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Experimental and Theoretical Studies on the Protective
Effect of a Biomass Corrosion Inhibitor (vigna radiata) on
Mild Steel in Acidic Medium
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Abstract: The scrutiny of the impeding properties of vigna
radiata (VR) on mild steel corrosion in sour environs
(1 M HCl and 0.5 M H2SO4) was done by means of
gravimetric, electrochemical impedance spectroscopy
(EIS) and potentiodynamic polarization methods (PDP).
Polarization findings revealed that VR retarded the
corrosion process in a mixed-mode manner. Adsorption

of the active components of VR was found to be in line
with Langmuir adsorption isotherm. The obtained PDP
result was complemented by the EIS findings. Scanning
electron microscopy (SEM), atomic force microscopy
(AFM) and the theoretical technique was used to comple-
ment the results.
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1 Introduction

Different techniques could be employed in a quest to
retard the corrosion rate, however, the use of non-
poisonous corrosion inhibitors is a good procedure and
biomass corrosion inhibitors (BCI) are beneficial in this
regard [1]. These non-poisonous corrosion inhibitors
when inoculated in infinitesimal quantities to the aggres-
sive environments have the potential to block the
corrosion of metals and their alloys.

In literature, numerous organic compounds have been
recognized to be good and effective corrosion inhibitors;
they have heteroatoms (nitrogen, oxygen, sulfur,
phosphorus) and manifold bonds/aromatic rings in their
arrangements [1–4]. The key points that define the level
of inhibition efficiency (IE) in these functional groups
consist of the presence of lone pairs of electron and
slackly bound pi-electrons [5–7]. The resultant modifica-
tion in the mechanism of the corrosion process is ascribed
to the interaction of these organic inhibitors with the
corroding steel surface which is via adsorption. Studies
have revealed some significant factors that are responsible
for the adsorption strength of these inhibitors; they are,
but not limited to chemical and structural features of the
adsorbed layers. They are usually formed at a specific
state [8]. Apart from all these, most of the organic
inhibitors are poisonous for human beings and the
environment at large, joined with the fact that they are
costly.

In our current world, improved ecological sensitization
and strict environmental regulations, has become para-
mount. So, researchers have now resorted on the use of
BCI’s to supplant the poisonous brands. In this regard,
more than a few studies have been recounted on the use
of BCI’s in various corrosive environments [9–14], and

the obtained results show that BCI’s contain several
compounds that satiate the needed features. Quite a lot of
studies on the use of plant extracts as a corrosion inhibitor
for mild steel in acid solutions have been studied [15–25].

The VR employed in this work is a legume cultivated
for its palatable seeds. It is an annual plant, reaching a
height of 0.16 m–1.24 m. It is slightly hairy with a well-
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developed root system [26]. It is good for the health of
eyes, hair, nails and also enhances the blood circulation.
This VR is loaded with high amount of fiber and low in
calories. It is employed in therapeutic uses such as to
detoxify the body and eliminate heat. A GC-MS charac-
terization study has shown that its major components are:
caffeine, 5-Hydroxy methylfurfural, linoleic acid and 3-O-
Methyl-d-glucose [27]. The structures are presented in
Figure 1 below.

The adsorption of an organic inhibitor as stated earlier
can be influenced by its chemical structure. To back up
this claim, a reasonable number of investigations have
reported a relationship between the frontier orbital
properties of organic molecules (e.g the energies of the
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) and band gap
energies (ELUMO–EHOMO), calculated by different quantum
mechanical (QM) techniques and corrosion inhibition.
For instance, the relationships between corrosion rates
with EHOMO, the energy gap, global softness (σ) and
hardness (η) for some organic compounds have been
described [28,20].

Notwithstanding, these important parameters outlined,
it will be good to carefully monitor the interaction
between the active sites on these inhibitors and the steel
surface. To define this, molecular dynamics simulations
(MDS) have been employed to expansively inspect firm
adsorption of these active components of VR on the steel
surface [3,9]. Employing MDS technique, the adsorption
mode of the VR molecules onto the mild steel surface can
be determined even at the molecular level. Furthermore,

the calculation of the value of the adsorption energy
between the organic inhibitor and the steel surface can be
determined, with this useful information, the difference in
the inhibiting efficacy between different organic inhibitors
can be calculated [15].

The current study further investigates the efficacy of
VR as a promising environmentally friendly corrosion
inhibitor and to further model the electronic and
adsorption structures of the selected active components of
VR extract using density functional theory (DFT) based
quantum chemical computation. Surface probe studies
(SEM and AFM was employed to complement the
experimental investigations).

2 Experimental

2.1 Preparation of the Working Electrode/Test Solutions

The chemical composition (wt %) of mild steel employed
in this work is outlined as follows: C–0.05; Mn–0.6; P–
0.36; Si–0.3 and the balance Fe. The sample was
progressively polished under running water-using silicon
carbide abrasive paper (grade 400 to 1000). After which
the samples were washed several times with distilled
water dried in acetone and warm air and preserved in
desiccators. The test solutions are 0.5 M H2SO4 and 1 M
HCl. Standard solutions of the VR extract employed in
this work were prepared by placing under reflux weighed
amounts of the dried and ground leaf of VR in ethanol
for duration of 3 hrs. The acquired solutions were allowed
to cool and then filtered properly with the aid of a filter

Fig. 1. Structures of some selected constituents of VR extract.
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cloth. The quantity of VR material extracted into solution
was then quantified by comparing the weight of the dried
residue with the original weight of the dried plant
material before extraction. Solutions containing the inhib-
itor were prepared in the preferred concentration range
(200 mg/L–1000 mg/L) by diluting the stock extract with
the acid solution [12].

2.2 Measurements of Weight Loss

The gravimetric studies were carried out on mild steel
samples having dimensions of 30 mm×30 mm×1.4 mm.
The test samples were cleaned very well, dried and
weighed. The weighed samples were then dipped in clean
glass 400 ml capacity beakers containing the test solutions
with the aid of glass hooks and rods. Studies were
thereafter carried out under total dipping conditions in
aerated and unperturbed solutions at a temperature of
303 K. The determination of the loss in weight with
respect to time, involves withdrawal of the samples at 24-
hr intervals for a total period of 120 h. The samples were
cleansed with a bristle brush, thoroughly washed, dried,
and re-weighed. The difference between the weight of the
samples at a specified time and its original weight is
regarded as the weight loss. Tests were run twice to certify
reproducibility [9].

2.3 Electrochemical Tests

The electrochemical tests (EIS and PDP measurements)
were done on the Princeton PAR-2273 Electrochemical
System workstation, by means of a three-electrode cell.
Graphite rod and a saturated calomel electrode (SCE)
served as a counter and reference electrodes. A steel
sample that was static in epoxy gum with a surface area of
1 cm2 exposed to the test solution under investigation was
the working electrode. Electrochemical investigations
were done in aerated and stagnant environs at the end of
30 minutes of dipping at a temperature of 303 K to get
steady state potential. EIS studies were then performed at
corrosion potentials (Ecorr) over a frequency range of
100 kHz–0.1 Hz (29), signal amplitude perturbation of
5 mV was used. Potentiodynamic polarization tests were
done by sweeping at a potential range of � 250 mV to
+250 mV versus corrosion potential at steady state OCP
at constant scan rate of 0.5 mV/s [21].

2.4 Surface Probe Analysis

The investigation was complemented by surface morphol-
ogy scrutiny with SEM and AFM techniques. SEM
investigation was performed with the aid of XL-30FEG
type scanning electron microscope, while the AFM
analysis was done by Picoplus 2500 surface probe micro-
scope.

3D atomic force microscopy studies were carried out
using mild steel specimens having dimensions of 15×15×
2 mm, these were dipped in the tests solutions for a period

of 24 h in the absence and presence of best concentration
of 1000 mg/L VR at 303 K. in each case (for SEM and
AFM), the samples for both examinations were removed
and cleaned severally with distilled water, dried in warm
air and all studies were done in dry conditions, without
immersion in the test solution.

3 Computational Details

Density functional theory (DFT) calculations were
achieved in the framework of the electronic structure
program DMol3, adopting a Mulliken population analysis.
Electronic parameters for this important simulation
include the Perdew-Wang (PW) local correlation density
functional and restricted spin polarization employing
DND basis set. The core electrons valuation was achieved
at the lowest atomic orbitals, the DFT semicore pseudo-
potentials (DSPP) was set to be active [31]. Also,
employed is the self-consistent field (SCF) process at a
meeting of 10� 5 and Fermi smearing factor of 0.005
hartree to speed up its rate of convergence. The geometry
optimization was gotten using the COMPASS force field
and Smart minimization technique, a more geometrical
optimization of the selected VR molecules was employed
using neglect of diatomic differential overlap (NDDO)
with AM1 Hamiltonian in the semi-empirical molecular
orbital package VAMP (MS Studio 7.0) [32] Dynamic
quantum chemical parameters like EHOMO, ELUMO, the
energy gap ΔE (ELUMO–EHOMO), molecular surface area
(MSA) and adsorption energy, respectively were acquired
for the selected components of VR molecules to enable us
ascertain their activity toward the Fe surface. All
computations were thoroughly accomplished as controlled
in the Materials Studio 7.0 software.

4 Results and Discussion

4.1 Weight Loss Method

The resultant outcome of the addition of VR at different
concentrations on mild steel corrosion at 303 K was
studied by a weight loss approach. This was tested within
a period of 120 h immersion time. Figures 2a and 2b at
303 K revealed that the IE increased in the respective
acid environment, and the corrosion rate decreased with
an increase in the concentration of the inhibitor. The
observed occurrence is associated with an increase in the
adsorption of the inhibitor species resulting to the
formation of a hydrophobic thin film on the acid/substrate
interface. The inhibitor exhibited a maximum IE of
89.2% and 98.4% at a concentration of 1000 mg/L in 1 M
HCl and 0.5 M H2SO4, respectively. The corrosion inhib-
ition efficiency was obtained using the expression:

IE% ¼
ð1 � WinhÞ

Wblk

X 100 (1)
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where Wblk and Winh are the values of weight-loss of the
steel after 120 h of dipping in solutions without and with
the VR.

Figures 3a and 3b define the variation of weight loss
and time. Careful scrutiny of the figure shows that weight
loss increased with time, this could be due to desorption
of the VR species adsorbed onto the surface of the metal
over time.

4.2 Electrochemical Measurements

4.2.1 Open Circuit Potential Results

Figure 4a and 4b represents the open circuit potential
results obtained in the absence and presence of VR
extract in 0.5 M H2SO4 and 1 M HCl environments
respectively. The results indicate that the solutions under
investigation attained a considerable level of stable state
before the commencing of the EIS and PDP experiment.
The potential values tend to move towards the noble

direction, showing a slight anodic effect on the corrosion
inhibition process.

4.2.2 Potentiodynamic Polarization Results

The addition of different quantities of VR extract on the
test solution exerted a pronounced effect on the electro-
chemical corrosion behavior of mild steel samples. Hence
corrosion is electrochemical in nature (i.e cathodic and
anodic half reactions), there is need to know the effect of
VR on the different reaction types. Polarization studies
provided flawless insight on the efficacy of VR on the half
reactions. The PDP curves for mild steel in 0.5 M H2SO4

and 1 M HCl containing different concentrations of VR at
303 K are presented in Figure 5a and 5b. The useful
extrapolated electrochemical parameters; corrosion po-
tential (Ecorr) and corrosion current densities (Icorr)
acquired from the curves are listed in Table 1. The mild is
seen to display fast dissolution. From the curves, no
region of passivation was reported within the studied

Fig. 2. Variation of weight loss with VR concentration for mild
steel corrosion in: (a) 0.5 M H2SO4 and (b) 1 M HCl for different
exposure time. Fig. 3. Variation of weight loss with time for mild steel corrosion

in: (a) 0.5 M H2SO4 and (b) 1 M HCl for different exposure time.
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potential range. Polarization curves of the steel exposed
in 0.5 M H2SO4 environment (Figure 5a) and 1 M HCl
(Figure 5b) reveal that the incorporation of VR bends the
cathodic and anodic curves towards lesser current den-
sities. Considering previous reports, if the shift in Ecorr is
either above 85 mV or below 85 mV, the inhibitor can be
described as cathodic or anodic type inhibitor, and if the

displacement in Ecorr is less than that the inhibitor can be
seen as mixed type [4,9,12]. However, in this study, the
displacement of Ecorr was less than �85 mV, which
suggests a mixed-type inhibition mechanism, however, a
slight shift of the corrosion potential towards the cathodic
environment was observed in 1 M HCl environment.

From the given information in the Table 1, the Icorr
retarded significantly upon the addition of VR compared
to the uninhibited test solutions. The inhibition efficiency
was calculated using the equation:

IE% ¼
Iblk � IinhÞ

IblkÞ

� �

x 100 (2)

where Iblk and Iinh represents the corrosion current density
in the absence and presence of VR [33]. The highest
inhibition IE value was recorded with the mild steel in
0.5 M H2SO4 inhibited system (96.6%), followed by the

Fig. 4. Variation of potential with time in; (a) 0.5 M H2SO4 and (b) 1 M HCl showing the effect of VR extract.

Fig. 5. Potentiodynamic polarization spectra of Mild steel in; (a) 0.5 M H2SO4 and (b) 1 M HCl showing the effect of VR extract.

Table 1. Polarization Parameters for Mild Steel in 0.5 M H2SO4 and
1 M HCl in the Absence and Presence of VR.

System Icorr (μA/cm2) Ecorr

(mV vs SCE)
IE%

0.5 M H2SO4

200 mg/L VR
1000 mg/L VR
1 M HCl
200 mg/L VR
1000 mg/L VR

173.8
14.2
5.9
193.5
34.2
21.8

� 515.6
� 507.4
� 493.9
� 503.7
� 501.5
� 534.2

91.8
96.6
82.3
88.7
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mild steel in 1 M HCl inhibited system (88.7%) at VR
concentration of 1000 mg/L at 303 K.

4.2.3 Impedance Spectroscopy Analysis

This technique was employed to have a clearer under-
standing of the electrochemical processes going on at the
substrate/solution interface, and how they were affected
by VR extract. Figures 6 and 7 reveal the impedance
response of mild steel in the absence and presence of
various concentrations of VR extract in 0.5 M H2SO4 and
1 M HCl environments. In the two impedance graphical
representations, the plot for the uninhibited sample was
employed as a reference for the inhibited sample at
different concentrations. They plots presented in Fig-
ure 6a and Figure 7a are characterized by a single semi-
circle over the range of studied frequencies. It is
important to state here that the high-frequency intercept
with the real axis in the Nyquist plots is allocated to the
solution resistance (Rs) and the low-frequency intercept
with the real axis is ascribed to the charge transfer
resistance (Rct). The obtained impedance data were fitted
with circuit models presented in Figure 8, using ZSimp-
Win 3.10 software. The circuit model shown comprises of
a single CPE and charge transfer resistance elements
which denote the impedance effect as a result of corrosion
product species for the uninhibited environment. In this
circuit, the CPE was used as a replacement for pure
capacitance to recompense for the electrode surface
unevenness frequently initiated by the buildup of corro-
sion products and lack of uniformity of the metal surfaces
[29,30] including surface micro-defects.

The use of such CPE affords insight for the non-
conformities from ideal dielectric behavior. The impe-
dance, Z, of CPE is given as:

ZCPE ¼ Q� 1ðgwÞ� n (3)

Here Q and n is the CPE constant and exponent,
respectively, g2= � 1 remains an imaginary number, and ω
is the angular frequency in rad s� 1 (ω=2πf when f is the
frequency in Hz), CPE can denote resistance (ZCPE=R,
n=0), capacitance (ZCPE=C, n=1). The addition of
different quantities of VR displayed an increase in the
diameters of the convectional arc of the Nyquist plots,
low frequency impedance magnitude (jZ j0.1 Hz) of the
Bode modulus plots (see Figures 6b and 7b) and magni-
tude of the phase angle maxima of the Bode phase angle
plots (see Figures 6c and 7c) these indicate corrosion
inhibition. The increase is found to be concentration-
dependent. Additionally, it was observed that the phase
angle maxima were all significantly higher in the presence
of the various concentrations of the VR when compared
with the uninhibited system.

To estimate the obtained values of the corresponding
impedance parameters shown in Table 2, the resultant
spectra were evaluated with the aid of an equivalent
circuit employed to model the metal/acid interface [6, 29].

The diameter of the convectional arc of the impedance is
associated to the charge transfer resistance (Rct). The
presence of VR extract in 1 M HCl (Figure 6a) and 0.5 M
H2SO4 (Figure 7a) solutions resulted to a rise in the size
of the Nyquist convectional arc in each case, this
occurrence proved that inhibition actually took place.

Fig. 6. Electrochemical impedance spectra of mild steel in 1 M
HCl environment showing the effect of VR extract: (a) Nyquist
plot, (b) Bode modulus and (c) Bode phase angle plot.
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Careful scrutiny of the Nyquist plots show an increase in
Rct values in the solutions containing VR, which
manifested into the increase in the diameter of the
Nyquist convectional arc and confirms the corrosion
inhibiting influence of VR. The corresponding decrease in
the CPE values in the presence of VR compared with the

uninhibited system is an indication of the presence of
organic species of VR at the metal/solution interface.

The IE% for various VR concentrations were calcu-
lated from impedance plots by means of the equation:

IE% ¼
Rct inhð Þ � Rct blkð Þ

Rct inhð Þ

� �

x 100 (4)

here Rct(blk) and Rct (inh) denotes the Rct of VR when it has
not been introduced and when it is present. Here again,
the IE% values due to impedance follow the same trend
with the Polarization data already discussed.

4.3 Adsorption Insights

The adsorption strength of organic inhibitors relies on
many factors, among which are: the temperature of the
reaction, the nature and charge on the substrate surface,
the type of test environs and the conformation of the
inhibitor [34,35].

Considering acid solutions such as HCl and H2SO4 a
number of the organic components of the VR species
exist in protonated form, whereas the remaining exists in
non-protonated (molecular) state. The mode of adsorp-
tion would thus include the two factions, molecular
species interacting with active sites on the steel surface, in
addition to protonated species interacting with the pre-
adsorbed chloride ions (from the corrodent) on the metal
surface (in 1 M HCl environment).

The adsorption of the VR species was further
described by fitting the surface coverage (θ) data obtained
from gravimetric results to the Langmuir adsorption
isotherm. Supposing the shielded parts of the steel surface
are equivalent to zero, then corrosion is likely to have

Fig. 7. Electrochemical impedance spectra of mild steel in 0.5 M
H2SO4 environment showing the effect of VR extract: (a) Nyquist
plot and (b) Bode modulus plot.

Fig. 8. Equivalent circuit diagram.

Table 2. Electrochemical Impedance Parameters for Mild Steel in
0.5 M H2SO4 and 1 M HCl in the Absence and Presence of VR.

System Rs
(Ωcm2)

Rct

(Ω cm2)
CPE n IE%

0.5 M H2SO4

200 mg/L VR
1000 mg/L VR
1 M HCl
200 mg/L VR
1000 mg/L VR

4.1�1
1.979�0.8
2.436�1.5
2.5�0.7
1.8�1.4
1.681�1.7

15.2�1.5
249.8�0.8
337.2�1.5
181.2�0.8
678.7�1.3
929.5�1.3

163�0.4
118.7
120�1.6
266.8�1.3
105�1.5
50�1.2

0.78�0.8
0.87�0.3
0.80�0.6
0.82�0.5
0.82�0.4
0.87�0.4

93.9
95.5
73.3
80.5
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taken place mainly on the exposed parts of the metal
surface. The degree of coverage (θ) was calculated using
the formula [36–39]:

q ¼ 1 �
winh

wblk
(5)

here wblk and winh represents, the weight loss values
obtained in the absence and presence of VR. The
adsorption isotherm relationship of Langmuir is explained
by the equation;

C inhð Þ

q
¼

1

Kads

þ C inhð Þ (6)

where Cinh,θ and Kads signifies the inhibitor concentration,
the extent of surface coverage and the stability constant
for the adsorption-desorption process [40–45]. Figure 9
reveals the plots of C(inh)/θ vs C(inh).

Accordingly, the plots obtained for VR are linear,
with slopes of 1.0388 and 0.8543, in 1 M HCl and 0.5 M
H2SO4 respectively. The correlation values (R2=0.9981
and 0.9308) acquired at 303 K approve the validity of this
method. The divergence of the slopes from unity can be
associated with interactions between VR species on the
metal surface and adjustments in the adsorption heat as
the surface coverage increases [13].

4.4 Surface Analysis

4.4.1 SEM Scrutiny

This technique gives a pictorial illustration of the surface
of the metal. The morphology acquired from the surface
of the mild steel before and after immersion in the acid
environs for a period of 24 h in the absence and presence
of 1000 mg/L VR are shown in parts a, b, c, d and e in

Figure 10, respectively. The SEM pictures of the substrate
surface before immersion appears very smooth (Fig-
ure 10a), after immersion in the absence of VR (see in
Figure 10b and 10c), results show that their surface is
rough reflecting active dissolution in the acid environs.
Additionally, without the inhibitor the surface of the
metal sample in 0.5 M H2SO4 (Figure 10c) presented a
coarse outlook in line with the weight loss results. Mean-
while, in the presence of VR (see Figure 10 d and e) the
surface of the metal appears smoother compared with the
uninhibited system (without VR). The result obtained at
the highest inhibitor concentration is by reason of the
presence of more VR species that were adsorbed on the
mild steel surface, leading to better surface coverage.

4.4.2 AFM Scrutiny

The 3D AFM technique was used to carefully examine
the look and the resulting impact of VR on the develop-
ment of a corrosion reaction at the steel surface [26–28].
Figure 11 elucidates 3D AFM appearance of steel surfaces
in the absence and presence of the best concentration of
VR extract. Proper examination of the presented image in
Figure 11a and b, indicates that the steel surface appears
uneven by reason of rapid corrosive attack in the absence
of VR. The average roughness of the metal surface
submerged in 1 M HCl and 0.5 M H2SO4 were estimated
to be 189 nm and 236 nm. Conversely, in the presence of
the best concentration (1000 mg/L) of VR (Figure 11c and
d) the coarseness was calculated to be 102 nm and 83 nm.
The observed decrease in the extent of roughness is
ascribed to the adsorption of a compact protective layer
of VR on the substrate surface as explained earlier by
impedance and SEM findings.

Fig. 9. Shows Langmuir adsorption isotherm for VR on mild steel in (a) 0.5 M H2SO4 and (b) 1 M HCl environment.
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4.5 Computational Investigation

The application of computational chemistry in the motif
and development of organic corrosion inhibitors has been
significantly improved by the advances of density func-
tional theory (DFT) and Molecular dynamic simulation
(MD). In this period of software advancement, corrosion
scientist can choose a good inhibitor on the ground of
theoretical analysis of molecular properties of the corro-
sion inhibitor structures; this approach is both cheap and
effective unlike the experimental approach. The use of
the DFT and MD approach can correctly speculate the
inhibiting tendencies behavior of inhibitor molecules
utilizing molecular/electronic properties and reactivity
hint/indices [46].

This approach is a very active field of research and
many researchers have reported that inhibition effect
mainly depends on some physico-chemical and electronic
properties of the organic inhibitor which relate to its
functional groups, electronic density of donor atoms, and
orbital character of donating electrons etc.

It is therefore, necessary to carry out quantum
chemical calculations in corrosion inhibition studies.
Though there exist some peculiar challenges with this
technique. For instance, till date, the identification of the
components of the plant extracts that are responsible for
the corrosion inhibiting performance still remain a major
challenge. Interestingly, we have shown previously that
DFT computations is worthwhile for theoretical assess-
ment of the abilities of some extract components to
interact with the Fe surface thereby affording insight on
the species responsible the inhibition effect.

Herein, the DFT approach was adopted to provide in-
depth explanation into the inhibitory mechanism of VR at
the molecular level; vis-à-vis the adsorption properties of
the

abundant species of VR on the Fe surface which are
likely responsible for the corrosion inhibition action of
VR. The selected species were the most abundant
identified agents and includes: Caffeine (CF), 5-
Hydroxylmethylfurfural (HMF), Linoleic acid (LA), and
3-O-Methyl-d-glucose (MG). Vital quantum chemical
parameters such as ELUMO, EHOMO, electrophilic, nucleo-
philic, the energy gap ΔE (ELUMO–EHOMO), absolute hard-
ness (ŋ), global softness ((sÞ and adsorption energy were
determined for the selected active constituents of VR
were computed so as to provide their contribution
towards the recorded VR inhibition performance. Ac-
cording to Koopman’s theorem, the relationship between
the energies of HOMO and LUMO orbitals and ioniza-
tion potential and electron affinity of inhibitor molecule
respectively is given in the expressions below [47–48].

I ¼ � EHOMO (7)

A ¼ � ELUMO (8)

Furthermore, the absolute hardness (η) and global
softness (s) of the inhibitor molecule are determined in
terms of EHOMO and ELUMO:

h ¼
I � A

2
(9)

Fig. 10. SEM images of the mild steel surface after 24 h immersion at 303 K: (a) as received, (b) in 1 M HCl (c) in 0.5 M H2SO4, (d) in
1 M HCl+1000 mg/L VR and (e) in 0.5 M H2SO4+1000 mg/L VR.
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s ¼
I

h
(10)

The parameters mentioned earlier were generated
through geometric optimization with respect to all nuclear
coordinates. Frontier molecular orbital theory is very
suitable in envisaging the adsorption centers in the chosen
VR constituents; these are responsible for interaction
with the Fe surface. Figure 12 displays the optimized
structure, the highest occupied molecular orbital
(HOMO), the lowest unoccupied molecular orbital
(LUMO) total electron density, electrophilic and nucleo-
philic of the active species of VR. The HOMO and
LUMO energy orbitals are mostly saturated on the
carbon/nitrogen atoms present in the chosen constituents.
The Mulliken charges for the inhibitors indicate that the
electronegative centers in the molecules are mostly
concentrated in carbon, oxygen and nitrogen atoms.
These atoms with enhanced electron cloud offer electrons
to metal atoms during the adsorption process. The
adsorption of the VR constituents on the Fe surface is as

a result of the donor-acceptor interaction between inhib-
itor molecules and the Fe surface. The electron providing
propensity of the chosen molecules is connected with the
EHOMO. It is important to note that a high value of EHOMO

means the propensity of inhibitor molecules to release
electrons to the acceptor molecules having empty molec-
ular orbitals. Furthermore, the tendency of a molecule to
accept the electrons is associated to ELUMO. Lower values
of ELUMO reveal the easier reception of electrons from the
Fe surface. The energy gap between the ELUMO and EHOMO

energy levels, that is, ΔE of the molecule, is of significant
consideration. Table 3 presents some quantum chemical
parameters related to the molecular electronic structures
of the most stable conformations of the selected VR
molecules. From the results presented in Table 3 it is clear
that all the obtained adsorption energies of selected
molecules show a negative sign confirming a spontaneous
adsorption process. From the data linoleic acid had the
most negative value, followed by caffeine, 3-O-Methyl-d-
glucose and finally 5-Hydroxy methylfurfural. The molec-
ular surface area (MSA) values almost followed the same

Fig. 11. AFM images of mild steel surface immersed for 24 h in: (a) 1 M HCl (b) 0.5 M H2SO4 (c) 1 M HCl+1000 mg/L VR and (d)
0.5 M H2SO4+1000 mg/L VR.
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Fig. 12. Electronic properties of the selected constituents of VR, the blue and yellow isosurfaces depict the electron density difference:
the blue regions show electron accumulation while the yellow regions show electron loss.

Table 3. Calculated Quantum Chemical Properties for the Most Stable Conformation of the Selected Constituents of VR.

Molecule HOMO
(eV)

LUMO
(eV)

Energy
Gap
(ΔE)

Adsorption
Energy
(KJ/mol)

MSA
(Å)

Global
softness (sÞ

Absolute
hardness (hÞ

Caffeine � 7.096 � 6.923 0.173 � 134.2 228.8 11.6 0.0865
5-Hydroxy methylfurfural � 7.649 � 7.548 0.101 � 63.3 158.3 19.8 0.0505
Linoleic acid � 6.382 � 6.159 0.223 � 205.1 418.4 8.9 0.1115
3-O-Methyl-d-glucose � 5.988 � 4.035 1.953 � 115.5 230.8 1.02 0.9765
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trend, with linoleic acid having the highest value followed
by 3-O-Methyl-d-glucose, caffeine and 5-Hydroxy meth-
ylfurfural. Considering the HOMO, LUMO, electrophilic
and nucleophilic sites present, it is obvious that there are
possible sites through which these active components can
donate and accept electrons in order to establish the
observed bond between the inhibitor and the Fe surface.

Molecular dynamics (MD) simulation is simply a
deterministic computational approach that has been
popularly used by many researchers [48,49]. It simulates
the natural pathway of molecular motion to sample
successive configurations, following the classical New-
tonian mechanics. This simulation was carried out in
various ensembles, to sample different low energy
adsorption configurations of the chosen extract constitu-

Fig. 13. Representative snapshots from molecular dynamics models of (a) Caffeine, (b) 5-Hydroxy methylfurfural, (c) Linoleic acid and
(f) 3-O-Methyl-d-glucose; adsorption on Fe(110) Atom legend: white=H; gray=C; red=O; blue=N.
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ents. This approach helps in determination of adsorption
energies of some chosen VR extract constituents [4].

Four active constituents mentioned earlier were
selected for computational modeling. Molecular dynamics
simulations were employed to sample diverse low energy
adsorption conformations of each molecule on the Fe
surface [29,50]. The Fe slab for the simulations was
cleaved along the (110) plane. The calculations were
carefully carried out in a 10×8 supercell using a Compass
force field and the Smart algorithm with NVE (micro-
canonical) ensemble, a time step of 1 fs and simulation
time of 5 ps. The Temperature was fixed at 350 K where
we have a tradeoff. The system was quenched automati-
cally at intervals of 250 steps. During simulation, the
optimized structures of the four molecules (CF, HMF,
LL, MG) and Fe (110) were used. The geometry of the
bottom layers of the Fe (110) slab was well constrained,
hence the energy of the forces that exist between them
remained steady throughout the simulation time. This was
not considered during the calculation; hence it will not
affect the overall movement of the adsorbed molecule.

The lowest energy adsorption structures of the mole-
cules on the Fe (110) surface are presented in Figure 13.
Careful scrutiny of the snapshot revealed a flat/horizontal
alignment onto the Fe (110) surface. This resultant align-
ment helped to increase the degree of surface coverage
[47].

To properly measure the association between the
molecules and the Fe surface under study, the adsorption
energy (Eads) of each system was calculated using the
equation [46]:

Eads ¼ Etotal � ðEinh þ EFeÞ: (11)

Where Einh, EFe and Etotal represents the energy of the
single molecule, the Fe slab without adsorption and the
total energy of the system having the molecule and Fe
surface, respectively. The data calculated by the software
are shown in Table 3. The final adsorption energy was
determined by averaging the energies of the five struc-
tures of lowest energy. The obtained values of the
adsorption energy (Eads) are presented in Table 3; the
negative values of Eads comply with a balanced/stable
adsorption structure. Similar values of Eads have been
obtained elsewhere [50]. The calculated result via this
technique shows that the selected individual components
of VR extract effectively interact with the steel surface as
corrosion inhibitors indicating that the recorded high IE
% is due to the interaction of these and related active
species of VR with Fe surface agreeing with the exper-
imental results. Some researchers have demonstrated that
there exists a good linear connection between IE and Eads,
in which IE, increased with an increase in the Eads

[3, 34,50]. In view of the result presented in Table 3, the
trend of Eads (LL>CF>MG>HMF) shows that LL
exerts a greater input to the overall impeding influence of
VR extract.

5 Conclusions

The results demonstrated that VR extract inhibited the
corrosion of mild steel in 1 M HCl and 0.5 M H2SO4

solutions. Significant IE values were observed in the
investigated environs. It was observed that the IE,
improved with extract concentration. PDP investigations
show that the adsorbed VR species inhibited the corro-
sion development via a mixed-type mechanism, reducing
both the noble dissolution of the substrate and the
cathodic hydrogen evolution. The impedance results
proved that VR inhibited the corrosion process through
adsorption of its species on the metal/solution interface.
The adsorption of VR was strongly validated by the
Langmuir adsorption isotherm. SEM and AFM were used
to study the surface morphology of mild steel. DFT
established quantum chemical calculations of parameters
linked with the electronic and adsorption structures of the
four most abundant components of the VR extract
substantiated their respective positive contributions to the
observed inhibition efficacy of VR extract.
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