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Abstract
The study investigated the corrosion inhibitory effect of Napoleonaea imperalis leaf extracts (‘NI’) on Mild steel (M-steel) 
in 1.3 M  H2SO4. Weight loss, potentiodynamic and electrochemical impedance spectroscopy (EIS) at 303 K–343 K were the 
investigative approaches adopted in the study. The resultant oxide from the study was characterized using Fourier transform 
infrared spectroscopy (FTIR) and Scanning electron microscope (SEM). Meanwhile, the experimental results were validated 
using theoretical calculations. The experimental findings showed that by increasing the inhibitor concentration (from 0.2 to 
1.0 g/L) at a low operational temperature of 303 K, an increased inhibition efficiency (from 47.93 to 85.54%) was observed. 
The organic functional groups responsible for inhibition effect were identified in the FTIR result. Similarly, the SEM result 
showed the occurrence of significant transformation on the M-steel surface due to effective corrosion inhibition by ‘NI’. The 
range of values of the free energy of adsorption, ∆Gads (− 12.88 to − 5.83 kJ/kmol) and heat of adsorption, Qads, (− 24.10 
to − 5.10 KJ/kmol) indicates the occurrence of physisorption process. The negative values obtained for the free energy 
of adsorption is an indication for a spontaneous and exothermic inhibition process. Tafel polarization curves depicted the 
inhibitor used in the study as a mixed-type. Similarly, the density functional theory (using molecular dynamic simulations) 
suggested a dependent adsorption process with coordinate bonds via metal/inhibitor interface. The study succinctly demon-
strated an excellent inhibition performance of ‘NI’ in M-steel corrosion.
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Abbreviations
‘NI’  Napoleonaea imperalis leaf extract
∆Gads  Free energy of adsorption
∆w  Weight loss
a  Attractive parameter
C  Inhibitor concentration
Cdl  Non-ideal double-layer capacitance
CR  Corrosion rate
Ea  Activation energy
Ecorr  Corrosion potential
EIS  Electrochemical impedance spectroscopy
EIS  Electrochemical impedance spectroscopy
FTIR  Fourier transform infrared spectroscopy
icorr  Corrosion current density

IE  Inhibition efficiency
Kads  Adsorption equilibrium
M-steel  Mild steel
n  Phase shift coefficient
Qads  Heat of adsorption
Rct  Charge transfer resistance
RN  Reaction number
Rs  Solution resistance
SEM  Scanning electron microscope
Ti  Initial experimental temperature (k)
Tm  Maximum experimental temperature (K)
x  Size parameter
DFT  Density functional theory
MMO  Morpholine, 4-methyl-4-oxide
EHOMO  Energy of the highest occupied molecular orbital
ELUMO  Energy of the lowest occupied molecular orbital
ΔE  Energy gap
HOMO  Highest occupied molecular orbital
LUMO  Lowest occupied molecular orbital
Eads  Adsorption energy
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List of symbols
α  Lateral interaction term explaining the nature of 

adsorbed layer
Θ  Surface coverage

1 Introduction

M-steels are carbon steel which is used mostly as material 
for piping constructions in chemical and petrochemical 
industries [1]. After certain usage period, the thickness of 
the surface of these pipes slowly decreases (via corrosion) 
owing to the deterioration caused by the acid descaling, 
pickling, oil well acidifying, industrial acid cleaning, et.c 
[2, 3]. The corrosion of these alloys could cause great eco-
nomic wastage [4] and may in some cases result in untold 
structural failure [5]. Such structural failures and emergen-
cies may result in uncontrollable loss of human life and other 
social-economic losses [5].

Corrosion inhibitors are one of the most effectual alterna-
tives to protect M-steel against corrosion, especially in acidic 
media, due to its advantages of low-cost, high effectiveness 
and wide applicability [6]. Corrosion mitigation in metallic 
components ultimately extends their usage efficiency and 
lifetime [7]. It could also give rise to several socio-economic 
benefits, as well as reduce the incidences of ecotoxicity asso-
ciated with metal dissolution and corrosion [8]. Therefore, 
ensuring corrosion inhibition in metals utilized in indus-
trial operations is plausible and should be given attention. 
The influence of relevant functional groups of the inhibitor 
on its corrosion inhibition performance has been reported. 
Also, the physicochemical constituents of the molecule, 
steric effects, electronic density of atoms and the interaction 
between surface atoms have been reported as key factors in 
corrosion inhibition process [9, 10]. Natural organic com-
pounds comprising of heteroatoms with high electron den-
sity like oxygen, phosphorus, nitrogen, sulphur, and/or those 
having multiple bonds were considered in adsorption centres 
for effective inhibition [11–14]. The compounds comprising 
sulphur and nitrogen in their molecular structure have shown 
better inhibition when compared with those lacking either of 
these atoms [15–17]. The most active corrosion inhibitors 
contain some of the potential functional groups like hydroxyl 
(–OH) and nitro (–NO2), pie electron and heterocyclic com-
pounds [15–17]. The environmental toxicity of the readily 
available and commonly used synthetic corrosion inhibitors 
have fueled the search for eco-friendly corrosion inhibitors.

Application of various inhibitors for providing the 
most effective metal corrosion inhibition has been widely 
acknowledged. The inhibiting impact of extracts from cur-
cumin, parsley and cassia bark extract carbon steel corro-
sion in 0.5 M  H2SO4 solution has been investigated [18]. 
The result showed that the percentage inhibition efficiency 

increases with increase in the concentration of the extract, 
probably due to its horizontal adsorption on the C-steel 
surface. Apart from plant extracts, the inhibition effect of 
expired drugs and ionic liquids have also been studied. Effi-
cient inhibition of mild steel corrosion in 1.0 M sulfuric acid 
medium using expired antibiotics (Ampicillin and Flucloxa-
cillin) was reported [19]. The high inhibition efficiencies 
recorded in the study was due to the efficient adsorption 
of the drug species onto the surface of the mild steel; thus, 
resulting in the formation of protective layers. Similarly, 
Abdallah, et al. [20] studied the inhibition effect of expired 
Acyclovir and Omeprazole as inhibitors for the dissolu-
tion of Sabic iron in 1.0 M HCl. The experimental finding 
showed that the drugs were efficient for moving the pitting 
potential of the Sabic iron to a more noble value. The appli-
cation of Schiff bases as inhibitors in aluminium corrosion in 
1 M  H2SO4 medium via mass loss and electrochemical tech-
niques were reported as effective [21]. El Ouadi et al. [22] 
also studied the inhibiting effect of palm oil from Phoenix 
dactylifera seed on mild steel corrosion in hydrochloric acid 
medium. Furthermore, Al-Moubaraki, et al. [23] studied the 
corrosion behaviour and mechanism of mild steel/H2SO4 
systems using hydrogen gas evolution. The study demon-
strated that the corrosion mechanism is strongly related to 
the role of the  SO4

2− anion in the corrosion system.
Napoleonaea imperialis is a small, evergreen tropical tree 

in the lecythidaceac family and is native to West Africa. The 
plant is none food competing and its leaf extract contains 
some phytochemicals like saponins, alkaloids, glycosides 
and proteins [24]. These phytochemicals have structures 
similar to those of conventional corrosion inhibitors, hence 
their potential to inhibit metals/alloys corrosion. As opposed 
to chemical-based inhibitors, ‘NI’ is a readily available, 
ecologically acceptable, and a renewable inhibitor. Using 
thermometric measurement, Chahul, et al. [25], investigated 
the efficacy of Napoleonaea imperialis leaf extract for inhib-
iting aluminium dissolution in 0.5 and 1.0 M HCl media. 
Similarly, Chahul, et al. [26] studied the effect of Napoleo-
naea imperialis seed extract on the corrosion of mild steel 
in 1.0 M solution of HCl using weight loss measurements.

This study, therefore, sets to investigate the corrosion 
inhibitory effect of eco-friendly ‘NI’ on mild steel corro-
sion in  H2SO4 medium. To our best knowledge and judging 
from our literature review, there is no reported work on the 
use of ‘NI’ as a corrosion inhibitor for mild steel in  H2SO4 
medium. Furthermore, to ensure a holistic investigation, 
the study adopted weight loss, electrochemical and quan-
tum chemical measurement techniques. These measurement 
approaches are not commonly reported simultaneously in 
a single research article; thus, justifying the essence of the 
work. Also, regarding social relevance, the study aims at 
communicating demonstrable and informed evidence about 
the effectiveness of ‘NI’ for inhibiting the corrosion of 
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mild steel (in a relatively aggressive acidic medium, 1.3 M 
 H2SO4) to the academic research community and the general 
public. The experimental data reported in the study will also 
be useful for assessing the potential application of ‘NI’ as 
corrosion inhibition at an industrial scale.

2  Material and Methods

2.1  Preparation of the Plant Extract

Napoleonaea imperialis leaves were collected from Onit-
sha in Anambra State of Nigeria. The leaves were dried for 
3 days and ground into powder. In the process of extraction, 
40 g of Napoleonaea imperialis leaves were weighed and 
soaked in 500 mL of ethanol for 48 h before separation. The 
constituents of the stock solution such as flavonoids, tannins, 
alkaloids, saponins, phenolics and steroids were determined 
using phytochemical analysis. All the reagents used in the 
study were high grade.

2.2  Metal Preparation

The mild steel used in this study has the following compo-
sitions of P (0.02%), Mn (0.11%), Si (0.02%), S (0.02%), 
Cu (0.01%), C (0.23%), Ni (0.02), Cr (0.01%) and Fe 
(99.56%). The mild steel which has the following dimen-
sions (5 cm × 4 cm × 0.18 cm) was mechanically cut into 
coupons. The coupons were cleaned followed by polishing 
with emery paper of different sizes to expose the shiny pol-
ished surface. To remove any oil and organic impurities, the 
coupons were degreased with acetone and finally washed 
with distilled water, dried in air and then stored in a desic-
cator before use.

2.3  Instrumental Analysis

2.3.1  Fourier Transform Infrared Spectrophotometer (FTIR)

FTIR analysis was done on pure sample to identify the active 
functional group before the corrosion process. The mild steel 
coupons were introduced in the inhibited medium. After 
the corrosion study, the corrosion products were collected 
and subjected to Fourier transform infrared spectroscopy 
using KBr pellet method (SHIMADZU Model IR affinity-1) 
to identify the functional groups present in the corrosion 
products.

2.3.2  Scanning Electron Microscopy (SEM)

The surface morphology of the corroded coupons was ana-
lysed at Ahmadu Bello University, Zaria, using the scan-
ning electron microscope (Manufactured by Phenom-world 

Eindhoven, Netherlands). The surfaces of the mild steel 
coupons immersed in inhibited and uninhibited acid envi-
ronments were examined.

2.4  Thermometric Approach

This experiment was done using thermostat at 373 K for 
the metal specimen. The temperature of the system was 
regularly monitored to ensure that a stabilized tempera-
ture value was reached. The reaction number (RN) was 
calculated using Eq. (1) as previously described [27, 28].

where Tm and Ti denote the maximum and initial tem-
peratures in K, t is the duration in minutes taken to reach 
Tm.

2.5  Gravimetric Method

The gravimetric technique was performed at temperatures of 
303 K, 323 K and 343 K respectively. As described previ-
ously [10, 29], the weighed metal coupons were immersed 
in 250 mL beakers containing 200 mL of 1.3 M  H2SO4 with 
inhibitor concentrations ranging from 0.2–1.0 g/L. The 
coupons were taken out hourly until 8 h and immersed in 
acetone, scrubbed with a bristle brush under running water, 
dried and re-weighed. The weight loss was calculated in 
grammes as the difference between the initial weight and the 
final weight after removal from free and inhibited test solu-
tions respectively. The experimental readings were recorded. 
The weight loss (∆w), corrosion rate (CR) and inhibition 
efficiency (IE) and surface coverage, θ, were obtained using 
Eqs. (2–5), respectively [30].

where wi and wf are the initial and final weight of metal 
samples respectively; ω1 and ω0 are the weight loss values 
in presence and absence of inhibitor, respectively. A is the 
total area of the specimen and t is the immersion time.

(1)RN =
Tm−Ti

t

(2)Δw = wi − wf

(3)CR =
wi − wf

At

(4)IE % =
�0 − �1

�0

(5)� =
�0 − �1

�0
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2.6  Electrochemical Technique

The electrochemical experiment was conducted in a three-
electrode corrosion cell using a VERSASTAT 300 com-
plete DC voltammetry and corrosion system with V3 stu-
dio software for electrochemical impedance spectroscopy. 
Then, the potentiodynamic/galvanostat corrosion system 
with E-chem software was used for potentiodynamic polar-
ization experiments. A graphite rod was used as a counter 
electrode and a saturated calomel electrode (SCE) was 
used as the reference electrode. The latter was connected 
via a luggins capillary. A mild steel specimen of  2cm2 
dimension was used as working electrode. Impedance 
measurements were performed in aerated and unstirred 
solutions at the end of 1800s at 30 ± 10 C, over a frequency 
range of 100 kHz–0.1 Hz with a signal amplitude perturba-
tion of 5 mV [27, 31]. The inhibition efficiencies (IE %) 
for different inhibitor concentrations were calculated from 
Nyquist plots using the Eq. (6).

where Rct and Rct (inh) denotes charge transfer resistance 
in the absence and presence of the inhibitor.

Polarization studies were carried out in the potential 
range ± 250 mV versus corrosion potential at a scan rate 
of 0.333 mVs−1. Each test was run in triplicate to verify 
the reproducibility of the data. The inhibition efficiency 
was determined using Eq. (7).

where icorr (uninh) and icorr (inh) are the corrosion current 
density values without and with inhibitors, respectively.

2.7  Quantum Chemical Calculations

All theoretical calculations were performed using the den-
sity functional theory (DFT) electronic structure programs 
Forcite and  DMol3 as contained in the Materials Studio 4.0 
software (Accelrys, Inc.).

2.8  Evaluation of Heat of Adsorption and Activation 
Energy

The relationship between corrosion rates at different 
temperatures T1 and T2 as  CR1 and  CR2 can be used to 
calculate the activation energy as can be seen from the 

(6)IE% =

⎛⎜⎜⎝

R
ct

�
inh

� − Rct

Rct
�
inh

�
⎞⎟⎟⎠
× 100

(7)IE% =
icorr(uninh) − icorr(inh)

icorr(uninh)
× 100

Arrhenius equation in Eq. (8). The heat of adsorption Qads 
(kJ mol–1) was calculated using Eq. (9) [32].

where Ea is the activation energy, R denotes gas constant, 
θ1 and θ2 represent the degree of surface coverage at tem-
perature T1 and T2. θ1 and θ2 was evaluated in Sect. 2.5 from 
Eq. (5).

2.9  Adsorption Isotherm Consideration

Adsorption isotherms provide information on the interaction 
among adsorbed molecules, as well as with the metal sur-
face. The adsorption characteristics of ‘NI’ on the mild steel 
surface was investigated using four (Flory–Huggins, Frum-
kin, Langmuir and Temkin) adsorption isotherm models, 
whose equations are presented in Eqs. 10–13, respectively. 
Assuming a direct relationship between inhibition efficiency 
and surface coverage, the values of thermodynamic prop-
erties were thus generated from the respective isotherm 
models.

where x is size parameter; C = inhibitor concentra-
tion; α = lateral interaction term explaining the nature of 
adsorbed layer; Kads = adsorption equilibrium; ‘a’ = attrac-
tive parameter.

3  Results and Discussion

3.1  Infrared Spectroscopic Analysis

The observed peak for the FTIR examination of the ‘NI’ 
(corrosion inhibitor) and corrosion product is presented in 
Table 1. It was seen that ‘NI’ contained relevant functional 
groups (like C=O, O–H, and C–H stretching bands) required 

(8)ln
(
CR1∕CR2

)
=
(
Ea
/
2.303R

)(
1∕T1

− 1∕T2

)

(9)

Qads = 2.303R

{
log

(
�2

1 − �2

)
− log

(
�1

1 − �1

)}
×

T2T1

T2 − T1

(10)log
(
�

C

)
= logK + x log (1 − �)

(11)log
{
C ×

(
�

1 − �

)}
= 2.303 logK + 2 ∝ �

(12)
K

�
=

1

Kads
+ C

(13)� =
2.303 logK

2a
−

2.303 logC

2a
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for efficient inhibition. Furthermore, the evaluation of the 
corrosion product showed the presence of these inhibitor 
functional groups on its surface; thus, confirming an efficient 
corrosion inhibition by the ‘NI’. Also, some of the peaks 
shifted/decreased and some disappeared completely as can 
be seen from Table 1.

3.2  Scanning Electron Microscopy (SEM)

SEM images (Plate 1a, b) were obtained to investigate the 
observable changes in the surface morphology of mild steel 
in the absence and presence of ‘NI’ inhibitor. Upon visual 
inspection and comparison, substantial morphological differ-
ences could be observed between Plate 1a, b. Plate 1a reveals 
that in the absence of ‘NI’ inhibitor, the mild steel surface 
is highly damaged with pitted areas, typical of pitting cor-
rosion. Meanwhile, in the presence of ‘NI’ inhibitor, Plate 
1b shows a relatively smooth surface in comparison to Plate 
1a. Hence, the pits disappeared, leaving a smooth mild steel 
surface that is almost corrosion free even in the relatively 
concentrated acidic medium (1.3 M  H2SO4). This observa-
tion could have resulted from the formation of an adsorbed 
protective film of ‘NI’ leaf extracts on the mild steel surface; 
thus, inhibiting its corrosion.

3.3  Thermometric Result

Thermometric measurement provides an instantaneous 
corrosion measurement of a system [33]. Table 2 presents 
the variation between inhibition efficiency (IE), inhibi-
tor concentration (C) and the reaction number (RN). It 

was observed that an increased inhibitor (‘NI’) concentra-
tion caused a decrease in RN values, thus resulting in an 
improved inhibition efficiency. This suggests an inverse 
relationship between the inhibition efficiency and the reac-
tion number. Meanwhile, the RN values is referred to as the 
relative measure of the degree of corrosion retardation [34]. 
This observation could be attributed to an increased number 
of the inhibitor molecules necessary for blocking the corro-
sion reaction sites. This form of reaction site blockage tends 
to lower the reaction number (RN) and consequently lower 
corrosion rate by reducing the surface area available for acid 
attack on the metal surface [29, 35]. Inhibition efficiency 
obtained in the study ranged from 47.93–85. 54%, hence, 
an increase in inhibitor concentration from 0.2 to 1.0 g/L 
caused about 38% (from 47.93 to 85.54%) improvement 
in the inhibitor efficiency (see Table 2). This illustrates an 
effective and efficient inhibition process by the ‘NI’. There-
fore, the highest inhibition efficiency achieved in the study 
was 85.54% at 1.0 g/L.

3.4  Gravimetric Result

Equations 2–5 were used to calculate the corrosion rate, inhi-
bition efficiency, surface coverage, and weight loss of mild 
steel in  H2SO4 at 303–343 K and the obtained results were 
presented in Table 3. By visual inspection, Table 3 reveals 
that high ‘NI’ concentrations resulted in increased adsorp-
tion site availability, thus making for faster and improved 
adsorption of the active constituents of the inhibitor on 
the surface of the corroding metal. These adsorbed active 
constituents ultimately improved the corrosion inhibition 
effect by forming an insoluble protective layer on the mild 
steel surface. The study also demonstrated that temperature 
increase negatively impacted the effectiveness of the corro-
sion inhibitor, as well as the entire inhibition process. The 
observed reduction of inhibition efficiency at high-temper-
ature corrosion study is attributed to a decrease in surface 
coverage. The surface coverage decrease, however, results 
from the breaking of the heterocyclic bonds in the ‘NI’ at 
high temperature; thus denaturing them [28, 36]. The maxi-
mum inhibition efficiency achieved in the study signifies the 
efficacy of ‘NI’ as M-steel corrosion inhibitor in aqueous 

Table 1  Noticeable peaks 
obtained from FTIR 
spectroscopy

‘NI’ leaves extract Scratched mild steel oxide film

Frequency  (cm−1) Intensity Band assignment Frequency  (cm−1) Intensity Band assignment

1134.60 2.1934 C–O 983.68 3.7293 C–O
1258.44 2.3642 C–O 1168.84 3.3746 C–O
1567.08 1.9817 C–H 1415.72 2.5189 C–H
1938.60 2.7587 C=O 1724.32 2.0579 C=O
2367.24 1.7943 C–H 2156.36 2.4119 C–H
3601.80 1.735 O–H 3483.34 2.4463 O–H

Table 2  Effect of inhibitor concentration on IE (%) and RN

Inhibitor concentration g/L RN/°Cmin−1 IE %

0.0 0.0336 –
0.2 0.0180 47.93
0.4 0.0120 65.13
0.6 0.0058 80.01
0.8 0.0048 83.40
1.0 0.0040 85.54
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Table 3  Obtained weight loss 
data for inhibited and non-
inhibited process

Time/hr Temp (K) Inhibitor 
conc (g/L)

Weight loss (g) CR (mg/cm2hr) θ IE (%)

8 303 0.0 0.027 0.084 – –
0.2 0.017 0.053 0.4654 46.54
0.4 0.013 0.041 0.6045 60.45
0.6 0.007 0.022 0.7154 71.54
0.8 0.007 0.022 0.7615 76.15
1.0 0.007 0.022 0.8692 86.92

323 0.0 0.043 0.134 – –
0.2 0.027 0.084 0.4275 42.75
0.4 0.027 0.084 0.5725 57.25
0.6 0.020 0.063 0.6884 68.84
0.8 0.020 0.063 0.7101 71.01
1.0 0.013 0.041 0.7246 72.46

343 0.0 0.063 0.197
0.2 0.040 0.125 0.3776 37.76
0.4 0.037 0.116 0.4755 47.55
0.6 0.030 0.094 0.6503 65.03
0.8 0.030 0.094 0.6524 65.24
1.0 0.023 0.072 0.6643 66.43

4 303 0.0 0.020 0.125 – –
0.2 0.013 0.081 0.4454 44.54
0.4 0.013 0.081 0.5792 57.92
0.6 0.010 0.062 0.7154 71.54
0.8 0.010 0.062 0.7462 74.62
1.0 0.007 0.044 0.7485 74.85

323 0.0 0.023 0.144 – –
0.2 0.017 0.106 0.4275 42.75
0.4 0.013 0.081 0.5580 55.80
0.6 0.013 0.081 0.6884 68.84
0.8 0.010 0.062 0.6957 69.57
1.0 0.010 0.062 0.7029 70.29

343 0.0 0.033 0.206 – –
0.2 0.027 0.169 0.3456 34.56
0.4 0.023 0.144 0.4755 47.55
0.6 0.023 0.144 0.6385 63.85
0.8 0.020 0.125 0.6434 64.34
1.0 0.020 0.125 0.6455 64.55

1 303 0.0 0.040 0.083 – –
0.2 0.020 0.042 0.4354 43.54
0.4 0.013 0.027 0.5846 58.46
0.6 0.010 0.021 0.7154 71.54
0.8 0.007 0.016 0.7462 74.62
1.0 0.007 0.016 0.7538 75.38

323 0.0 0.060 0.125 – –
0.2 0.033 0.069 0.4275 42.75
0.4 0.027 0.056 0.5652 56.52
0.6 0.023 0.048 0.6884 68.84
0.8 0.017 0.035 0.7029 70.29
1.0 0.013 0.027 0.7101 71.01

343 0.0 0.090 0.188 – –
0.2 0.050 0.104 0.3133 31.33
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 H2SO4 environment. Furthermore, the effect of increasing 
the ‘NI’ concentrations on the weight loss of M-steel was 
also depicted in Table 3. As shown in Table 3, the increase 
in the ‘NI’ concentration resulted in the corresponding 
decrease in M-steel weight loss. This observation implies 
that the ‘NI’ presence significantly retarded the M-steel cor-
rosion in 1.3 M  H2SO4 media.

3.5  Heat of Adsorption and Activation Energy

The effect of temperature on the corrosion of mild steel in 
1.3 M  H2SO4 solution in the absence and presence of ‘NI’ 
was investigated using weight loss measurements. The study 
was conducted at five different temperatures namely 303, 
313, 323, 333 and 343 K, respectively and the results were 
recorded for 8 h. To avoid a clumsy presentation of results 
only the results obtained for 303–323 K were presented since 
no significant change in results were observed at tempera-
tures beyond 323 K.

The variation of inhibition efficiency (I.E %) with tem-
perature is presented in Table 3. From the results, it could be 
observed that I.E % decreases as the temperature increased. 
This observation is attributed to the desorption of the 
adsorbed ‘NI’ active molecules (solubilization of the pro-
tective film) from the mild steel surface; thus, leading to a 
decrease in the I.E %. The effect of temperature on the cor-
rosion rate was further estimated from the Arrhenius equa-
tion. The values of activation energy, Ea were calculated 
from the slope of the Arrhenius plots of log Cr versus 1/T 
of mild steel in 1.3 M  H2SO4 solution (plot not shown) and 
presented in Table 4.

The result from Table 4 revealed that Ea-values for the 
inhibited solution is greater than that of non-inhibited solu-
tion. The observed increase in the Ea-values in the presence 
of ‘NI’ confirms the formation of the higher energy barrier 
for corrosion process to happen, suggesting that adsorbed 
‘NI’ formed a passive film on the mild steel surface. This 
film prevented the charge/mass transfer reaction occurring 
on the metal surface which usually gives rise to corrosion 
[37, 38]. Also, the increased value of Ea-values suggests 
that the mild steel corrosion rate was significantly repressed 
with the introduction of ‘NI’. This development was due to 
the formation of the insoluble metal-inhibitor complex at the 
mild steel surface [39]. The increase in the apparent activa-
tion energy for mild steel dissolution in inhibited solution 
may be inferred as physical adsorption [10].

The heat of adsorption (Qads) was equally evaluated from 
the variation of surface coverage with temperature [38, 40]. 
The negative values of heats of adsorption (Qads) show that 
the degree of surface coverage decreased with increase in 
temperature, which is as a result of physical adsorption 
mechanism [10, 38].

3.6  Adsorption Isotherm Behaviour

The characteristics of the adsorption of ‘NI’ during the cor-
rosion inhibition study was expounded using adsorption iso-
therms. An adsorption isotherm is thus an essential tool for 
understanding the mechanism of interaction between a given 
metal surface and the inhibitor [41]. The best fit isotherm 
model for describing the adsorption of ‘NI’ onto mild steel 
in 1.3 M  H2SO4 medium was obtained by fitting the corro-
sion rate, (CR) and the degree of surface coverage of the 
inhibitor, (θ) into the various adsorption isotherms models 
(Langmuir, Tempkin, Frumkin, and Flory Huggins adsorp-
tion isotherm) expressed in linear form as Eqs. 10–13.

Figure 1a–d show the plot of the various adsorption iso-
therm models considered in this study, while the R2-values 
and other isotherm parameters obtained for each isotherm 
model as presented in Table 5, were used to determine the 
most suitable model. Flory–Huggins isotherm with R2-val-
ues of 0.9996, gave the best isothermic description for the 
adsorption behaviour of ‘NI’, while, the Temkin isotherm 
with R2-values of 0.9992 came in as the second-best fit 
model. Notably, the studies conducted at 303 K gave the 

Table 3  (continued) Time/hr Temp (K) Inhibitor 
conc (g/L)

Weight loss (g) CR (mg/cm2hr) θ IE (%)

0.4 0.047 0.098 0.4755 47.55
0.6 0.040 0.083 0.6434 64.34
0.8 0.033 0.069 0.6455 64.55
1.0 0.030 0.063 0.6483 64.83

Table 4  Value of activation energy, Ea (kJ/mol) and heat of adsorp-
tion

Inhibitor conc. (g/L) Activation energy (Ea) kJ/
mol

Heat of adsorp-
tion (Qads) kJ/
mol

0.0 62.0 –
0.2 67.7 − 5.0999
0.4 64.2 − 15.3450
0.6 69.2 − 22.3438
0.8 70.0 − 22.6029
1.0 80.4 − 24.0971
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highest R2-values when compared to those conducted at a 
higher temperature (343 K). This finding is unconnected 
with the possible denaturing of ‘NI’ during high-temperature 
corrosion studies, as was already reported in Sect. 4.4

Considering the theory behind the best fit model, the 
Flory–Huggins isotherm parameter ‘x’ (the size parameter) 
is a measure of the number of adsorbed water molecules 
substituted by a given inhibitor molecule [42]. However, the 
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Fig. 1  Adsorption isotherm plots for a Flory–Huggins, b Temkin, c Frumkin and d Langmuir model

Table 5  Obtained isotherm 
parameters at varying 
temperatures

Flory–Huggins Frumkin Temkin Langmuir

at 303 K
 X = 2.491 α = 1.976 a = 1.558 R2 = 0.9936
 R2 = 0.9996 R2 = 0.9719 R2 = 0.9992 Kads = 1.2391
 Kads = 0.1827 Kads = 0.0749 Kads = 0.0672 ∆G°ads = − 10.6598
 ∆Gads = − 5.8365 ∆Gads = − 3.5905 ∆Gads = − 3.3165 Log K = 0.0931
 Log K = − 0.7383 Log K = − 1.1254 Log K = − 1.1726

at 343 k
 X = 1.357 α = 1.916 a = 1.760 R2 = 0.9924
 R2 = 0.9975 R2 = 0.9596 R2 = 0.9981 Kads = 1.6478
 Kads = 0.3431 Kads = 0.1015 Kads = 0.0766 ∆Gads = − 12.8801
 ∆Gads = − 8.4044 ∆Gads = − 4.9305 ∆Gads = − 4.1277 Log K = 0.2169
 Log K = − 0.4646 Log K = − 0.9937 Log K = − 1.1160
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parameter ‘x’ obtained in the study has a positive value; thus 
showing that the bulk of the ‘NI’ was on the metal surface 
[28]. The positive value obtained for the lateral interaction 
term (‘α’) of the Frumkin isotherm describes the molecu-
lar interaction in the adsorbed layer as a mutual inhibitor-
metal surface attraction [40, 43]. Furthermore, the value of 
‘α’ at 303 K is higher than the value at 343 K (Table 5), 
showing that the strength of the attractive behaviour of the 
‘NI’ extract reduces with temperature increase [40, 43]. 
The values obtained for molecular parameter ‘a’ were all 
negative indicating that repulsion forces occur between the 
metal surface and the adsorption layers [44]. The ∆Gads val-
ues obtained were all negative, a proof of the spontaneous 
and exothermic nature of the reaction. The values of ∆Gads 
ranged between − 3.3165 (KJ/mol) and − 12.8801(KJ/
mol) demonstrating physisorption, since ∆Gads-value less 
than − 20 kJ/mol show that the organic molecules of ‘NI’ 
were adsorbed physically on the M-steel surface [45].

3.7  Potentiodynamic Polarization Results

The effects of ‘NI’ on the mild steel inhibition in 1.3 M 
 H2SO4 solution were investigated via potentiodynamic 
polarization techniques. The polarization plot was shown in 
Fig. 2. The values of corrosion current density (icorr), corro-
sion potential (Ecorr), and inhibition efficiency were obtained 
using Tafel extrapolation technique and are presented in 
Table 6. It was observed from Table 6 that the addition of 

‘NI’ to the acidic medium (1.3 M  H2SO4 solution) resulted 
in a significant decrease in the icorr-value and a slight shift 
in Ecorr to a more negative value. Meanwhile, no substantial 
shift in the displacement was observed [44, 45]. Further-
more, a shift in the anodic and cathodic branches towards 
the region of lower current densities was observed. This shift 
could be due to the increase in inhibitor concentration; thus, 
reflecting the mixed-type nature of the ‘NI’ inhibitor. It can 
also be deduced from the result that the adsorption of the 
inhibitor molecules onto the metal surface did not cause any 
alteration in the hydrogen evolution mechanism whereas the 
anodic dissolution of iron reaction mechanism was altered 
[45].

3.8  Electrochemical Impedance Spectroscopy 
Results

EIS measurements were studied to determine the electro-
chemical interactions of ‘NI’ leaf extract molecules with 
the metal surface in  H2SO4 aggressive solution. Figure 3a–c 
respectively provides the impedance spectra, the Bode mod-
ulus and Bode phase angle associated with the mild steel 
samples exposed to the inhibitor-free and inhibitor-loaded 
solutions. As shown in Fig. 3a, the radius of the impedance 
spectra semicircles was increased as the ‘NI’ concentration 
increased. The adsorption of the active inhibitor compo-
nents on the mild steel surface explains this observation [7, 
46]. It is also clear that no much alteration was observed 
in the semicircles and the corrosion mechanism sequel to 
the introduction and subsequent solubilization of the ’NI’ 
powder in acidic media [47, 48]. The Nyquist diagram also 
portrays that the corrosion process is majorly a function of 
charge transfer since only one semicircle was observed in 
the respective acidic media of varying inhibitor concentra-
tions [49, 50].

Nonetheless, variations in raw materials, surface impu-
rity, electrode discontinuity and inhibitor adsorption, as well 
as electrode surface non-homogeneity could explain the 
observed deviations from a perfect semicircle [51, 52]. The 
experimental results were fitted into solution resistance (Rs), 
phase shift coefficient (n), charge transfer resistance (Rct), 
non-ideal double-layer capacitance  (Cdl) and inhibition effi-
ciency to calculate the EIS parameters. The corresponding 
data obtained are presented in Table 7. Observations from 
this table highlighted slight increment in the Rs value after 
enhancement of the inhibitor concentration due to solution 
conductivity increment [53, 54].

Conversely, by augmenting the quantity of ’NI’ in the 
medium, the Rct was substantially increased. This increment 
is indicative of organo-complex formation and inhibitor 
molecule adsorption on the steel substrate [55, 56]. In com-
parison, Table 7 explicitly indicates an improvement in "n" 
numerical values. As a result, the inhomogeneity of the mild 

Fig. 2  A plot of potentiodynamic polarization in the presence and 
absence of different ‘NI’ concentrations

Table 6  Electrochemical parameters derived from polarization curves

System Ecorr (mV vs SCE) Icorr (µA/cm2) IE%

1.3 M  H2SO4 − 509.7 168.5 –
200 mg/L NI − 502.4 34.1 79.8
1000 mg/L NI − 544.6 23.2 86.2
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steel decreased and the metal surface became smoother after 
the development of a protective film on it [57, 58]. Evidence 
indicates that substantial reductions in Cdl levels (evaluated 
from Eq. 14) as the amount of inhibitor is increased suggest 
a reduction in local electrical constant and/or a rise in elec-
trical dual-layer thickness [59].

From Fig. 3b–c, it could be observed that there is only 
one time constant in Bode diagrams, proving that the inhibi-
tion of the mild steel corrosion is control by a charge transfer 
mechanism [8, 60]. The blank sample was found to have the 
lowest phase angle and impedance values, with the possibil-
ity of the occurrence of strong corrosion on the metal surface 
[61, 62]. After increasing the quantity of the ‘NI’ extract in 
1.3 M  H2SO4 medium both parameters increased remarkably 
(Fig. 3c), illustrating inhibitive layer adsorption on the steel 
surface [63, 64]. The Helmholtz model, given by the Eq. 14.

where ɛo is the vacuum permittivity and ɛ the relative 
permittivity of the film.

(14)Cdl =
��oA

�

Fig. 3  Electrochemical impedance spectroscopy for mild steel in 1.3  M  H2SO4 in the presence and absence of different concentration of NI 
extract: a Nyquist, b Bode modulus and c Bode phase angle

Table 7  EIS parameters obtained from modelling of impedance data 
for mild steel specimen

System Rs (Ωcm2) Rct (Ω  cm2) N Cdl (µF cm −2) IE%

1.3 M  H2SO4 2.92 38.2 0.86 153.3
200 mg/L NI 3.32 179.2 0.89 62.6 78.7
1000 mg/L NI 3.52 272.9 0.89 47.7 86
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3.9  Quantum Chemical Study: Interaction Between 
M‑Steel Surface and Inhibitor

Quantum chemical calculation was utilized to determine the 
correlation between corrosion.

inhibition efficiency and molecular structure. Figure 4 
shows the corrosion inhibiting performance of the active 
constituents, Morpholine, 4-methyl-4-oxide (MMO). To give 
further insight into the inhibitory mechanism of these active 
constituents on the mild steel surface, density functional 

theory (DFT) was employed. The approach is however useful 
for obtaining a precise, flexible and accurate calculation of 
the molecular geometries and electron distributions. Quantum 
chemical parameters such as  EHOMO,  ELUMO, the energy gap 
ΔE  (ELUMO –  EHOMO) and adsorption energy as obtained for 
‘NI’ active constituents were useful for predicting its (‘NI’) 
activity toward the mild steel surface. These parameters were 
generated after geometric optimization for all nuclear coor-
dinates. Frontier molecular orbital theory is very useful in 
predicting the adsorption centres for these molecules, as it is 

Fig. 4  Optimized molecular structures, HOMOs, and LUMOs a Electron density, b Electrophilic f (−), c Nucleophilic f (+), d HOMO, e LUMO 
f Side view of the Snapshot from molecular dynamics model. g Top view of the snapshot from molecular dynamics model



 Journal of Bio- and Tribo-Corrosion (2020) 6:128

1 3

128 Page 12 of 15

responsible for the interaction with the M-steel surface. Fig-
ure 4a–e, shows the total electron density, the Fukui functions 
for electrophilic  (F−), nucleophilic  (F+), the highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO), respectively. From Fig. 4d, e it was observed 
that the HOMO and LUMO energy orbitals were mostly occu-
pied by the heteroatoms present in the molecules under study. 
The Mulliken charge analysis was used to estimate the adsorp-
tion centres of the inhibitors. Hence, it was observed that the 
adsorption of inhibitor molecules onto the M-steel surface is 
due to the donor–acceptor interaction between inhibitor mol-
ecules and the metal surface; since negatively charged atoms 
have a high adsorption tendency.

According to Emembolu, et al. [35], the electron-donating 
ability of an inhibitor molecule is associated with the  EHOMO. 
Therefore, high  EHOMO-values is indicative of the inhibitor 
molecules’ tendency to donate electrons to the acceptor mol-
ecules with empty molecular orbitals. Conversely, the electron-
acceptance ability of a molecule is related to the  ELUMO [35]. 
The lower value of  ELUMO indicates the easier acceptance of 
electrons from the metal surface and may lead to higher inhibi-
tion efficiency, though this has not been well established. The 
energy gap between the LUMO and HOMO energy levels, that 
is, ΔE of the molecule, is another important factor to deter-
mine the inhibition efficiency. The molecules with low ΔE 
values give better inhibition efficiencies because the excitation 
energy gap is more polarizable and is generally associated with 
chemical reactivity.

Table 8 provides some quantum chemical parameters 
(HOMO, LUMO, energy gap, molecular surface area and 
adsorption energy) related to the molecular electronic 
structures of the most stable conformations. The flat-lying 
adsorption orientation as shown in Fig. 4f, g, indicates the 
way the electron density is spread all around the molecule of 
the represented inhibitor. Forcite quench molecular dynam-
ics was used to calculate different low energy adsorption 
configurations of MMA, the molecule on the metal surface 
[2, 65]. The metal crystal was cleaved along the (110) plane 
since it has a density packed surface and the most stabili-
zation at this position. Calculations were carried out in a 
12 × 10 supercell using the COMPASS force field and the 
Smart algorithm with NVE (microcanonical) ensemble, a 
time step of 1 fs, and simulation time 5 ps. The temperature 
was fixed at 350 K. Simulation was done using the opti-
mized structure of the active constituent and the metal. The 
system was quenched every 250 steps. Figure 4f, g shows 
the optimized (lowest energy) adsorption structures for the 
active constituent in each case on the metal (110) surface 
from the simulation. 

As proposed earlier, due to delocalization of the electron 
density, a flat-lying adsorption orientation was observed all 
around the chosen molecules. This orientation increases 
contact and this increases the degree of surface coverage. 
However, the properties calculated by quantum chemical 
approach gives information about the reactivity of these 
molecules but the reactivity cannot directly translate to 

Plate 1  The micrograph of corroded mild steel surface in  H2SO4 (a) in the absence of ‘NI’ inhibitor, (b) in the presence of ‘NI’ leaf extract

Table 8  Calculated quantum chemical properties for the most stable conformation of the active constituent of the inhibitor

Molecule EHOMO (eV) ELUMO (eV) ∆E Adsorption energy (Kcal/mol Molecular surface area (Å)

Morpholine, 4-methyl-, 4-oxide − 4.825 − 0.165 − 4.66 − 131.1 150.1
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corrosion inhibition efficiency. This is because it involves 
more processes such as competitive adsorption, film for-
mation, etc. Therefore, the generated correlations were not 
enough for optimizing the inhibitor structure [45, 58, 65]. 
The adsorption energy (Eads) which is important in charac-
terizing the adsorption of these molecules onto the Fe sur-
face was estimated using Eq. 15.

where Einhibitor, Esurface, and Etotal represents the energy 
of a single molecule of these selected active components, 
the Fe slab without adsorption, and the total energy of the 
system containing a molecule and Fe surface, respectively.

3.10  Napoleonaea Imperalis Corrosion Inhibition 
Mechanism in 1.3 M H2SO4 Medium

The role of the  SO4
2− anions in describing the mechanism 

of mild steel corrosion in aqueous  H2SO4 medium have been 
reported [23]. According to the study, mild steel corrosion 
is initiate when its protective surface film gets damaged 
by water molecules. Subsequently, the  SO4

2− anion causes 
dehydration, which is accompanied by electrostatic adsorp-
tion on the mild steel surface. As a result of the electro-
static interaction and attraction of double bonds to protons, 
a complex double layer of metal surface-anions-hydrogen 
ions may be developed; thus, facilitating hydrogen ions dis-
charge. As a result of this loss of electrons via the discharge, 
the mild steel surface charge turns positive with enhanced 
anion adsorption; hence, dissolution/corrosion occurs.

Various mechanisms have been proposed for the inhibi-
tion of metallic corrosion in acid media [66]. However, a 
specified mechanism for the inhibition of mild steel corro-
sion is discussed herein. Upon the addition of ‘NI’ inhibi-
tor into the 1.3 M  H2SO4 medium, the different chemical 
constituents of the ‘NI’ extract would start to react with the 
dissolved ions originating from the mild steel surface. Dur-
ing this reaction, a stable organo-metallic complex would be 
formed, which will be subsequently adsorbed to the metal 
surface. The adsorption of this complex onto the M-steel 
surface is expressed as Eqs. 16–17.

[*NB: ‘M – S represents mild steel’]
Generally, the stability of the adsorbed molecules/ions 

on the surface complex is the measure of the degree of 
corrosion inhibition recorded. Considering the high IE % 
of 85.54% recorded in the study, it could be concluded that 

(15)Eads = Etotal − (Einhibitor + Esurface)

(16)(M − S) → (M − S)2+ + 2e

(17)(M − S)2+ +� NI� ↔
[
(M − S) −� NI�

]2+

the adsorption of the inherent phytochemical components 
of the ‘NI’ extract led to the formation of a stable surface 
complex, which blocked the active sites on the surface of 
the mild steel, thereby reducing the corrosion rate. Fur-
thermore, as already discussed in Sect. 4.3, the increase 
in the inhibitor concentration increased the amount of the 
surface complex formed; thereby resulting in improved 
corrosion inhibition.

3.11  Conclusions

The study demonstrated the efficacy of Napoleonaea 
imperalis leaf extracts (‘NI’) as a corrosion inhibitor in 
1.3 M  H2SO4 medium. The inhibition efficiency increased 
with an increase in the ‘NI’ concentration. ‘NI’ was identi-
fied as a mixed-type inhibitor with major cathodic effec-
tiveness, and it impeded the reduction of  H+ ions by sim-
ply hindering the reaction sites on the mild steel surface. 
For the anodic dissolution, the presence of ‘NI’ resulted in 
the change of the anodic Tafel slopes. Meanwhile, it was 
observed that ‘NI’ prevented mild steel corrosion through 
the spontaneous adsorption on the mild steel surface, and 
the process agrees with Flory–Huggins and Temkin iso-
therms. In theoretical view, the Morpholine, 4-methyl-
4-oxide segment in ‘NI’ molecule may act as the main site 
to donate electrons and form a coordinate bond with unoc-
cupied d-orbitals of metal, while the dominant site accepts 
electrons from d-orbitals of metal to form a back-donating 
bond. This resulted in the observed lying-flat orientation 
of ‘NI’ molecule to the mild steel surface. Furthermore, 
the smaller gap between EHOMO and ELUMO favours the 
adsorption of ‘NI’ on mild steel surface and enhancement 
of corrosion inhibition. Molecular dynamics simulations 
revealed that PBI molecules flatly adsorb onto the iron sur-
face, and the binding energy between PBI and iron surface 
is highest among the three studied inhibitor-iron systems.
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