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Abstract
Corrosion of mild steel (MS) in industries has become a menace that has led to the use of organic green inhibitors from 
plant origin, which is seen as a cheap, eco-friendly substitute for inorganic inhibitors. This work employed Solanum 
macrocarpon (SM) methanol leaf extract as a green inhibitor using a gravimetric method at 303–323 K, respectively. The 
phytochemical screening was done using standard methods to identify the phytochemical compounds in the leave 
extract. The Fourier transform infrared (FTIR) analysis was also done to elucidate the functional groups that contain 
heteroatoms responsible for the inhibition efficiency. The effectiveness of the inhibition efficiency increased with con-
centration and decreased with rising temperature. The results demonstrated that Solanum macrocarpon leaf methanol 
extract is an effective mild steel corrosion inhibitor in 0.5 M H2SO4. 95% optimum inhibition efficiency (I.E) was observed 
at 0.5% w/v concentration for 303 K. The inhibition potential was attributed to the phytochemical compounds in the 
leaf extract, which contain polar functional groups and hetero-atoms in their structures. The Ea and ΔGads showed that 
the adsorption mechanism followed physisorption. The results showed the potential use of SM methanol extract as a 
corrosion inhibitor in mild steel, which can decrease corrosion in industries.

Article  Highlights

•	 Solanum macrocarpon methanol leaf extract contains phytochemical constituents containing functional groups with 
heteroatoms responsible for inhibitory properties.

•	 Increasing the concentration of the extract from 0.1 to 0.5%w/v reduces the corrosion rate of the mild steel from 
303–323 K in the acidic medium.

•	 Solanum macrocarpon methanol leaves extract a potential green organic inhibitor to be used in industries to reduce 
acid corrosion of mild steel.
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1  Introduction

Metal corrosion has been a serious industrial threat that 
has received much attention [1, 2]. Substantial economic 
losses are reported worldwide due to corrosion-related 
activities [3]. These losses can be direct (labour cost of 
replacement) and indirect losses (plant shutdown, effi-
ciency loss, and product leakages) [4, 5]. The cost of 
replacing material and equipment lost through corrosion 
has been estimated to be 9 billion US dollars annually [6]. 
Mild steel is a common metal widely used in every sector 
of the economy, especially in industries, since it is read-
ily available and inexpensive [7]. It is used to construct 
metal-related products such as tanks, pipes, etc. [8].

Sulphuric acid is generally used in the processes of 
metal pickling in industries, which quickens the cor-
rosion rate in oil and gas areas [9]. Metal corrosion has 
been reduced through corrosion inhibitors [2, 7]. In the 
past, inorganic inhibitors have been widely used [2, 9]. 
Still, due to prevalent environmental and economic 
problems (such as cost and toxicity) from their usage, 
attention has drifted toward eco-friendly inhibitors [2, 
10, 11]. Thus, this makes using green inhibitors, primarily 
organic, a preferable and more viable option. Organic 
substances containing heteroatoms (N, S, O, and P) have 
been reported to have excellent inhibitory abilities [12]. 
Plant extracts constitute several organic compounds 
with these functional groups [2, 10, 13]. Several plant 
extracts have been utilized as green inhibitors in the 
acidic medium [8, 9, 12–15].

Gongronema latifolium methanol leaves extract was 
used as a corrosion inhibitor of MS in 3 M HCl, and it 
gave 77.17% inhibition efficiency at 0.5%w/v concentra-
tion, showing the potential use of the extract in inhibi-
tion studies [13]. Another study used Portulaca oleracea 
ethanol leaf extract in a corrosion inhibition study. It was 
confirmed that the extract could inhibit corrosion of MS 
in 2 M H2SO4 solution with a maximum I.E of 68.19% [15]. 
Ziziphora leaf extract was utilized to inhibit MS corrosion 
in 1 M HCl, which gave an I.E of 91% [16].

Methanol leave extract of Gongronema latifolium 
demonstrated its I.E of 81.69% at 0.5 w/v for MS corro-
sion in 0.5 M HCl solutions. The I.E% was linked to phyto-
chemical compounds containing functional groups with 
heteroatoms [12]. Al-Mhyawi reported that the Junipe-
rus plant extract was utilized as an inhibitor for MS in 
2 M H2S04, which gave 82.83% inhibition efficiency [10]. 
Solanum Melongena ethanol leaves extract was used 
as an inhibitor for the corrosion of mild steel in 0.1 M 
HCl. The result indicated 80.23% maximum I.E [17]. Ihe-
brodike et al. studied corrosion inhibition using the leaf 
extract from Solanum melongena L on the corrosion of 

aluminum in sulfuric acid, which showed good inhibition 
potentials of the extract [18].

Therefore, this has made plant extracts an excellent 
and preferable choice for environmentally friendly, readily 
available, low-cost processing, biodegradable, and non-
toxic [12, 17]. Few or no studies have used Solanum mac-
rocarpon leaf extract for corrosion inhibition studies on 
MS in sulphuric acid medium. Consequently, the current 
work is an effort to contribute to the recent interest in eco-
friendly, readily available, biodegradable, and non-toxic 
corrosion inhibitors. The study examined the SM leaves’ 
methanol extract’s ability to operate as a green inhibitor 
against mild steel’s corrosive impacts from sulphuric acid. 
SM, the African eggplant, is a member of the solanaceae 
family [19]. SM is widely cultivated in many world regions, 
including Nigeria, for food, medicinal purposes, and orna-
mental use [19, 20].

2 � Materials and methods

2.1 � Preparation of materials

The mild steel was sourced commercially and displayed 
the following chemical compositions by weight (%): C 
(0.2), Si (0.1), S (0.01), P (0.01), Mn (0.1), and the balance 
Fe. The mild steel has a thickness of 0.12 cm and was cut 
into different coupons with a 4.0 × 3.0 cm dimension. The 
coupons have a little hole drilled to suspend the mild steel 
in the acidic medium. Ethanol was used to clean each cou-
pon, rinsed with acetone, and stored in a desiccator until 
required [18]. For all the tests, distilled water was utilized 
to prepare analytical-grade chemicals and reagents pro-
cured from Sigma-Aldrich, USA. Freshly prepared 0.5 M 
H2SO4 was used for the work.

2.2 � Extraction and preparation of extracts

SM leaves were purchased from Eke Awka market in Awka, 
Anambra State, and were identified by Mr P.O Ugwuozor 
at the Herbarium of Nnamdi Azikiwe University, Awka. The 
Solanum macrocarpon leaves were thoroughly cleaned, 
dried, ground, and extracted with methanol using the 
soxhlet method. Methanol was taken out of the solution 
by evaporating it at 65 °C. Using 0.5 M H2SO4, the crude 
extract left after evaporation was diluted to create inhibi-
tor solutions with a 0.1–0.5% w/v concentration.

2.3 � Phytochemical analysis of the extract

Phytochemical analysis was investigated on the crude 
extract using standard methods [21, 22].
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2.3.1 � Test for alkaloids

1 mL of the extract and 5 mL of the 2% HCl solution were 
put into a test tube. It was filtered after being heated for 
10 min. 1 mL of filtrate was added to a test tube, followed 
by 1 mL of Wagner’s reagent. It was mixed correctly to 
observe colour change. A reddish-brown precipitate 
showed the presence of alkaloids.

2.3.2 � Test for flavonoids

1  mL of the extract was added to a test tube using a 
pipette, followed by 1 mL of 10% Pb(C2H3O2)2 solution. 
The solution was correctly mixed for colour change or 
precipitate observation. The observation of yellow colour 
precipitates showed the presence of flavonoids.

2.3.3 � Test for tannins

1 g of the extract was dissolved in 30 mL of distilled water 
in a beaker. The mixture was filtered. 5% FeCl3 solution was 
added to 2 mL of the filtrate in a test tube. The observation 
of a brownish-green colouration showed the presence of 
tannins.

2.3.4 � Test for proteins

2 mL of the filtrate was added to a test tube. Two drops of 
a million reagents were added. A white precipitate showed 
the presence of protein.

2.3.5 � Test for saponins

20 mL of distilled water was used to boil 2 g of the plant 
extract, and the mixture was then filtered. A stable precipi-
tate foam was produced by rapidly shaking 10 mL of the 
filtrate with 5 mL of distilled water. Three drops of olive 
oil were added to the foam, which was vigorously shaken 
before being checked for the development of an emulsion.

2.3.6 � Test for glycosides

10 cm3 of 50% H2SO4 was added to 1 mL of the extract, 
then boiled for 5  min in boiling water. 10 cm3 of the 
Fehlings solution (5 cm3 of solutions A and B) was added 
and boiled. A brick-red precipitate indicated the presence 
of glycosides.

2.3.7 � Test for cardiac glycosides

In a test tube, 0.5 g of the extract was mixed with 2 mL 
of glacial acetic acid and a few drops of 5% FeCl3. It was 
under-layered with 1 mL of concentrated sulphuric acid. 

The emergence of a brown ring at the interface revealed 
the presence of cardiac glycosides.

2.3.8 � Test for carbohydrates

0.1 g of the plant extract was mixed with a few drops of 
iodine solution to test for carbohydrates. A blue-black col-
our indicated the presence of starch.

2.3.9 � Test for terpenoids

Concentrated 3 mL H2SO4 was gently added to produce a 
layer after 5 mL of the extract was carefully added to 2 mL 
of chloroform. A reddish-brown colouration of the inner 
face showed the presence of terpenoids.

2.3.10 � Detection of steroids

0.5 mL of the plant extract was added to a test tube. A 
lower layer was created by mixing 1 mL of chloroform with 
a few drops of concentrated H2SO4. The development of 
a brown ring at the interface showed the presence of 
steroids.

2.3.11 � Detection of phenols

In a test tube, 3 mL of 10% Pb(C2H3O2)2 solution was added 
after dissolving 5 mg of the extract in distilled water. A 
large white precipitate indicated the presence of phenols.

2.4 � FTIR analysis

With the help of a Buck 530 IR mortar, 0.5 g of KBr and 
2 g of the plant extract were crushed. With the help of a 
syringe, 1 mL of nujol (the solvent used to prepare samples 
for the Buck 530 IR spectrophotometer) was pipetted into 
the sample to create a paste. The paste was placed within 
the instrument sample mold, and its spectra lines were 
obtained by scanning the paste at a wavelength between 
600 and 4000 nm.

2.5 � Gravimetric experiment

Each set of studies was conducted using six samples of 
the mild steel coupons in 250 mL beakers at 303, 313, 
and 323  K. A 250  mL beaker containing 0.5  M H2SO4 
(blank) and various inhibitor concentrations (0.1–0.5% 
w/v) was dipped with mild steel coupons with dimen-
sions (4 × 3 × 0.12 cm) that had previously been weighed 
with threads in a water bath [12]. For five days, the mild 
steel sheets were removed at 24-h intervals. They were 
reweighed after scrubbing clean with a brush and etha-
nol before being dried in acetone. The average data for 
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the five days were utilized, and the experiments were 
performed on triplicate mild steel coupons to ensure 
accuracy.

The following equations were used to compute the 
parameters corrosion rate (CR), inhibition efficiency 
(I.E%), and surface coverage (ϴ) based on the findings 
of weight loss experiments [23].

The values for weight loss in the absence and pres-
ence of an inhibitor, respectively, are W0 and Wi .

where W = weight loss in m, � = density (7.85 g/cm3 for 
the mild steel), A = area in cm2 (25.68 cm2 exposed surface 
area for the mild steel), T = exposure time in hours, and 
87.6 = Rate constant.

2.6 � Thermodynamic parameters

The Arrhenius equation was used to examine the activa-
tion energy of the process [1, 18].

where CR1 and CR2 are the mild steel corrosion rates at 
T1 (303 K) and T2 (323 K), respectively. Ea is the activation 
energy, and R is the molar gas constant (8.314 JK−1 mol−1).

Enthalpy variation ΔH and entropy variation ΔS of 
activation for the corrosion process were derived from 
the transition state Arrhenius Equation [10].

where; N = Avogadro’s constant (6.02214129 × 10−23 mol), 
h = Planck’s constant (6.62606957 × 10−34 J.S), R = Universal 
gas constant (8.314 J/mol/K).

The following equations were also used to evaluate 
the adsorption’s free energies [7].

where R = molar gas constant, T = temperature (303 K), 
55.5 = molar concentration of water, and Kads = equilibrium 
constant which is given as

(1)Inhibition efficiency (I.E%) =
W0 −Wi

W0

×
100

1

(2)Surface coverage (�) =
W0 −Wi

W0

(3)Corrosion rate (CR) (mm∕yr) =
87.6 ×W

� × A × T

(4)log10
CR2

CR1

=
Ea

2.303R

(

1

T1

−
1

T2

)

(5)log

(

CR

T

)

= log
(

R

Nh

)

+
ΔS

2.303R
−

ΔH

2.303RT

(6)ΔGads = −2.303 RTlog10
(

55.5 Kads
)

3 � Results and discussions

3.1 � Phytochemical screening

Table 1 shows the results of the phytochemical analy-
sis of the methanol extract of leaves of SM. The results 
show that the leaf extract contains phytochemical 
compounds (alkaloids, tannins, steroids, etc.) essential 
in corrosion inhibition [18]. The phytochemical com-
ponents in the extract were primarily responsible for 
the extract’s inhibitory effects, which contain heter-
oatoms that form complex chemical bonds between 
the mild steel and the extract [16]. Heteroatoms are 
usually found in organic compounds used as corrosion 
inhibitors because of N, O, P, and S and polar functional 
groups such as CHO, COOH, and OH in these aromatic 
and heterocyclic compounds [8, 9]. The lone pair of elec-
trons on the metal surfaces of these hetero-atoms aid 
in creating protective shields, which lower the corro-
sion rate [10, 24]. Since corrosion is an electrochemical 
process that involves electron loss, heteroatoms act as 
corrosion inhibitors via the adsorption process on the 
metal/corrodent interface, thereby supplying the loss of 
electrons and inhibiting further corrosive attack on the 
MS surface [24]. A similar conclusion was also observed 
[12, 18]. The findings showed that the phytochemicals 
with hetero-atoms give Solanum macrocarpon leaf 
extract a high level of inhibition.

(7)Kads =
�

(1 − �)
× [C]

Table 1   Results of phytochemical analysis

 +  +  +  = Highly present, +  +  = Moderately present, +  = Trace amount

Phytochemical constituents Results

Alkaloids  +  +  + 
Flavonoids  +  +  + 
Tannins  +  +  + 
Saponins  +  +  + 
Cardiac glycosides  +  + 
Steroids  +  +  + 
Proteins  +  + 
Terpenoids  +  + 
Carbohydrates  + 
Phenols  +  + 
Glycosides  +  + 
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3.2 � Fourier transform infra‑red spectrophotometric 
study

The Fig. 1 reveals the FTIR spectrum of the methanol leaves 
extract of Solanum macrocarpon. The FTIR spectra analysis 
revealed the presence of the following functional groups 
and elucidation of the organic compounds present in the 
extract, as depicted in Table 2. The extract was shown to 
contain a variety of functional groups. Organic substances 
(plant-based) containing polar functional groups with het-
eroatoms (N, S, O, and P) in a conjugate system display 
excellent inhibiting characteristics [25–28].

Heteroatoms have high basicity and electron density, 
which makes corrosion inhibitors active centres for the 
adsorption process, which helps in corrosion inhibition 
[25]. When these functional groups with heteroatoms are 
substituted for hydrogen in a carbon ring, it improves inhi-
bition [26]. Hence, from the results obtained from the FTIR 

study of the leaf extract, we can deduce that the excel-
lent inhibiting property of the methanol leaf extract of SM 
for the corrosion of mild steel was due to the presence 
of these organic compounds containing polar functional 
groups with heteroatoms.

3.3 � Weight loss data

The mean standard deviation of weight loss with time at 
303, 313, and 323 K was represented in Tables 3, 4, and 5. 
Figure 2 also demonstrated the weight loss with immer-
sion time for different concentrations of the extract in 
0.5 M H2SO4 at 303 K.

It was shown that the weight loss increased with 
extended immersion times and decreased with higher 
inhibitor concentrations in the acid solutions at different 
temperatures (303–323 K). Additionally, the results dem-
onstrated that mild steel corroded in a solution of 0.5 M 

Fig. 1   Fourier Transform Infra-Red spectra for Solanum macrocarpon leaves extract
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H2SO4, although the presence of the inhibitor reduced the 
degree of metal deterioration. So, this suggested that the 
extract of Solanum macrocarpon leaves prevented the mild 
steel from rusting in an acidic environment. A similar result 
was observed by [15, 17, 26].

Furthermore, the temperature dependence of the 
weight loss experiment was also depicted in Fig. 3, 4, and 
5.

The Figs. 3, 4, and 5 show that the rate of weight loss 
increases with temperature given the same exposure time 
and concentration. Similar trends were reported by [14, 
15]. Hence, the corrosion rate tends to be faster at higher 
temperatures due to increased reaction rates.

The standard deviation values obtained from the mean 
weight loss experiment for 303, 313, and 323 K were also 
demonstrated using Fig. 6, 7, and 8.

3.4 � Inhibition efficiency data

The Fig. 9 shows how effectively the inhibitor inhibits the 
reaction at 303 K. The extract content in the acid solu-
tions enhances the effectiveness of the inhibition (with 

Table 2   Interpretation of FTIR spectrum of Solanum macrocarpon 

Wave number (cm−1) Functional groups Compounds

730.681 C–Cl Organo Halogen
935.559 C–O Ethers
1228.907 C–N Tertiary amine
1463.895 C–H Alkane
1630.059 C = O Aldehyde
1950.084 –N = C = S Isothiocyanate
2044.939 C = O Carboxylic acid
2230.284 C≡C Alkyne
2459.524 C≡N Nitrile
2601.278 S–H Thiol
2662.442 S–H Thiol
2861.269 C–H Alkane
2997.182 C–H Alkene
3158.646 N–H Secondary amine
3336.629 N–H Primary amine
3552.545 O–H Primary alcohol
3676.838 O–H Primary alcohol
3830.027 O–H Phenol

Table 3   The mean standard 
deviation of the weight loss at 
303 K

Days Blank %w/v

0.1 0.2 0.3 0.4 0.5

1 3.005 ± 0.13 0.503 ± 0.08 0.247 ± 0.1 0.281 ± 0.07 0.177 ± 0.05 0.166 ± 0.11
2 4.342 ± 0.11 0.898 ± 0.09 0.47 ± 0.04 0.488 ± 0.09 0.316 ± 0.06 0.302 ± 0.1
3 4.907 ± 0.09 1.283 ± 0.12 0.706 ± 0.06 0.682 ± 0.11 0.475 ± 0.08 0.421 ± 0.12
4 5.089 ± 0.08 1.66 ± 0.14 0.945 ± 0.07 0.9 ± 0.1 0.615 ± 0.13 0.557 ± 0.09
5 5.16 ± 0.09 1.978 ± 0.06 1.172 ± 0.13 1.073 ± 0.06 0.696 ± 0.1 0.694 ± 0.12

Table 4   The mean standard 
deviation of the weight loss at 
313 K

Days Blank %w/v

0.1 0.2 0.3 0.4 0.5

1 4.46 ± 0.19 0.951 ± 0.11 0.536 ± 0.17 0.442 ± 0.24 0.312 ± 0.18 0.29 ± 0.21
2 5.224 ± 0.21 1.906 ± 0.2 0.971 ± 0.13 0.815 ± 0.19 0.55 ±  ± 0.15 0.507 ± 0.19
3 6.632 ± 0.22 2.973 ± 0.18 1.461 ± 0.23 1.211 ± 0.16 0.991 ± 0.25 0.685 ± 0.16
4 6.819 ± 0.18 3.738 ± 0.17 1.926 ± 0.14 1.472 ± 0.17 1.199 ± 0.18 0.737 ± 0.22
5 7.01 ± 0.25 4.1 ± 0.22 2.331 ± 0.16 1.648 ± 0.23 1.3 ± 0.24 0.881 ± 0.17

Table 5   The mean standard 
deviation of the weight loss at 
323 K

Days Blank %w/v

0.1 0.2 0.3 0.4 0.5

1 4.967 ± 0.26 2.28 ± 0.24 1.266 ± 0.29 0.846 ± 0.27 0.692 ± 0.21 0.532 ± 0.23
2 5.071 ± 0.21 4.275 ± 0.26 2.483 ± 0.24 1.712 ± 0.19 1.166 ± 0.25 0.909 ± 0.23
3 6.536 ± 0.23 5.046 ± 0.19 3.4 ± 0.25 2.26 ± 0.2 1.536 ± 0.18 1.21 ± 0.24
4 6.805 ± 0.22 5.134 ± 0.29 3.994 ± 0.23 2.732 ± 0.25 1.684 ± 0.24 1.497 ± 0.27
5 6.886 ± 0.24 5.189 ± 0.19 4.278 ± 0.17 3.09 ± 0.21 1.974 ± 0.28 1.755 ± 0.26
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an optimal efficiency of 95% at 0.5%w/v concentration). 
A saturation point was reached at which an increase in 
the inhibitor concentration produced only an insignifi-
cant increase in I.E %. So, this implied that the inhibition 
process was characterized by an initial rise in the surface 
coverage with increasing extract concentration until a par-
ticular concentration was reached, after which the increase 
in the surface coverage with extract concentration became 
limited (Eddy et al., 2010). A similar trend was established 
by researchers [14, 29]. This trend also indicated that at 

a higher level of extract concentration, the metal surface 
reached saturation conditions with the adsorbed species 
[10, 18, 30].
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Fig. 2   Variation of weight loss with immersion time for different 
concentrations of the extract in 0.5 M H2SO4 at 303 K
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As immersion time was increased, the inhibition effi-
ciency gradually declined due to the desorption of the 
inhibitor molecules on the MS [30]. Additionally, Fig. 10 
illustrates the impact of temperature on the effectiveness 
of inhibition at various concentrations. It was shown that 
the inhibitory efficiency increased with rising concen-
tration and fell with rising temperature. The decrease in 
I.E% is attributed to the faster migration of the protons 
and sulfate anions [17]. These protons and sulfate anions 
with greater kinetic energies can interfere with inhibitor 
adsorption and promote weaker adsorption [12, 13].

Table 6 compares other plant extracts used in previous 
studies on corrosion inhibition using mild steel. It was 
observed that previous works reported higher inhibition 
efficiency than the present study [5, 9]. Other results were 
lower than the maximum inhibition efficiency reported by 
this study [8, 10, 12–16, 29, 31]. Dongy et al. reported maxi-
mum inhibition efficiency similar to the present study [30]. 
So, this shows that the methanol extract of Solanum mac-
rocarpon was an excellent inhibitor for mild steel corrosion.

3.5 � Surface coverage data

The surface coverage (θ) results at 303, 313, and 323 K 
were clearly illustrated using Tables 7, 8 and 9. Figure 11 
also demonstrated the surface coverage (θ) with inhibitor 
at different immersion times at 303 K.

The results demonstrated that the surface coverage 
increases with an increase in inhibitor concentration given 
the same immersion time at different temperatures, imply-
ing that the number of the extract’s molecules adsorbed 
on the metal surface increases with the extract concen-
tration [8, 32]. The fraction of the surface covered by 
adsorbed molecules is a measure of the effectiveness of 
the adsorbed species and directly relates to the efficacy of 
inhibition [33]. The surface coverage (Ɵ) decreased as the 
temperature was increased due to the desorption of the 
extract molecules on the MS surface [12, 15]. These find-
ings were reported by different authors [8, 9, 16].

3.6 � Corrosion rate

The Fig. 12, 13, and 14 show how the mild steel’s corro-
sion rate varied with immersion time in 0.5 M H2SO4 acid 
solutions that were uninhibited and inhibited at various 
concentrations at 303, 313, and 323 K.

It was revealed that the presence of SM leaves reduced 
the corrosion rate of the MS in 0.5 M H2SO4. The corro-
sion rate also decreased as the inhibitor concentration 
increased. Other researchers reported similar findings [12, 
34, 35]. Moreover, it was revealed that the corrosion rate 
of mild steel in both the uninhibited and inhibited 0.5 M 
H2SO4 acid solutions of different concentrations further 
decreases with an increase in immersion time due to the 
desorption of the inhibitor particles on the MS surface [34]. 
Furthermore, the temperature effect of the corrosion rate 
of MS was also illustrated in Fig. 15.

The findings unmistakably show that as the tem-
perature rises, the rate of metal corrosion both in the 
unrestrained and inhibited 0.5 M H2SO4 acid solutions 
increases. It abides by the chemical reaction rate law, 
which stipulates that when temperature rises, reaction 
rates tend to rise as well [36]. A rise in corrosion rate 
could be attributed to the desorption of previously 
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Table 6   Comparison of 
different plant inhibitors in 
mild steel corrosion

Extract Acid
Medium

Max %
Efficiency

Extraction solvent References

Solanum macrocarpon 0.5 H2SO4 95 Methanol Present study
Potato Peel 2 M HCl 70 Distilled water [31]
Gongronema latifolium leaves 3 M HCl 77.17 Methanol [13]
Gongronema latifolium leaves 0.5 M HCl 81.69 Methanol [12]
Portulaca oleracea leaves 2 M H2SO4 68.19 Ethanol [15]
Juniperus plants 2 M H2SO4 82.83 Deionized water [10]
Radish leaves 0.5 M H2SO4 93 Distilled water [30]
Ginkgo leaves 0.5 M H2SO4 82 Ethanol [14]
Terminalia arjuna leaves 0.2 M HCl 64 Deionized water [29]
Date palm seed 0.5 M HCl 96 HCl [9]
Chamaerops humilis L. fruit 1 M HCl 80 Ethanol [8]
Ziziphora leaves 1 M HCl 91 Distilled water [16]
Solanum melongena 0.1 M HCl 80.23 Ethanol [17]
Sesbania grandifora 1.0 M HCl 98 Methanol [5]

Table 7   The degree of surface coverage values with inhibitor con-
centrations at 303 K

Days %w/v

0.1 0.2 0.3 0.4 0.5

1 0.833 0.917 0.906 0.941 0.945
2 0.793 0.892 0.888 0.927 0.93
3 0.739 0.856 0.861 0.903 0.914
4 0.674 0.814 0.823 0.879 0.891
5 0.617 0.773 0.792 0.865 0.866

Table 8   The degree of surface coverage values with inhibitor con-
centrations at 313 K

%w/v

Days 0.1 0.2 0.3 0.4 0.5

1 0.787 0.88 0.901 0.93 0.935
2 0.637 0.815 0.845 0.895 0.903
3 0.552 0.78 0.817 0.851 0.923
4 0.452 0.718 0.784 0.824 0.892
5 0.415 0.667 0.765 0.815 0.874

Table 9   The degree of surface coverage values with inhibitor con-
centrations at 323 K

Days %w/v

0.1 0.2 0.3 0.4 0.5

1 0.541 0.745 0.83 0.861 0.893
2 0.157 0.51 0.662 0.77 0.821
3 0.228 0.48 0.659 0.765 0.815
4 0.246 0.413 0.599 0.753 0.78
5 0.25 0.379 0.551 0.713 0.745
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bound inhibitor molecules, exposing a new and larger 
surface area of MS to acid attack [37]. Therefore, the 
leaf extract from Solanum macrocarpon can effectively 
prevent mild steel corrosion in acidic solutions, and the 
inhibitor’s adsorption verifies the physical adsorption 
mechanism.

3.7 � Thermodynamic studies

The kinetic and thermodynamic values are shown in 
Table 10.

The activation energies ( Ea ) were between 43.82 to 
63.70 kJmol−1 in Table  10. The values are higher than 
the blank, indicating that the Solanum macrocarpon leaf 
extract reduced corrosion in the acid solutions by forming 
protective films on the mild steel surface [37, 38]. Similar 
observations were reported [39, 40]. Additionally, the acti-
vation energies fell below the 80 kJmol-1 threshold neces-
sary for physisorption [37, 39]. Moreover, the temperature 
effect of the Ea values of the inhibitor concentrations at 
(303–323 K) was higher than the blank, indicating that the 
inhibitive molecules lowered the inhibition efficiency at 
higher temperatures, reflective of a physical type adsorp-
tion mechanism [40].

Gibb’s free energy values at 303 K were also presented 
in Table 10. With increasing concentrations of the inhibi-
tor, the values of ΔGads tended to be more negative and 
varied from − 6.84 to − 14.17 kJ/mol. These demonstrated 
the spontaneity of the adsorption. Similar trends were 
reported by [39, 40]. Physical adsorption is compatible 
with  ΔGads  ≤ −20 kJmol−1 values, whereas chemisorption 
is connected to values ≥ −40 kJmol−1 [38]. The adsorption 
process involves weak electrostatic interactions between 
metal atoms and adsorbate species [39]. Therefore, the 
adsorption supports the physisorption mechanism.

The entropy and enthalpy values of the reaction are also 
presented in Table 10. The plot of the log of CR/T against 
1/T (Transition state) gives a straight line with slope equal 
to − ΔH/2.303R and intercept of Iog (R/Nh) + ΔS/2.303R in 
Fig. 16. The enthalpy values of the reaction were higher 
in the presence of the inhibitor than the absence of the 
inhibitor, which was attributed to the presence of energy 
barrier for the reaction process [35]. The positive values 
indicated that the dissolution of mild steel was an endo-
thermic process, which means that mild steel dissolution 
was difficult [30, 36]. The entropy of activation values 
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Table 10   Thermodynamics adsorption parameters of Solanum 
macrocarpon extract

Inhibitor 
(%w/v)

Ea(kJ/mol) ΔGads(kJ/
mol)

ΔH
∗(kJ/mol) ΔS

∗
( J/mol)

Blank 13.99 – 30.86  − 52.40
0.1 55.99  − 6.84 145.49  − 28.52
0.2 63.70  − 10.43 162.37  − 25.64
0.3 47.56  − 11.54 126.78  − 33.88
0.4 49.75  − 13.43 128.57  − 34.01
0.5 43.82  − 14.17 112.62  − 37.85
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(Table 10) increased in the presence of the inhibitor com-
pared to the uninhibited system. The ΔH were negative, 
indicating that the adsorption process was slow, and the 
complex compound formation was associated with the 
rate determination step, meaning that a decrease in dis-
orderliness occurred on going from reactants to the acti-
vated complex [30].

3.8 � Corrosion inhibition mechanism

The methanol leaf extract of Solanum macrocarpon was 
stably adsorbed on the mild steel surface through the for-
mation of chemical bonds with the lone electron pairs of 
heteroatoms and the empty orbital of metal [35, 36]. As a 
result of the electrostatic interaction between molecules, 
the inhibitor molecules can also produce physical adsorp-
tion on the surface of MS [40].

4 � Conclusion

The Solanum macrocarpon methanol leaves extract was 
used as a corrosion inhibitor for MS in 0.5 M sulphuric 
acid solutions. The extract contains several phytochemi-
cal compounds that contain functional groups with het-
eroatoms that help facilitate inhibition activities. The I.E 
% of the extract was increased with a rise in extract con-
centrations. The I.E % of the extract decreased with a tem-
perature rise. Optimum efficiency of 95% was achieved, 
showing the inhibition abilities of the extract. Thermody-
namics parameters such as ΔGads , and Ea demonstrated 
that the adsorption process followed the physisorption 
mechanism. Therefore, this work has shown the effective 
use of SM extract in corrosion inhibition and can be used 
in industries to mitigate corrosion of metals.
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