrus 
sinensis (orange) [21] and Hardwickia binata roxb [22] 
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were investigated as an environmentally friendly corrosion 
inhibitor in both HCl and  H2SO4. It is understood that the 
inhibition efficiency of plant extract is often attributed to the 
presence of complex constituents of organic species such as 
tannins, alkaloids, amino acids, carbohydrates, flavonoids, 
and the presence of heteroatoms, aromatic rings in organic 
compounds are the major adsorption centers of corrosion 
inhibitors.

In the present work, Combretum indicum (CI) maintains 
promise for an environmentally friendly corrosion inhibi-
tor. CI is frequently referred to as Ragoon Creeper, which 
is part of the Combretaceae plant family. This plant can be 
seen in many areas of India. Parts such as leaves, flowers, 
and seeds have great medicinal potential. Leaf extract of 
CI contains numerous phytochemical constituents, such as 
saponins, alkaloids, flavonoids, tannins, starch, proteins, 
and glycosides [23]. These natural organic constituents in 
the leaf extracts have a strong electron-donating capacity 
with iron and inhibit the corrosion rate of the metal. Herein, 
the CI leaves were extracted and their inhibition efficiencies 
were studied for mild steel in 1M HCl. The inhibition per-
formance was discussed using weight loss and electrochemi-
cal methods. Scanning Electron Microscope was employed 
to study the surface morphology and activation parameters 
were evaluated.

2  Experimental Work

2.1  Material and Electrolyte

Corrosion tests were performed on mild steel sam-
ples. Rectangular mild steel specimens of dimension 
2.5 cm × 2.5 cm × 0.3 cm were used for gravimetric and 
cylindrical mild steel rod with an exposed area of 1  cm2, 
were used for electrochemical measurements. These samples 
were mechanically abraded with different grades of emery 
papers, degreased, rinsed with distilled water, and dried. 
Fresh CI leaves were collected from the residential region. 
It was cleaned first with tap water and then with distilled 
water. The leaves were cut into small pieces and dried in 
the laboratory under shade for 5 days, and then dried leaves 
were ground to powder using pestles and mortars. CI leaf 
extract was prepared by using the Soxhlet method. About 
25 g of CI leaf powder was uniformly packed and placed 
in a thimble. It was extracted with distilled water (65 °C) 
for 8 h. The extract was filtered and the solvent was evapo-
rated by using a rotary evaporator, followed by drying in an 
oven to get powder material. The test solutions (1M HCl) 
were prepared by diluting analytical grade 37% HCl with 
distilled water. The CI leaf extract was readily soluble in 
1M HCL and test solutions of different concentrations of CI 
leaf extract ranging from 100 to 750 ppm were prepared and 

used for mass loss and electrochemical measurements. All 
tests were carried out without stirring the solutions, under 
various temperatures.

2.2  Weight Loss Measurement

Weight loss measurements show the inhibition effect 
of plant extract and provide accurate data of the cor-
rosion process. Rectangular mild steel specimens of 
2.5 cm × 2.5 cm × 0.3 cm dimensions were used and experi-
ments were performed at 303 K. These specimens were 
abraded mechanically using emery papers of different 
grades, washed with distilled water, degreased, and finally 
dried. Then the specimens were immersed in the test solu-
tion (100 mL) and a solution containing various concentra-
tions of respective inhibitor. All the tests were performed 
in aerated 1M HCl. All the experiments were conducted in 
triplicate and average values were noted. Mild steel speci-
mens were removed from test solutions after 10 h, washed 
with running water, air-dried, before and after corrosion 
the samples were weighed using an electronic balance 
(precision ± 0.1 mg).

2.3  Electrochemical Measurements

Electrochemical impedance spectrometry (EIS) and Poten-
tiodynamic polarization (PDP) measurements were carried 
using Gill Ac instrument under computer control. It is fitted 
with an assembly of a three-electrode cell consisting of a 
cylindrical mild steel sample of 1  cm2 area as the working 
electrode, platinum as an auxiliary electrode, and saturated 
calomel electrode as a reference electrode. Before the exper-
imental measurements, three-electrode systems were dipped 
in 1M HCl solution to get steady-state OCP. EIS measure-
ments were conducted by using AC signals of 10 mV ampli-
tude and the frequency range from 100 kHz to 10 MHz. All 
EIS data were fitted to equivalent circuits. The Tafel polari-
zation curves were noted by a constant cyclic sweep rate of 
60 mV/min from potential − 250 to + 250 mV relative to the 
 Ecorr value. The studies were conducted at various concen-
trations from 100 to 750 ppm, at different temperatures and 
by using oil bath temperature was maintained. Both EIS and 
PDP measurements were performed subsequently.

2.4  FT‑IR Analysis

Fourier Transform Infrared Spectrometer (FTIR) is one 
of the most effective techniques, which provides accurate 
information about functional groups present in the form of 
peaks. Plant extracts contain various organic compounds 
that are responsible for corrosion inhibition. FTIR spectra 
were recorded by using IR Prestige-21 Fourier Transform 
Infrared Spectrometer. FTIR spectra of powdered CI leaf 
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extract and protective film of CI extract on mild steel in 
1M HCl solution was taken out in the wavelength range of 
4000–450 cm−1.

2.5  UV‑Visible Spectroscopy

Ultraviolet–visible (UV–vis) spectroscopy is performed to 
determine the adsorption property of inhibitor on mild steel 
surface in 1M HCl solution with and without CI leaf extract 
with 10 h of immersion time. UV–vis spectral analysis is 
carried out using Shimadzu UV-1800 spectrophotometer at 
a wavelength range of 500–150 nm.

2.6  Scanning Electron Microscopy

The Scanning Electron Microscopy (SEM) is one of the ver-
satile advanced instruments employed for the surface mor-
phology studies. The surface analysis of mild steel speci-
mens before and after immersion in 1M HCl was examined 
by using FESEM: Sigma series Field Emission Scanning 
Electron Microscope (Ziess). Pretreated metal coupons were 
immersed in a 1M HCl solution for 24 h, with and without a 
CI inhibitor. These specimens were removed from the solu-
tion, washed with distilled water, dried, and used for the 
SEM studies.

3  Results and Discussion

3.1  Weight Loss

Table 1 shows the corrosion behavior of mild steel in 1M 
HCl in the presence and absence of CI leaf extract at tem-
perature 303 K. The percentage of inhibition efficiency (IE 
%) was calculated using the following equation [24]

where W◦ and W are the mass loss values without and with 
inhibitor.

It was observed from Table 1 that, rise in the extract 
concentration decreases the corrosion rate in 1M HCl and 

(1)IE% =
W◦ −W

W◦

× 100

increases the inhibition efficiency of the inhibitor. The 
decrease in the mild steel weight loss taking place in the 
1M HCl solution correlates to an increase in the concen-
tration of CI leaf extract. This suggests that adsorption of 
phytochemical components of CI leaf extract on mild steel 
surface by blocking the reaction sites and protect the mild 
steel metal in a 1M HCl solution. Further, a detailed analysis 
was carried out using electrochemical techniques to get a 
better understanding of the corrosion inhibition mechanism 
of CI leaf extract on mild steel in 1M HCl solution.

3.2  EIS Measurements

Adsorption of inhibitor on the mild steel surface results in 
a marked increase in impedance of the corrosion system 
and it causes increased resistance to the charge transfer pro-
cess. Thus, the potential of an inhibitor can be evaluated by 
impedance measurements of the corrosion system. It was 
recorded as a Nyquist plot for mild steel in 1M HCl. Fig-
ure 1 shows the Nyquist diagram in 1M HCl for mild steel at 
various concentrations of inhibitor and temperatures varying 
from 303 to 323 K. The Nyquist plot appears to be the semi-
circular shape, but the loops are not the perfect semicircle. 
This feature can be directly related to surface roughness, 
electrode irregularity, impurities, adsorption of the inhibi-
tor molecules, and electrode surface inhomogeneity. The 
diameter of the capacitive loop is increased with increasing 
concentration of CI leaf extract in acidic medium, due to the 
localization of CI leaf extract molecules on the active sites of 
the mild steel surface, leading to the formation of a passive 
layer on the surface [25, 26].

The Nyquist plots were analyzed in terms of the electri-
cal equivalent circuit with the Zsimpwin 3.20 program. The 
used electric equivalent circuit consists of  Rs (solution resist-
ance) in series with CPE (constant phase element) in parallel 
to the  Rp (polarization resistance), where  Rp includes  Rct 
(charge transfer resistance) and  Rf (inhibitor film resistance) 
 (Rp = Rct + Rf) are represented in Fig. 2. The obtained results 
from equivalent circuit fitting are shown in Table 2.

The double-layer capacitance  (Cdl) in the electric equiva-
lent circuit was substituted by CPE, thus avoiding the devia-
tion resulting from the frequency dispersion.  Cdl and  ZCPE 
can be described as follows [27].

where Y0 is the CPE constant, n is the CPE exponent for 
determining the phase shift that can be used as a measure 
of surface ruggedness or heterogeneity (0 ≺ n ≺ 1), ω is 
the angular frequency and  i2 = − 1 is an imaginary number. 
However, the double layer capacitances,  Cdl, were deter-
mined for a circuit comprising a CPE by using the follow-
ing equation [28].

(2)ZCPE = Y−1
0
(j�)−nTable 1  Weight loss parameters for mild steel in 1M HCl with and 

without CI leaf extract at 303 K

CI Concentration (ppm) Weight loss  (10–3 kg) IE (%)

Blank 2.3632
100 0.9022 61.82
250 0.6501 72.49
500 0.5201 77.90
750 0.4112 82.59
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The inhibition efficiency (IE%) was calculated from 
impedance measurements using the following equation [29].

where R◦

p
 and Rp is the polarization resistance in the presence 

and absence of CI inhibitor. The phytochemical constituents 

(3)Cdl =
(

Y0Rp
(1−n)

)1∕n

(4)IE% =
R◦

p
−Rp

R◦

p

× 100

present in the CI leaf extract are adsorbed on the exposed 
mild steel surface and block the active sites available for 
corrosive dissolution, increasing the Rp values correlated 
with inhibitive performance. However, a significant decrease 
in the  Cdl with an increase in CI leaf extract was observed 
due to the decrease in the dielectric constant of the protec-
tive layer by replacing the pre-adsorbed water molecules. 
Decreased dielectric constant strengthens the adsorption 
capability of CI leaf extract [30, 31]. This can be explained 
by better coverage and protection of the mild steel metal 
against dissolution, as confirmed by the increase in inhibi-
tion performance with the concentration of the CI leaf 
extract as shown in Table 2

Bode plots for mild steel in an acidic environment at vary-
ing temperatures (303–323 K) are represented in Fig. 3. It is 
evident from the literature that, ideal phase angle and slope 
value should be -900 and -1 respectively. In the present study, 
deviation takes place from the ideal capacitive behavior, 

Fig. 1  Experimental and fitted Nyquist diagram in 1M HCl for mild steel at various concentration of CI leaf extract at a 303 K, b 313 K, and c 
323 K

Fig. 2  Equivalent Circuit for EIS data
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Table 2  EIS parameters for 
mild steel in 1M HCL in the 
absence and presence of CI leaf 
extract at 303 K, 313 K, and 
323 K

Tem-
perature 
(K)

Concentra-
tion (ppm)

Rs (Ω·cm2) CPE Rp (Ω·cm2) Cdl
(μF·cm−2)

IE (%)
Y0 (μS  cm−2Sn2) n

303 Blank 1.517 (1.6%) 316 (9.5%) 0.62 (2.1%) 9.22 (2.3%) 362
100 1.769 (3.6%) 180 (8.8%) 0.54 (2.0%) 28.47 (2.9%) 143 67.61
250 1.576 (2.9%) 89 (8.1%) 0.63 (1.6%) 38.30 (2.7%) 122 75.90
500 1.743 (4.9%) 77 (9.8%) 0.61 (2.0%) 48.83 (3.3%) 94.5 81.11
750 1.777 (4.5%) 58 (9.6%) 0.63 (1.9%) 57.59 (3.3%) 78.8 83.99

313 Blank 1.508 (2.6%) 151 (8.7%) 0.64 (1.8%) 9.17 (1.5%) 136
100 0.995 (2.4%) 123 (7.2%) 0.69 (1.3%) 14.77 (2.0%) 203 37.9
250 1.569 (2.2%) 106 (8.5%) 0.70 (1.6%) 25.30 (2.7%) 225 63.75
500 1.138 (2.4%) 41 (8.7%) 0.81 (1.4%) 33.71 (2.7%) 151 72.79
750 1.418 (2.0%) 37 (6.4%) 0.74 (1.0%) 41.02 (1.9%) 87.1 77.64

323 Blank 1.439 (1.8%) 395 (8.8%) 0.63 (2.0%) 10.18 (2.7%) 598
100 1.856 (1.9%) 320 (8.2%) 0.69 (1.9%) 12.70 (2.2%) 759 19.8
250 1.374 (1.7%) 361 (6.8%) 0.61 (1.6%) 14.29 (1.9%) 542 28.76
500 1.902 (2.6%) 118 (9.7%) 0.68 (1.9%) 16.67 (2.3%) 186 38.93
750 1.160 (3.4%) 96 (9.1%) 0.65 (1.8%) 38.87 (2.7%) 163 73.81

Fig. 3  The Bode plot in 1M HCl for mild steel at various concentrations of CI leaf extract at a 303 K, b 313 K, and c 323 K
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this is due to the rough surface of metal (mild steel) elec-
trodes. The roughness on the mild steel surface in the acidic 
medium occurs due to the accumulation of corrosion prod-
ucts [32, 33]. From Bode plots, it is shown that the phase 
angle is gradually increased in the presence of CI inhibitor, 
indicating that the metal (mild steel) surfaces were less cor-
roded and the inhibitors formed a protective film in acidic 
solution on the mild steel surface and protected against acid 
corrosion. The result of the EIS technique employed is in 
good agreement with the weight loss technique.

3.3  Potentiodynamic Polarization Measurements

Further to understand the mechanism of the CI leaf extract 
studied, measurements of the polarization curve for mild 
steel were also tested in an acidic environment. Potentio-
dynamic polarization plots showing the effect of CI on an 
anodic and cathodic process in 1M HCl for mild steel at all 
tested temperatures were shown in Fig. 4.

The extrapolation of the Tafel plots allows the calcula-
tion of electrochemical polarization parameters such as  icorr 
(corrosion current density),  Ecorr (corrosion potential), βa 

(anodic Tafel slope), and βc (cathodic Tafel slope). The val-
ues of electrochemical polarization parameters and IE% are 
given in Table 3. The inhibition efficiency (η%) and surface 
area coverage ( θ ) were calculated using the following equa-
tions. [34].

where  i0
corr and  icorr represent corrosion current density val-

ues in the uninhibited and inhibited mild steel specimen. 
The results shown in Table 3 indicate that the adsorption of 
CI leaf extracts altered the mechanism of anodic dissolution 
and cathodic hydrogen evolution. Inhibitive ability, which 
is denoted by η % is remarkably increased with the addition 
of CI leaf extract. It suggests that there is an adsorption of 
CI leaf extract molecules and the formation of a protective 
film on the surface of mild steel [35]. In addition to the 

(5)�% =
io
corr

− icorr

io
corr

× 100

(6)θ = 1 −
icorr

io
corr

Fig. 4  Polarization curves for 
mild steel in 1M HCl solution 
without and with various con-
centrations of CI leaf extract at 
a 303 K, b 313 K, and c 323 K
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results, it is found from the literature that if  Ecorr is greater 
than ± 85 mV / SCE compared to the blank acid solution, 
the inhibitor may be classified as a cathodic or anodic type 
whereas, if the  Ecorr value is less than ± 85 mV / SCE, the 
inhibitor may be classified as a mixed type [36]. In the pre-
sent work, the  Ecorr value is minutely displaced in the pres-
ence of an inhibitor. Therefore, CI leaf extract is proved to 
be a mixed type of inhibitor.

On the other hand, the data obtained from PDP methods 
are in excellent accordance with those results obtained from 
gravimetric and EIS methods. Figure 5 represents the inhibi-
tion efficiency obtained from various methods and reveals 

that EIS measures were higher than those obtained from other 
techniques.

3.4  Effect of Temperatures

Temperature is an important parameter as it allows for evalu-
ation of the nature of inhibitor adsorption on the metal sur-
face and the impact of temperature on the inhibitor’s ability. 
The corrosion inhibition performances of the CI inhibitor 
were further investigated for mild steel in 1M HCl at a tem-
perature ranging from 303 to 323 K by electrochemical 
measurements. According to Fig. 1, it is seen that the diam-
eter of the capacitive loop of the Nyquist plot is decreased 
significantly with an increase in temperature for mild steel in 
1M HCl. It is clear from Table 2, that the Rp values and the 
inhibition efficiency of CI leaf extract decreased markedly 
with a rise in the temperature, reaching minimum efficiency 
at 323 K. The decrease in IE% may be due to the desorption 
of inhibitor molecules from the metal surface and tempera-
ture reduces the ability of CI inhibitor molecule to adsorb 
on the mild steel surface at an elevated temperature.[37]. As 
shown in Fig. 4 the Tafel curve moves towards the direction 
of high current with an increase in temperature from 303 
to 323 K. This indicates that the effect of the inhibitor on 
mild steel decreases as the temperature rises. Inspection of 
the data from Table 3 shows that the corrosion rate (CR) of 
mild steel and  icorr values in aggressive solutions increase 
with a rise in temperature. This is due to a reduction in the 
hydrogen evolution overpotential, which results in higher 
metal dissolution rates [38]. It was found that the inhibitory 
efficiency decreases with a rise in temperature, according 

Table 3  Potentiodynamic 
polarization parameters for 
mild steel in 1M hydrochloric 
acid containing different 
concentrations of CI Leaf 
extract at 303 K, 313 K, and 
323 K

Tem-
perature 
(K)

C (ppm) icorr (mA/cm2) Ecorr (mV/SCE) βa (mV) βc (mV) Corrosion 
rate(mm/
year)

(η %) Ѳ

303 blank 1.3425 – 497.2 112.6 178.65 15.56
100 0.5031 – 485.71 88.63 137.95 05.83 62.52 0.6252
250 0.3718 – 485.6 98.45 133.67 04.30 70.76 0.7076
500 0.3142 – 483.97 92.44 137.51 03.64 76.55 0.7655
750 0.2761 – 476.24 92.41 133.73 03.20 79.48 0.7948

313 blank 2.0668 – 475.27 88.61 107.20 23.95
100 1.1528 – 475.27 99.25 102.83 13.36 44.22 0.4422
250 0.7288 – 479.77 171.53 161.52 08.44 64.73 0.6473
500 0.5081 – 444.25 94.81 141.94 05.88 75.41 0.7541
750 0.4751 – 484.59 102.96 153.96 05.50 77.01 0.7701

323 blank 2.2555 – 450.83 85.55 93.893 26.14
100 1.8790 – 487.55 110.08 164.68 21.77 16.67 0.1667
250 1.4940 – 485.78 113.74 192.73 17.31 33.74 0.3374
500 1.3434 – 446.87 136.51 164.96 15.57 40.44 0.4044
750 0.5822 – 444.25 100.47 140.60 06.74 74.19 0.7419

Fig. 5  Inhibition Efficiency of CI leaf extract obtained from different 
techniques
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to the results obtained from the temperature effect for both 
the EIS and PDP methods. These results show that the cor-
rosion inhibition efficiency of CI leaf extract is not well at 
the higher temperature. It is genuinely a serious issue which 
will restrict the extract’s practical application. The strategy 
to enhance the efficiency of plant extracts inhibition perfor-
mance at higher temperatures will be further explored in 
future research. In acidic solution, the effect of temperature 
on the corrosion rate of mild steel was related to temperature 
by following the Arrhenius equation [39]

where Ea is the activation energy, R is the universal gas 
constant (8.314 J K−1 mol−1), T is the absolute tempera-
ture (K) and A is the Arrhenius factor. Figure 6 shows the 
plot of Log CR vs 1/T for mild steel in 1M HCl solution 
at different concentrations of inhibitors. Where the slope is 
(-Ea/2.303R) and intercept is log A. The slopes values have 
been observed and Ea values were calculated.

Table 4 illustrates the calculated Ea values. The activa-
tion energy for the system containing CI leaf extract in 1M 
HCl was higher than the blank solution. In the presence of 
CI leaf extract, the greater activation energy value shows 
that the slow corrosion process and sensitivity to tempera-
ture changes. An increase in Ea in the presence of a CI leaf 
extract inhibitor indicates the physisorption process [40]. 
The kinetic parameters like enthalpy (ΔH0

a) and entropy 
(ΔSo

a) of the corrosion process in acidic medium was cal-
culated using the following transition state equation [41].

(7)LogCR =
−Ea

2.303RT
+ logA

(8)CR =
RT

Nh
exp

(

ΔS
◦

a

R

)

exp

(

−ΔH
◦

a

RT

)

where N is Avogadro’s number, h is Planck’s constant. R 
is the gas constant, ΔH◦

a
 and ΔS◦

a
 are respectively the 

enthalpy and entropy of activation. A plot of Log
(

CR

T

)

 vs 
1/T provides straight lines with a slope of −ΔH

◦

a

2.303R
 and an inter-

cept of Log(R/Nh) + ΔSo
a/2.303R is represented in Fig. 7.

Calculated values of enthalpy and entropy are illustrated 
in Table 4. The positive value of ΔH◦

a
 in the presence of CI 

leaf extract indicates the endothermic nature of the process 
of metal dissolution, suggesting the physisorption process. 
Large negative values of ΔS◦

a
 imply the activated complex 

in the rate-determining step, represents an association step 
rather than a dissociation step, which indicates that an 
increase in the orderliness in the activated complex. This 
behavior is mainly due to the replacement of water mol-
ecules by the adsorption of inhibitor molecules on mild steel 
[42, 43].

3.5  Fourier‑Transform Infrared Spectroscopy (FTIR)

The presence of organic molecules in the extract may assist 
the adsorption of inhibitor on a mild steel surface to reduce 
corrosion. In the current work, Fig. 8 represents the FTIR 
spectrum of CI leaf extract and that of the protective film 
formed on the mild steel surface when the CI leaf extract was 

Fig. 6  Arrhenius plot for mild steel corrosion in 1M HCl

Table 4  Activation parameters for mild steel in 1M HCl

C (ppm) Ea (kJ  mol−1) ΔH
◦

a
  (kJmol−1) ΔS

◦

a
 (J  mol−1 K−1)

Blank 20.74 18.21 − 161.73
100 52.34 49.81 − 65.66
250 55.00 52.54 − 59.69
500 57.17 54.66 − 54.68
750 29.72 27.15 − 145.39

Fig. 7  The plot of Log (CR/T) vs 1/T in 1.0 M HCl at different con-
centration of inhibitors system
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used as an inhibitor. From Fig. 8a, it was found that a peak 
of 3073 cm−1 and 3029 cm−1 were attributed to the C–H 
aromatic stretching. The presence of functional group N–O 
was confirmed from peaks 1586 cm−1 and 1492 cm−1. The 
peak 1260 cm−1 has assigned to C–O stretching. 1050 cm−1 
corresponds to C–O (ether) stretching. C–H bend was noted 
at 815 cm−1 and 760 cm−1. Peaks at 675 cm−1 and 580 cm−1 
corresponds to C–I stretching. Further, from Fig.  8b it 
was found that N–O stretch at 1586 cm−1 and 1492 cm−1 
was shifted to 1523 cm−1 and 1490 cm−1, this variation in 
the frequency values indicating the interaction between 
the CI leaf extract and mild steel surface. Other bands at 
450–800 cm−1 possibly originates from corrosion product 
 Fe2O3 (684 cm−1). Many functional groups in the protec-
tive film were missing indicating that the inhibitor adsorp-
tion on the surface of mild steel may have occurred through 
the missing bonds. The results from FTIR shows that the 
inhibitive efficiency of CI leaf extract is mainly due to the 
presence of functional groups which exist in the extract and 
involved in the formation of bond with Fe in mild steel in 
1M HCl and that makes the CI leaf extract desirable for cor-
rosion inhibition purposes.

3.6  UV–Visible Spectroscopy

The UV spectra of CI leaf extract with 1M HCl prior and 
then afterward 10 h of immersion of mild steel specimens 
were recorded and are shown in Fig.  9. The electronic 
absorption spectra of CI leaf extract without a mild steel 
sample show peaks of higher absorbance in the UV region. 
These peaks get shifted after the immersion of mild steel 
samples. The shift in the absorbance value indicates the 
adsorption of CI inhibitor molecules from the solution on 
the metal surface [44]. Based on this fact, it may be inferred 

that the phytochemical components are present in the CI leaf 
extract have been adsorbed on the surface of mild steel and 
prevents corrosion.

3.7  Scanning Electron Microscopy (SEM)

The surface morphology was used to show the inhibition 
of corrosion due to the formation of a protective layer 
on the metal surface. Figure 10 depicts the micrographs 
of mild steel samples 1M HCl, in the absence and pres-
ence of CI leaf extract after 24-h immersion. Figure 10a 
represents the uninhibited mild steel surface which was 
strongly damaged and showed the disappearance of the 
metal surface due to an aggressive acidic environment. 
Figure 10b indicates a fairly smoother surface, by the addi-
tion of CI leaf extract to the test solution. This could be 

Fig. 8  FT-IR spectra of (a) 
CI leaf extract and (b) CI leaf 
extract on mild steel

Fig. 9  UV Spectra of CI leaf extract before and after immersion of 
mild steel sample
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due to the adsorption of organic molecules present in the 
plant extract. These findings proved that the leaf extract of 
CI has created a protective film and can efficiently reduce 
steel surface corrosion.

3.8  Inhibition Mechanism

In general, CI leaf extract contains amino acids, carbohydrates, 
alkaloids, protein, tannins, the hetero atoms like S, N, O, etc., 
that can serve as a reaction centres for the adsorption process. 
The effective molecules of CI leaf extracts are water-soluble. 
The inhibition process involves the formation of a protective 
layer on the metal surface by replacement of the water molecules 
adsorbed on the surface of the metal with inhibitor molecules.

Adsorption of inhibitor molecule onto metal surface 
takes place though physisorption or chemisorption. The 
corrosion inhibition efficiency depends on the number 
of adsorption sites, molecular size, and mode of interac-
tion with metal stability and charge density. In the pre-
sent study, CI leaf extract contains many phytochemical 
constituents, hence it was unable to specify a particular 
compound and explain the inhibition mechanism. Fig-
ure 11 represents the general inhibition mechanism. From 
the results obtained by electrochemical and gravimetric 

(Inhibitor)sol +
(

nH
2
O
)

ads on metal surface

↔

(

nH
2
O
)

sol
+ (Inhibitor)ads on metal surface

.

Fig. 10  Surface morphology of mild steel before and after immersion for 24 h in 1M HCl without and with inhibitor

Fig. 11  Schematic representation of adsorption CI inhibitor molecules on mild steel surface in 1M HCl solution
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measurements, it can be ascertained that the CI extract 
acts as an effective inhibitor due to a higher tendency of 
CI extract molecules to adsorb on mild steel in the 1M 
HCl solution. From the kinetic studies and thermodynamic 
analysis, it is observed that adsorption of CI leaf extract on 
mild steel surface involves the physical adsorption process. 
Hence CI molecules are more effectively adsorbed over 
metal surface and act as an efficient eco-friendly inhibitor.

3.9  Comparison of Inhibition Efficiency

Corrosion inhibition activity of Allium sativum [45] extract 
has been investigated for mild steel and the maximum effi-
ciency was found to be 76.47% in 1M HCl. Sweet potato 
tuber (PMS) [46] extract, obtained with solvent n-hexane 
has been reported to effectively inhibit the corrosion of mild 
steel in 1M HCl and the maximum efficiency of 64.26% was 
obtained at a maximum concentration of 0.7 g/L. Further-
more, Dioscorea septemloba [47] extracts with 2 g/L con-
centration also showed 72.1% inhibition efficiency according 
to the EIS tests on carbon steel in 1M HCl. In this work, 
aqueous CI leaf extract showed better inhibition from the 
literature value. The corrosion inhibition performance of 
CI leaf extract on mild steel at 303 K was up to 83.99% 
at 750 ppm concentration. Hence aqueous CI leaf extract 
proved to be a novel eco-friendly and low-cost green inhibi-
tor due to its simple extraction method and good inhibition 
efficiency for mild steel in 1M HCL.

4  Conclusion

Combretum Indicum (CI) leaf extract showed good inhibi-
tion of corrosion in 1M HCl. The inhibition efficiency of CI 
leaf extract improved with higher concentration and reduced 
with higher temperatures. It reveals that inhibition effective-
ness depends on temperature and concentration of inhibitor. 
Polarization trials have shown that the CI leaf extract is a 
mixed type inhibitor. Calculation of activation parameters 
indicates the strong interaction between inhibitor molecules 
and the surface of the mild steel. SEM micrographs for 
medium containing inhibitor showed the smoother surface 
in 1M HCl solution and its inhibition by CI leaf extract.
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