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Abstract—Musa basjoo Siebold leaves extract (MBSLE) was utilized as green corrosion inhibitor for mild steel
in 1 M H3PO4 solution. The inhibition behavior was studied through electrochemical tests. The chemical
structure of extract was investigated by FTIR and UV–Vis spectra. The element compositions in adsorption
film on the surface of mild steel were analyzed by XPS technique. The corrosion morphology of mild steel
was observed. The adsorption mechanism of typical components in extract were theoretically calculated by
DFT and MD. The results showed that the inhibition efficiency of MBSLE on mild steel increased with
extract concentration and MBSLE acted as a mixed corrosion inhibitor. MBSLE contained carbonyl, car-
boxyl, hydroxyl, heterocyclic ring, benzene ring and other polar groups, and successfully adsorbed on mild
steel to form the protective film. DFT simulations proved that the active components possessed the synergis-
tic adsorption ability to donate and receive electrons. MD calculations demonstrated the parallel adsorption
of typical ingredients on steel surface, the presence of physical adsorption and the inhibition mechanism of
geometric coverage effect. Irenolone in MBSLE with more aromatic rings and polar groups shows an excel-
lent corrosion inhibition performance.
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1. INTRODUCTION
Mild steel, due to excellent mechanical properties

and low price, has been widely used in oil and gas
pipelines, bridges, tunnels, automobiles, energy,
chemicals, civil buildings and other fields [1, 2]. How-
ever, the corrosion problems usually lead to the pre-
mature failure of steel components, the huge eco-
nomic losses and the unpredictable safety hazards,
and corrosion control has been extensively concerned
[1]. Corrosion inhibitors added to the corrosive media
are one of the most effective and practical methods to
retard steel corrosion [3, 4]. Unfortunately, the usable
inorganic and synthetic corrosion inhibitors are
expensive, difficultly biodegradable, non-renewable,
toxic, and other environmental problems [5, 6]. It is
urgent to develop new corrosion inhibitors which are
cheap and eco-friendly. Plant extract has been quali-
fied as one of the research directions [5, 6]. Organic
substances in plant extract possess special electronic
structures such as aromatic rings, heterocycles, het-
eroatoms, carbonyl, hydroxyl, carboxyl groups which
have a great number of π electrons and (or) lone-pair
electrons and are able to share electrons with metals to

form chemical bonds. These active components are
thus adsorbed on metal surface to slow down corro-
sion. Additionally, the extraction process is simple,
economic and will not generate by-products; the raw
sources of plants are renewable and green; and the cor-
rosion inhibition efficiency is pleasant [4, 7, 8].

At present, researches on corrosion inhibitors of
plant extracts have been carried out and achieved the
gratifying results [1, 9, 10]. The inhibition behavior of
Calendula officinalis f lower heads extract on carbon
steel in HCl solution was investigated by weight loss,
electrochemical and microanalysis techniques, and
the results showed that the extract was a mixed inhibi-
tor with inhibition efficiency for more than 90% [1].
The water extract of Litchi peel was also a mixed inhib-
itor for carbon steel in 0.5 M H2SO4 solution; the inhi-
bition efficiency increased with extract concentration
(i.e. 97.8% at 3.0 g/L); and the adsorption conformed
to Langmuir isotherm [9]. The inhibition efficiency of
Mango leaves extract on carbon steel in 1 M HCl
medium was 92%, showing a mixed inhibition and the
Langmuir isotherm [10]. The ethanol extract of
Durian pulps and cores also was a mixed inhibitor for
1010
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copper in 0.5 M H2SO4 solution, with inhibition effi-
ciency of 92.6% at 600 mg/L; and molecular dynamics
(MD) simulations showed that the main components
in extract tended to adsorb on the copper surface in a
parallel manner [11].

Musa basjoo Siebold is a perennial herb of Musa
genus [12, 13]. The plant of Musa basjoo Siebold is
high. The leaves are oblong and bright green, com-
monly used as the raw materials for papermaking. The
fruits, f lowers, leaves and roots can be used as medi-
cine and food. The planting conditions are conve-
nient. The water extract of the roots contains proteins,
amino acids, sugars, organic acids, saponins, etc; and
the alcohol extract has anthraquinone, f lavonoids,
coumarin, phenols, cardiac glycoside, proteins,
amino acids, and so on [14]. Based on ultrasonic
extraction with ethanol and enzymatic hydrolysis with
cellulase and pectinase, phenols such as catechin,
coumaric acid, chlorogenic acid, ferulic acid, rutin,
vanillic acid were obtained from the leaves and stems
of Musa basjoo Siebold [15]. The leaves and immature
fruits of Musa basjoo Siebold were pretreated with
kanamycin and then extracted with solvent of ethyl
acetate, the bioactive phenols of irenolone was
obtained [16]. 5-hydroxytryptamine, caffeic acid and
L-tyrosine were founded in MBSLE [17], and lufe-
none and stigmasterol were also detected in their
methanol extract by HPLC [18]. Therefore, MBSLE
contains f lavonoids, polyphenols, amino acids and
other components [19]. The heteroatoms, double
bonds, aromatic rings, heterocycles, hydroxyls, carbo-
nyls, carboxyls are rich in π electrons and (or) lone
pair electrons, which can share electrons with the 3d
orbits of transition metals. The active components can
be adsorbed on metal surface. MBSLE has a great
potential in corrosion inhibition for metals [20].

However, literature on MBSLE as corrosion inhib-
itor is rare [12, 17, 20]. Chen et al., [12] obtained
MBSLE by hydrothermal extraction and investigated
the inhibition performance for carbon steel in HCl
medium by mass loss and eletrochemical tests.
MBSLE was a mixed corrosion inhibitor, and the
adsorption of the extract molecules obeyed the Dhar-
Flory-Huggins isotherm [12]. The banana peel extract
also was a mixed inhibitor for X70 steel in HCl solu-
tion, with the inhibition efficiency of about 90% [17].
The adsorption conformed to the Langmuir isotherm
and tended to adsorb in a parallel manner [17]. HPLC
test showed that the acetone extract of banana peel was
rich in gallic acid and catechin, and the inhibition effi-
ciency of the raw banana peel extract for carbon steel
in HCl solution was better than that of the mature and
over mature banana peel [20].

H3PO4 is one of the important basic raw materials
in industrial production, and also is one of the com-
mon chemical cleaners for production equipment. It
has been mainly used in electroplating, pharmaceuti-
cal, phosphate and metallurgical industries [21].
PROTECTION OF METALS AND PHYSICAL CHEMISTR
H3PO4 is a medium inorganic acid and has certain
corrosion effect on metals. Therefore, corrosion
inhibitor is often used in H3PO4. The inhibition effect
of various inhibitors on carbon steel in H3PO4 have
been reported [21–24]. Jasminum nudiflorum extract
was used as corrosion inhibitor for cold rolled steel in
H3PO4 [23]. The results showed that the adsorption of
the extract on steel complied with the Temkin iso-
therm, and the inhibition effect changed with the
extract concentration, medium temperature, corro-
sion time, and H3PO4 concentration [23]. Ginkgo
biloba extract was acted as a mixed inhibitor for cold
rolled steel in 1 M H3PO4 solution according to weight
loss and electrochemical measurements; the inhibi-
tion efficiency increased with extract concentration
and temperature; and the adsorption followed the
Langmuir isotherm [24]. However, research on inhi-
bition and adsorption behavior of MBSLE as green
corrosion inhibitor for mild steel in H3PO4 medium
has not been explored.

In this study, organic substances extracted from
Musa basjoo Siebold leaves were used as green and
renewable corrosion inhibitor for mild steel in 1 M
H3PO4 medium. The characteristic functional groups
in extract and the interaction of active compounds and
iron were investigated via FTIR and UV–Vis spectra.
The compositions of the adsorption film on the sur-
face of mild steel were analyzed by XPS. The effect of
MBSLE concentration on corrosion behavior of mild
steel was studied by electrochemical tests. The corrosion
morphology of mild steel was observed. Frontier molec-
ular orbital distributions, chemical reactivity, adsorption
behavior of the typical components in MBSLE was cal-
culated by density functional theory (DFT) and MD
simulations. The inhibition and adsorption mechanism
of the extract were clarified.

2. EXPERIMENTAL
2.1. Extraction of MBSLE

The fresh Musa basjoo Siebold leaves were picked
from campus in Xiamen University of Technology.
After washing and drying naturally, the leaves were
further dried to a constant weight in an oven at 80°C.
Subsequently, they were crushed and shifted through a
60-mesh sieve to remove the coarse particles. The
powder of Musa basjoo Siebold leaves was obtained.

To achieve more active ingredients, a mixture of
ethanol and distilled water with the volume ratio of 4 : 1
was selected as the extraction solvent based on the
principle of similarity compatibility. An appropriate
amount of the above powder was added to an
extraction solvent of 400 mL and stirred thoroughly,
and then ultrasonic vibrated at 40°C for 4 h to dissolve
more organic substances based on the mechanical
cavitation effect. The supernatant was vacuum filtered
to remove the undissolved particles. The filtrate was
subsequently concentrated in a rotary evaporator and
Y OF SURFACES  Vol. 59  No. 5  2023
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the extraction solvent was recovered. Finally, the
ultra-concentrated extraction liquid was dried suffi-
ciently in an oven at 80°C. The dark brown solid, i.e.,
MBSLE, was obtained.

2.2. Materials and Corrosion Medium
The tested material was mild steel, and the chemi-

cal compositions were as follows (wt %): 0.13 C, 0.38
Mn, 0.02 Si, 0.014 P, 0.031 S, and balanced Fe. The
specimen size was 10 × 10 × 3 mm.

The corrosion medium was 1 M H3PO4 solution,
diluted from 85 wt % H3PO4. The mass concentration
of MBSLE was 0, 0.1, 0.3, 0.5, and 0.8 g/L, respec-
tively. The medium temperature was 298, 308, and
318 K, respectively. The corrosion solution was pre-
pared with distilled water.

2.3. Preparation of Working Electrode
Firstly, a copper conductor was welded on a large

surface of 10 × 10 mm of the mild steel sample and the
back was served as the working surface. Secondly, the
copper wire was wrapped up three layers of heat
shrinkable tubes to avoid the galvanic corrosion effect.
Thirdly, excepted the working surface, all surfaces
were insulated with epoxy resin. Then, the working
surface was ground step by step with waterproof sand-
papers ranged from nos. 400 to 2000. Finally, the pol-
ished surface was scrubbed with acetone, rinsed with
distilled water and dried with cold air. The working
electrode of mild steel with a working area of 1 cm2 was
obtained.

2.4. Electrochemical Measurements
The electrochemical measurements included open

circuit potential (OCP), electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization
(PDP) curves. Two latter tests should be carried out in
a relatively stable system after the OCP measurement.
Therefore, OCP was monitored to judge the speed of
electrochemical system reaching the dynamic equilib-
rium. The OCP observation time was one hour to
compare the effects of MBSLE concentration on the
stability of the system and to obtain a more stable OCP
value.

EIS is a frequency domain technique to reveal the
corrosion electrochemical information of the
metal/solution interface. The frequency range was
from 100 kHz to 0.01 Hz. The initial potential was the
stable OCP, and the amplitude of AC signal was
10 mV. EIS testing is often considered as a non-
destructive technology. The Zview software was used
to fit the EIS diagram.

For PDP test, the polarization potential in a stable
electrochemical system is changed with an appropriate
rate and the corresponding polarization current is
PROTECTION OF METALS AND PHYSICAL
recorded. The PDP curves such as linear polarization,
weak polarization, Tafel polarization are obtained. In
this study, Tafel curves of strong polarization were
measured with potential ranged from –300 to 300 mV
vs. OCP. The scanning rate of 1 mV/s, which is com-
monly used in corrosion system, was selected. The
polarization parameters were fitted with the software
attached to the instrument. Ecorr is the corrosion
potential of mild steel; icorr is the corrosion current
density. bc and ba are the cathodic and anodic Tafel
polarization slopes, respectively. η was the corrosion
inhibition efficiency of MBSLE for mild steel, calcu-
lated by the following expression [24–26]:

(1)

where icorr, 0 and icorr, i are the corrosion current density
of mild steel in 1 M H3PO4 solution without and with
MBSLE inhibitor, respectively.

The above electrochemical tests were carried out
under CS350 electrochemical workstation (Wuhan
Corrtest Instruments Corp., Ltd., China). The stan-
dard three-electrode system was adopted. The work-
ing electrode was the tested mild steel electrode; the
reference electrode was the saturated calomel elec-
trode (SCE); and the auxiliary electrode was the plat-
inum electrode. To ensure the reliability of the results,
more than three parallel tests were performed for each
process.

2.5. Chemical Composition Characterizations
The functional groups of the active ingredients in

the plant extract directly determine the adsorption
performance. MBSLE was thoroughly dried to a con-
stant weight. The transmittance was measured by
FTIR spectrometer (ALPHA; Bruker, Germany). The
wavenumber was in the range from 400 to 4000 cm–1.
According to the peak positions, the functional groups
in MBSLE were qualitatively analyzed.

The interaction between the active components
and the metal atoms in the corrosive medium also has
an important impact on their adsorption behavior. A
1 M H3PO4 solution containing 0.5 g/L MBSLE were
prepared in duplicate. A polished and cleaned mild
steel sample was immersed in one solution for 24 h,
while the other was unchanged. The absorbance of two
solutions, i.e. before and after immersion of mild steel,
was measured by UV–Vis spectrophotometer (SPE-
CORD 210/Plus; Analytik Jena, Germany). The
wavelength range was from 190 to 800 nm, and the
scanning interval was 1 nm. Distilled water was used as
the reference solution. Combining with the shift of the
position and the intensity of the spectral peaks, the
interactions between active ingredients and metals can
be assessed.

The polished and cleaned mild steel was corroded
in 1 M H3PO4 solution containing 0.5 g/L MBSLE for

−
η = ×corr,0 corr,

corr,0

100%,ii i
i
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Fig. 1. Molecular structures of three typical components selected from MBSLE for theoretical calculations.
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3 h, followed by rinsing with distilled water and drying
with cold air. The total elements of the corrosion prod-
ucts (i.e., adsorption film) on the surface of mild steel
were analyzed by XPS (Thermo Fisher Scientific
Kα+, UK), and then the high-resolution XPS spec-
trum of each element was recorded. The voltage was
15 kV. The light resource was the monochromatic Al-
Kα X-ray with energy of 1486.68 eV. The X-ray beam
spot was 300 × 700 μm2. All XPS spectra were cor-
rected by the C 1s peak with binding energy of 284.8 eV.
To study the existence forms of the elements in
MBSLE adsorption film, the XPSPEAK41 software
was used to fit the peaks of the high-resolution XPS
spectrum. According to the type and existing state of
elements, the adsorption of organic components in
MBSLE on the surface of mild steel was determined.

2.6. Corrosion Morphology
The effect of MBLSE on the surface corrosion

morphology of mild steel in 1 M H3PO4 solution was
analyzed by SEM (EVO 18; Zeiss, Germany). The
processing methods of the corroded samples were
similar to that described in XPS analysis.

3. DETAILS OF THEORETICAL 
CALCULATIONS

3.1. Molecule Selection
To further understand the relationship of the

molecular structure, adsorption performance and
inhibition mechanism, DFT and MD simulations
were conducted. Before theoretical calculations, the
typical components should be selected from MBSLE
and the molecular configurations should be con-
PROTECTION OF METALS AND PHYSICAL CHEMISTR
structed. Three active components of 5-hydroxytrypt-
amine, caffeic acid and irenolone in MBSLE were
chosen as the representatives of amino acids, organic
acids and polyphenols, respectively. Caffeic acid also
belongs to polyphenols. Figure 1 shows the corre-
sponding molecular configurations. Three typical
ingredients contain aromatic rings, hydroxyls, and (or)
carbonyls, carboxyls. In addition, organic molecules
in acidic medium will be protonated to form onium
ions which are positively charged, as shown in Fig. 1.
Obviously, the protonation of organic molecules will
affect the adsorption and corrosion inhibition behav-
iors. The corresponding calculations for the proton-
ated molecules were also carried out.

3.2. DFT Simulation

To evaluate the adsorption capacity of three typical
molecules on the surface of mild steel, the electronic
structures in the neutral and protonated forms were
investigated by frontier molecular orbital theory. The
quantum chemical simulation was carried out using
Gaussian09 software. The geometric structures of the
molecules was optimized on the basis of DFT. The
6-311** (d, p) basis set function of B3LYP was selected
[10]. To more accurately simulate the adsorption of
active molecules on the steel surface, the solvent effect
of water was considered in this study. Combined with
the Gaussian snapshots, the distributions of the high-
est occupied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO) of three
typical molecules in the neutral and protonated forms
were analyzed. The global reaction activity parameters
were calculated. The chemical stability of the active
molecules and the ability to provide and receive elec-
Y OF SURFACES  Vol. 59  No. 5  2023
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Fig. 2. FTIR spectrum of MBSLE.
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trons between the 3d orbitals of iron atoms were
assessed.

3.3. MD Simulation
To further reveal the internal relationship between

the adsorption and corrosion inhibition behaviors of
active components in MBSLE, the adsorption pattern
and the coverage efficiency of three typical molecules
on the surface of mild steel were investigated by MD
simulation. The Force module in Materials Studio
(MS) software was employed [27]. The Fe(110) plane,
due to the lowest surface energy, i.e., the most stable
surface, was selected as the adsorption surface. Six lay-
ers of iron atoms were set. The super-cell with the size
of 24.7312 × 24.7312 × 40.8793 Å was constructed.
The thickness of the vacuum layer was 30 Å. One
selected molecule and 500 water molecules were filled.
The force field of COMPASS and the ensemble of
NVT were selected, and Andersen Thermostat was
used to control the system temperature. The time step
was 1 fs; the result was output every 5000 steps; and the
total simulation time was 500 ps. To determine the
existence of physical adsorption of the inhibitor mole-
cules on the surface of mild steel, the Coulomb inter-
action of van der Waals bonds was also calculated
using Atom-based method. Finally, the adsorption
energy was also calculated to explore the adsorption
capabilities of different components.

4. RESULTS AND DISCUSSION

4.1. Chemical Composition Analyses
4.1.1. FTIR spectrum of MBSLE. Figure 2 shows

the FTIR spectrum of MBSLE. The first broad

absorption band around 3532 cm–1 corresponds to the
stretching vibration of hydroxyl [28]. The absorption

band situated at 2929 cm–1 can be attributed to the
stretching vibration of C–H in aromatic ring, –CH2

and (or) –CH3. The absorption band located at

1660 cm–1 is corresponding to the stretching vibration
of C=O [6]. The strong and sharp absorption band

seated at 1581 cm–1 is owing to the stretching vibration

of C=C [29, 30]. The peak at 1395 cm–1 is related to
the bending vibration of –CH3 [31, 32]. The absorp-

tion peak at 1293 cm–1 corresponds to the bending
vibration of the C–H plane. The absorption band at

1046 cm–1 may be due to the stretching vibration of
C–C and (or) C–N [33]. The absorption band in the

range from 1600 to 1000 cm–1 may also be the skeleton
vibration region of benzene ring and (or) hetero-aro-

matic ring [34]. The absorption band at 995 cm–1 is
attributed to the bending vibration of C–H [32, 33].
FTIR results indicate that there are many adsorptive
functional groups such as O–H, C=O, C=C, C–N
and aromatic rings in MBSLE, which are also present
in three typical components of 5-hydroxytryptamine,
caffeic acid and irenolone. These groups contain a
PROTECTION OF METALS AND PHYSICAL
great many of π electrons and (or) lone pair electrons.
Meanwhile, iron atoms possess the unfilled and filled
3d orbits. In corrosive medium, π electrons and lone
pair electrons in organic molecules may be donated to
the unfilled 3d orbits of iron atoms. Simultaneously,
lone pair electrons in extract may receive electrons
from the filled 3d orbits of iron. The electron sharing
between organic molecules and iron atoms is
achieved, generating the coordination bonds. Organic
molecules are thus adsorbed on the surface of steel to
form the adsorption film and to protect steel from cor-
rosion. It suggests that the active ingredients in
MBSLE are qualified as the corrosion inhibitor for
mild steel.

4.1.2. UV–Vis spectra of corrosion solution con-
taining MBSLE. The UV–Vis spectra of 1 M H3PO4

solution containing 0.5 g/L MBSLE before and after
immersion of mild steel are reported in Fig. 3. Before the
corrosion of mild steel, the strong peak around 195 nm
and the weak peaks close to 200 and 210 nm are
attributed to the π-π* transition of C=C in the aro-
matic rings [32, 35–37]. The broad and small absorp-
tion peak near 266 nm corresponds to the n-π* transi-
tion of the carbonyl group [38]. After mild steel was
impregnated, the shape of the spectrum is hardly
changed, but the peak intensity is decreased and the
peak positions are somewhat shifted. The absorption
peaks corresponding to the π-π* transition of C=C are
blue-shifted slightly, which successively are 192, 197,
and 208 nm. The absorption peak attributed to the n-
π* transition of C=O is lightly red-shifted, about
269 nm. The shifts of the peaks, especially the red shift
of C=O, indicate that the organic substances in

MBSLE interact with Fe2+ on the surface of mild steel
and form the chelates, which play an important role in
inhibiting the corrosion of mild steel [39, 40].

4.1.3. XPS spectra of corrosion product film on the
steel surface. When the cleaned mild steel were
immersed in 1 M H3PO4 solution containing 0.5 g/L
 CHEMISTRY OF SURFACES  Vol. 59  No. 5  2023
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Fig. 3. UV–Vis spectra of 1 M H3PO4 solution containing
0.5 g/L MBSLE before and after immersion of mild steel.
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MBSLE, a series of chemical reactions took place.
The corrosion products, including the adsorption film
of MBSLE, were formed on the surface of mild steel.
As shown in XPS full spectrum in Fig. 4a, four ele-
ments of C, O, N and Fe are detected, while the P ele-
ment with binding energy about 135 eV is not found
[41–43]. Phosphate ions in the corrosive medium do
not participate in the formation of the adsorption film.
To further clarify the existence forms of four elements
and the adsorption of the active ingredients, the high res-
olution XPS spectra of elements are reported in Fig. 4.

In Fig. 4b, the spectrum peak of O 1s is very wide
and can be divided into four small peaks. The strong
peak situated at 530.6 eV corresponds to the oxygen
element in Fe2O3 and Fe3O4; the second peak at
531.9 eV is corresponding to the oxygen element in
FeOOH; the relatively broad peak at 532.4 eV is due to
the oxygen element in C–O and –OH; the dwarf peak
at 533.3 eV can be attributed to the oxygen element in
C=O and C=O+ [41, 44, 45]. The groups of C–O,
‒OH, and C=O originate from the active ingredients
in MBSLE. The C=O+ group may stem from the pro-
tonated oxygen on carboxyl in caffeic acid and (or) on
carbonyl in irenolone. XPS results of O 1s indicate that
the organic substances in MBSLE are successfully
adsorbed on the surface of mild steel.

In Fig. 4c, the relatively evident peak of N 1s can be
resolved into two small peaks with binding energy of
400.5 and 401.2 eV, corresponding to the nitrogen ele-
ment in C–N and C–N+ groups, respectively [42].
These groups obviously are related to the adsorption of
amino acids and (or) nitrogen-containing heterocy-
cles in MBSLE, such as 5-hydroxytryptamine in
amino acids.

As shown in Fig. 4d, the C 1s peak can be divided
into three small peaks. The high and strong peak at
285.5 eV corresponds to the carbon element in C–C,
C=C, and C–H; the wide peak at 286.2 eV is due to
PROTECTION OF METALS AND PHYSICAL CHEMISTR
the carbon element in C–N, C–N+ and C–O; and the
third peak at 289.2 eV can be attributed to C=O and
C=O+ [43, 46, 47]. XPS results of C1s further manifest
the adsorption of the neutral and protonated mole-
cules on the surface of mild steel. This is consistent
with the XPS results of O 1s and N 1s.

As shown in Fig. 4e, the broad spectrum peak of Fe
2p3/2 is composed of three small peaks. The peak with
binding energy of 710.7 eV is attributed to Fe2O3 and
Fe3O4, and that at 711.5 eV corresponds to FeOOH.
The peak at 713.9 eV is owing to the complex of Fe
[48]. It suggests the formation of the coordination
chelates of organic molecules and iron atoms through
the electron sharing. Electrostatic physical adsorption
may also occur between the protonated molecules and
the negatively charged steel surface. The former is pos-
itively charged, while the latter is due to the adsorption
of phosphate ions. XPS results of Fe 2p3/2 and O 1s
confirm the formation of the corrosion products of
Fe2O3, Fe3O4, and FeOOH on the surface of mild
steel.

4.2. Corrosion Morphology of Mild Steel
Figure 5 shows the SEM micrographs of the corro-

sion morphology of mild steel immersed in 1 M
H3PO4 solution for 3 h. In the blank solution without
MBSLE, mild steel is corroded severely, with
extremely rough surface. And a great number of deep
and large corrosion holes are present. When 0.5 g/L
MBSLE was added into 1 M H3PO4 solution, the sur-
face roughness is decreased evidently and the corro-
sion holes almost disappear. A visible continuous pro-
tective film on the surface of mild steel can be seen.
SEM observations indicate that MBSLE has a good
corrosion inhibition effect on mild steel in 1 M H3PO4
solution.

4.3 Electrochemical Inhibition behaviors of MBSLE
4.3.1. OCP curves. The stability of the electro-

chemical corrosion system can be evaluated by the
change of OCP with immersion time [49]. Figure 6
shows the OCP-time curves of mild steel in 1 M
H3PO4 solution with different concentrations of
MBSLE at 298, 308, and 318 K. Whether MBSLE was
added or not, OCP of mild steel at three experimental
temperatures tends to be stable within one hour. How-
ever, OCP tends to stabilize more easily at lower tem-
perature. Compared with the blank case without
inhibitor, MBSLE accelerates the stabilization pro-
cess. MBSLE is conducive to the dynamic equilibrium
of the electrochemical system. Moreover, after adding
MBSLE, the stable OCP of mild steel moves towards
the positive direction, but the shift amplitude is less
than 45 mV. An anodic and cathodic inhibitor can be
judged if the change of corrosion potential is larger
than 85 mV [50, 51]. Therefore, MBSLE acts as a
Y OF SURFACES  Vol. 59  No. 5  2023
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Fig. 4. XPS spectra of the corrosion product film on the surface of mild steel: (a) Survey, (b) O 1s, (c) N 1s, (d) C 1s, (e) Fe 2p3/2.
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mixed corrosion inhibitor for mild steel in 1 M H3PO4
solution [50, 51].

4.3.2. PDP curves. Figure 7 shows the PDP curves
of mild steel in 1 M H3PO4 solution containing differ-
ent concentrations of MBSLE at 298, 308 and 318 K.
After adding MBSLE, the anodic and cathodic polar-
ization curves of mild steel at three experimental tem-
peratures move to the direction where the polarization
current density decreases. Both the anodic and
cathodic corrosion reactions of mild steel are slowed
down by MBSLE. With the increase in MBSLE con-
PROTECTION OF METALS AND PHYSICAL
centration at fixed temperatures, the anodic and
cathodic polarization currents of mild steel were first
decreased obviously, then slightly increased. The con-
tinuous increase in MBSLE concentration can not
continue enhancing the corrosion inhibition effi-
ciency. This may be due to the interaction between the
adsorbed molecules in MBSLE [52, 53]. The Ecorr

change at three temperatures is far less than 50 mV,
further indicating that MBSLE is a mixed corrosion
inhibitor.
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Fig. 5. Corrosion morphology of mild steel in 1 M H3PO4 solution: (a) without and (b) with 0.5 g/L MBSLE.
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Fig. 6. OCP curves of mild steel in 1 M H3PO4 solution containing different concentrations of MBSLE at (a) 298, (b) 308, and
(c) 318 K.
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As shown in Fig. 7, the shapes of the anodic and
cathodic polarization curves of mild steel are hardly
changed in the absence and presence of MBSLE. The
corrosion reactions of mild steel in H3PO4 solution are
not varied. The anodic reaction is still the oxidation of
iron atoms, and the cathodic reaction is the reduction
of hydrogen ions. Therefore, the corrosion inhibition
of MBSLE on mild steel is geometric coverage effect
PROTECTION OF METALS AND PHYSICAL CHEMISTR
[54]. When some micro areas of steel surface are cov-
ered by the adsorption film of organic molecules in
MBSLE, these sites and acid solution are isolated
mechanically and the corrosion reactions are inhib-
ited. On the contrary, if the micro areas are not cov-
ered by the MBSLE adsorption film, the corrosion
reactions are proceeded in the original way. Therefore,
the geometric coverage of the active ingredients in
MBSLE directly determines the corrosion inhibition
Y OF SURFACES  Vol. 59  No. 5  2023
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Fig. 7. PDP curves of mild steel in 1 M H3PO4 solution containing different concentrations of MBSLE at (a) 298, (b) 308, and
(c) 318 K.
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efficiency of MBSLE and the corrosion rate of mild
steel. The greater the geometric coverage, the lower
the corrosion rate of mild steel and the higher the cor-
rosion inhibition efficiency of MBSLE. Increasing the
coverage of the adsorption film is one of the most
important factors to improve the corrosion resistance
of mild steel.

Table 1 shows the polarization parameters of mild
steel in 1 M H3PO4 solution. Due to the geometric
coverage effect, the coverage (θ) of MBSLE on mild
steel surface can be calculated as follows [24–26]:

(2)
As shown in Table 1, with the increase in MBSLE

concentration at three temperatures, icorr of mild steel
decreases first and then increases, while the change
law of η and θ is just the opposite. The optimal con-
centration of MBSLE was 0.5 g/L at 298 and 318 K,
and 0.8 g/L at 308 K. The difference may be due to the
variation of adsorption mechanism such as physical
adsorption, chemical adsorption and mixed adsorp-
tion [55]. The maximal η at 298, 308 and 318 K is
77.0%, 67.2 and 61.4%, respectively. icorr of mild steel
increases evidently with H3PO4 temperature, while
both η and θ are decreased. The serious increase in

θ = η 100.
PROTECTION OF METALS AND PHYSICAL
corrosion rate of mild steel with rising temperature
makes the adsorption of the active molecules on the
surface of mild steel weaken. The reaction rate of
hydrogen evolution controlled by the activation polar-
ization accelerates. With the releasing of hydrogen
atoms, a great mechanical peeling force is generated,
hindering the adsorption of organic molecules and
reducing the geometric coverage. In the previous
researches on corrosion inhibitors of Pomelo peel
extract (PPE) and sweet potato leaves extract (SPLE)
on mild steel in H3PO4 and HCl media, it was found
that the inhibition efficiency of both PPE and SPLE
increased with medium temperature [56]. The inhibi-
tion efficiency of PPE first increased and then
decreased with the extract concentration, while that of
SPLE increased continuously with the extract con-
centration ranging from 0 to 5.0 g/L. The optimum
concentration and inhibition efficiency of PPE at 318 K
were respectively 3.0 g/L and 93.4%, and those of
SPLE were 5.0 g/L and 96.4% [56]. Two parameters of
MBSLE are apparently smaller. It can be attributed to
the different active components in different extracts,
resulting in the different adsorption ability and cover-
age. The ingredients in extracts play an important role
in inhibiting corrosion.
 CHEMISTRY OF SURFACES  Vol. 59  No. 5  2023
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Table 1. Effect of MBSLE concentration on polarization parameters of mild steel at different temperatures

T, K Cinh, g/L Ecorr, mV vs. SCE bc, mV/dec ba, mV/dec icorr ×10–4, A/cm2 η, % θ

298

0 –542 –156 125 7.36 – –
0.1 –513 –140 123 4.27 42.0 0.420
0.3 –524 –192 127 3.51 52.3 0.523
0.5 –530 –170 96 1.69 77.0 0.770
0.8 –515 –158 143 3.57 51.5 0.515

308

0 –538 –195 169 21.4 – –
0.1 –517 –149 163 10.3 51.9 0.519
0.3 –525 –186 187 9.20 57.0 0.570
0.5 –533 –170 152 7.93 62.9 0.629
0.8 –524 –176 166 7.02 67.2 0.672

318

0 –535 –209 186 30.10 – –
0.1 –495 –297 204 27.91 7.3 0.073
0.3 –499 –137 155 12.70 57.8 0.578
0.5 –496 –154 198 11.60 61.4 0.614
0.8 –493 –142 193 14.51 51.8 0.518
4.3.3. EIS diagrams. Figure 8 shows the Nyquist
impedance diagrams of mild steel in 1 M H3PO4 solu-
tion containing different concentrations of MBSLE at
298 and 308 K. All Nyqusit diagrams are composed of
a deformed capacitance loop at high frequency and an
inductance loop at low frequency. The deformation of
the capacitance loop is due to the dispersion effect
caused by the uneven and rough surface of the mild
steel electrode [57–59]. The capacitance arc corre-
sponds to the electric double-layer capacitor of the
interface between mild steel and corrosion solution.
The inductance arc is related to both the dissolution of
micro sites on the mild steel surface and the desorption
and adsorption of the active components in these
micro areas [60]. When the active molecules at some
micro zones of mild steel are desorbed, these sites are
exposed and corroded. At the same time, some
organic molecules in corrosion medium migrate to
these uncovered domains and then adsorb, repairing
these desorbed and corroded micro regions and inhib-
iting the corrosion process. The larger the inductance
arc, the better the repair effect of the desorption zones
and the corrosion resistance of mild steel. As shown in
Fig. 8, in the blank solution without MBSLE, the size
of the inductance arc is very small or even disappears.
This is due to the absence of the active molecules used
to adsorb and repair. On the contrary, when MBSLE
was added into 1 M H3PO4 solution, the size of the
inductance arc increases.

Similar to the inductance arc, the size of the capac-
itance arc increases after adding MBSLE. The charge
transfer resistance of corrosion reactions on the sur-
face of mild steel enhances. With the increase in
MBSLE concentration, the size of the capacitance arc
PROTECTION OF METALS AND PHYSICAL CHEMISTR
first increases and then decreases. MBSLE almost
does not change the shape of the Nyquist diagrams.
The corrosion mechanism of mild steel in 1 M H3PO4
solution is not changed by MBSLE [61]. It again sug-
gests the inhibition behavior of geometric coverage
effect of MBSLE, consistent with the PDP results.

Figure 9 shows the equivalent circuit used to fit the
impedance data in Fig. 8, and Table 2 lists the corre-
sponding fitted results. Where Rs is the solution resis-
tance. Rct is the charge transfer resistance of the
metal/solution interface. L is the inductance. RL is the
inductance resistance. CPEdl is the constant phase
element which is used to characterize the electric dou-
ble-layer capacitor between the metal/solution inter-
face and can be expressed as follows [62, 63]:

(3)

where Y0-dl is the capacitance parameter of CPEdl. ω is
the angular frequency, i.e., ω = 2πf. j is the imaginary
root, i.e., j2 = –1. ndl characterizes the deformed
degree of CPEdl, ranging from 0 to 1. If ndl is closer to
1, the electric double-layer capacitor is closer to the
flat plate capacitor. The electric double-layer capaci-
tor (Cdl) can be calculated by the following expression
[64–66]:

(4)
where fmax is the characteristic frequency corresponding
to the maximum imaginary part. Based on the EIS
results, η of MBSLE can be calculated as follows [49, 67]:

(5)

=
ωdl dl

CPE
0-dl

1 ,
( )nZ

Y j

−= π dl 1
dl 0-dl max(2 ) ,nC Y f

−η = ×
inh 0
ct ct

inh
ct

100%,R R
R

Y OF SURFACES  Vol. 59  No. 5  2023



1020 ZHAO et al.

Fig. 8. Nyquist diagrams of mild steel in 1 M H3PO4 containing different concentrations of MBSLE at (a) 298 and (b) 308 K.

0 20 40 60 80 100 120

0

20

40

60

80

100

120

–
Z

",
 �

 c
m

2

Z ', � cm2

 0 g/L
 0.1 g/L
 0.3 g/L
 0.5 g/L
 0.8 g/L

Fitted
Fitted
Fitted
Fitted
Fitted

(a)

0 10 20 30 40

0

10

20

30

40

–
Z

",
 �

 c
m

2

Z ', � cm2

 0 g/L
 0.1 g/L
 0.3 g/L
 0.5 g/L
 0.8 g/L

Fitted
Fitted
Fitted
Fitted
Fitted

(b)

Fig. 9. Equivalent circuit used to fit the EIS diagrams in
Fig. 8.

Rs CPEdl

L

Rct RL
where  and  are the charge transfer resistance of
mild steel in 1 M H3PO4 solution without and with
MBSLE, respectively. The coverage of the active mol-
ecules on the surface of mild steel based on EIS was
also calculated according to Formula (2).

As shown in Table 2, the addition of MBSLE over-
all has little effect on Rs of 1 M H3PO4 solution, but Rs
is reduced with the increase in solution temperature.
Increasing MBSLE concentration at fixed tempera-
ture, the Rct, η and θ first increase rapidly and then
decrease slightly. The increase in Rct can be attributed
to the protective film including corrosion products
and adsorption film on the surface of mild steel, con-
firmed by the XPS and SEM results. The coverage of
the active molecules on the mild steel surface increases
with MBSLE concentration, hindering the charge
transfer between the metal/solution interface and
improving the corrosion inhibition efficiency. How-
ever, the values of Y0 and Cdl decrease first and then
increase. The prospective reasons are as follows [57,
68, 69]: 1) The active molecules in MBSLE replace
the water molecules which were pre-adsorbed on the
surface of mild steel, reducing the dielectric constant
of the electric double-layer capacitor. 2) The adsorp-
tion of the active components in MBSLE reduces the
surface roughness of mild steel, resulting in an
enhancement in the smoothness and uniformity and a
reduction in the true surface area of the electric dou-
ble-layer capacitor. 3) The adsorption film is condu-
cive to enlargement the distance of two electrode
plates of the electric double-layer capacitor. Accord-
ing to the Helmholtz equation, Y0 and Cdl of mild steel
are thus reduced.

As shown in Table 2, ndl in all cases is in the range
from 0.87 to 0.91, of which the difference is extremely
slight. ndl also is close to 1, indicating that the electric
double-layer capacitor of the steel/solution interface is
similar to the ideal capacitor. ndl is hardly changed by
MBSLE, further reflecting the inhibition mechanism

0
ctR inh

ctR
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of geometric coverage effect [49, 70]. In addition, RL
and L are absent when MBSLE was absent, but they
are obviously improved when MBSLE was added.
With the increase in solution temperature, RL and L
decrease, and so is the inhibition efficiency. There-
fore, the low-frequency inductance loop can also
directly check the inhibition and repair abilities of the
corrosion inhibitor in this corrosion system.

4.4. DFT Simulation

DFT simulation is profit to understand the charac-
teristics of electronic donors and (or) receptors of
organic molecules, facilitating the investigation of the
interaction between inhibitor molecules and metal
matrix. The volume of the frontier molecular orbital
distribution directly affects the strength of the chemi-
cal reactions, the adsorption ability and the corrosion
inhibition efficiency of the organic molecules. The
wider the distribution and the larger the volume of
HOMO of the active molecules, the more favorable it
is to provide electrons to the lowest empty orbitals of
metal atoms. Similarly, the wider the distribution and
the larger the volume of LUMO, the more beneficial it
is to accept free electrons from the outer filled orbitals
of metal atoms. The above two cases will produce the
stronger interaction and adsorption stability [31, 71].

Figure 10 shows the HOMO and LUMO distribu-
tions of three typical components in MBSLE at neu-
tral and protonated states. The HOMO of neutral
 CHEMISTRY OF SURFACES  Vol. 59  No. 5  2023
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Table 2. EIS fitted parameters of mild steel in 1 M H3PO4 solution at different temperatures

T, K Cinh, g L–1 Rs, Ω cm2 Y0-dl,

μΩ–1 cm–2 s–n
ndl

Rct,

Ω cm2

RL,

Ω cm2
L,

H cm2
Cdl,

μF/cm2 η, % θ

298

0 9 118 0.89 24.2 — — 58 — —

0.3 8 91 0.89 94.5 13 31 51 74.4 0.744

0.5 11 83 0.89 95.4 11 48 48 74.6 0.746

0.8 16 167 0.87 73.5 12 7 86 67.1 0.671

308

0 7 268 0.88 7.5 — — 117 — —

0.3 7 267 0.88 23.0 3 1 138 67.4 0.674

0.5 7 109 0.89 28.1 3 3 53 73.3 0.733

0.8 6 105 0.88 29.6 4 5 48 74.7 0.747
5-hydroxytryptamine is mainly distributed on two
aromatic rings (i.e., benzene ring, nitrogen-contain-
ing heterocycle) and the adjacent hydroxyl and meth-
ylene. These sites are rich in π electrons and lone pair
electrons which can be provided to the 3d empty orbit-
als of iron atoms. The characteristic of electron donors
is exhibited. Similarly, its LUMO is centered at two
aromatic rings and hydroxyl. The lone pair electrons in
these sites can accept the free electrons from the filled
3d orbitals of iron atoms. The characteristic of electron
receptors is displayed. During the interaction of neu-
tral 5-hydroxytryptamine and iron atoms, benzene
ring, heterocycle and hydroxyl can act as both the
electron donors and the electron acceptors. The coor-
dination bonds and the corresponding chelates are
formed through this synergistic mechanism of elec-
tron sharing. Therefore, neutral 5-hydroxytryptamine
molecules are adsorbed on the surface of mild steel.
During the simulation of the geometric equilibrium
configuration of 5-hydroxytryptamine, the most suit-
able atom to be protonated is nitrogen in amino, as
shown in Fig. 1. Figure 10 also manifests that the dis-
tributions of HOMO and LUMO of 5-hydroxytrypt-
amine after protonation are almost unchanged. The
protonated 5-hydroxytryptamine also demonstrates
an excellent synergistic adsorption effect similar to the
neutral state. Moreover, the positively charged nitro-
gen atom can generate the electrostatic attraction with
the iron surface which is negatively charged due to the
pre-adsoprtion of phosphate anions. The physical
adsorption effect thus occurs. It can be inferred that
5-hydroxytryptamine in acid solution can be adsorbed
on the surface of mild steel by multiple synergistic fac-
tors, forming the protective adsorption film and inhib-
iting the corrosion of mild steel.

As shown in Fig. 10, the HOMO distributions of
caffeic acid in both neutral and protonated forms are
covered on the whole molecule, i.e., one benzene ring,
two hydroxyls, one C=C bond in main chain and one
carboxyl. Their LUMOs at both states are also almost
distributed on the whole molecule, except for one
PROTECTION OF METALS AND PHYSICAL CHEMISTR
hydroxyl. Moreover, apart from a slight smaller
HOMO in benzene ring 2 and LUMO in benzene ring
4, HOMO and LUMO of neutral irenolone also nearly
cover the whole molecule. After protonation, both
HOMO and LUMO distributions of irenolone are
enlarged. Therefore, similar to 5-hydroxytryptamine,
caffeic acid and irenolone in MBSLE can also be
adsorbed on mild steel surface through multiple fac-
tors including chemisorption by forming coordination
bonds and physical adsorption by electrostatic attrac-
tion. Three typical components of 5-hydroxytrypt-
amine, caffeic acid and irenolone in MBSLE have
good adsorption ability, confirming the XPS and SEM
results.

To more accurately grasp the adsorption capacity
of the inhibitor molecules on the surface of mild steel,
the reaction activity parameters were calculated based
on the electron wave function. The related expressions
are as follows [58, 72]:

(6)

(7)

(8)

(9)

(10)

(11)

where EHOMO and ELUMO are the electron energy of
HOMO and LUMO, respectively. ΔE is the energy gap
between LUMO and HOMO; I and A are the ioniza-
tion potential energy and the electron affinity energy,
respectively. χ and ϕ are the electronegativity and the
global hardness, respectively. The subscripts of “Fe”
and “inh” represent the relevant parameters for iron
and inhibitor, respectively. In this paper, χFe is 7 eV
and ϕFe is 0 eV [31, 71]. The higher the EHOMO of
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Fig. 10. HOMO and LUMO distributions of three typical components in MBSLE at neutral and protonated states.

Compounds HOMO LUMO

5-hydroxytryptamine
(neutral)

5-hydroxytryptamine
(protonated)

Caffeic acid
(neutral)

Caffeic acid
(protonated)

Irenolone
(neutral)

Irenolone
(protonated)
organic molecules, the easier it is to provide electrons
to metal atoms. On the contrary, the lower the ELUMO,
the easier it is to obtain valence electrons from metal
atoms [73, 74]. Obviously, the smaller the ΔE, the
poorer the molecule stability, the higher the chemical
reaction activity, and the easier it is to share electrons
with metal atoms and to adsorb on the metal surface
[5, 25]. ΔN ref lects the electron transfer ability of the
active molecules. For ΔN less than 3.6, the electron
PROTECTION OF METALS AND PHYSICAL
donating ability of organic molecules increases with
ΔN [75]. Conversely, the electron accepting ability
increases with the decrease in ΔN [6, 76].

Table 3 shows the reaction activity parameters of
three typical components of 5-hydroxytryptamine,
caffeic acid and irenolone in MBSLE. EHOMO of three
typical ingredients is similar as a whole, suggesting an
alike capacity to supply electrons. However, ELUMO
and ΔE are significantly different, decreasing in the
 CHEMISTRY OF SURFACES  Vol. 59  No. 5  2023
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Table 3. Reaction activity parameters of three typical components in MBSLE based on DFT calculation

Molecules EHOMO, eV ELUMO, eV ΔE, eV I, eV A, eV χ, eV ϕ, eV ΔN, eV

Neutral state

5-hydroxytryptamine –5.55 –0.59 4.96 5.55 0.59 3.07 2.48 0.79
Caffeic acid –6.02 –2.01 4.01 6.02 2.01 4.02 2.00 0.74
Irenolone –5.90 –2.91 2.99 5.90 2.91 4.41 1.50 0.87

Protonated state

5-hydroxytryptamine –5.69 –0.74 4.95 5.69 0.74 3.22 2.48 0.76
Caffeic acid –6.62 –3.44 3.18 6.62 3.44 5.03 1.59 0.62
Irenolone –6.55 –4.05 2.49 6.55 4.05 5.30 1.25 0.68
order of 5-hydroxytryptamine > caffeic acid > ireno-
lone. ΔE of irenolone is less than 3 eV. Irenolone has
the strongest ability to share electrons with iron atoms,
and so is the chemical reaction activity. The smallest ϕ
of irenolone indicates that the reaction products with
the soft iron ions in acid solution are the most stable
[75]. Moreover, all ΔN is positive. ΔN of irenolone is a
little greater, but the difference of ΔN for three typical
components is small, further indicating a similar abil-
ity to provide electrons to iron atoms.

By carefully comparing the data in Table 3, the
rules for the relative size of various activity parameters
of three typical components under protonation and
neutral states are similar. However, the chemical sta-
bility of three components after protonation is further
reduced, and the interaction with iron atoms is
enhanced. The electron donating ability after proton-
ation is decreased, but the electron accepting ability is
enhanced. DFT analysis shows that at both neutral
and protonated states, the interaction of irenolone
with iron atoms is the strongest, followed by caffeic
acid and 5-hydroxytryptamine. Irenolone can provide
the strongest corrosion inhibition effect for mild steel.
This can be attributed to the different type and number
of functional groups participated in electron donation
and reception. Irenolone has four benzene rings, two
hydroxyls and one carbonyl; caffeic acid has one ben-
zene ring, two hydroxyls, one C=C bond and one car-
boxyl; and 5-hydroxytryptamine has two aromatic
rings and one hydroxyl. Besides aromatic rings and
C=C bond, carbonyls and hydroxyls with strong
polarity also have an important contributions to the
reaction activity of organic molecules with metal
atoms. The reaction activity, adsorption ability and
PROTECTION OF METALS AND PHYSICAL CHEMISTR

Table 4. Eads of three typical components in MBSLE, kcal/mol

Compounds Neutral state Protonated state

5-hydroxytryptamine –136.2 –294.5
Caffeic acid –142.8 –279.5
Irenolone –208.1 –348.8
corrosion inhibition efficiency are enhanced with the
increase in number of the above groups.

4.5. MD Simulation

The equilibrium geometry of three typical compo-
nents of 5-hydroxytryptamine, caffeic acid and ireno-
lone on the Fe (110) plane was investigated through
MD simulation, and the adsorption energy was calcu-
lated by the following expression [27, 58, 77]:

(12)

where Eads is the adsorption energy of the inhibitor
molecules on the surface of mild steel; Etot is the total
energy of the whole system including steel, solution
and inhibitor; Emet+sol is the total energy of the system
with steel and solution; Einh is the energy of the inhib-
itor molecules.

Figure 11 shows the final snapshots of side view and
top view of three typical components of 5-hydroxy-
tryptamine, caffeic acid and irenolone on the Fe(110)
plane based on MD simulation. Table 4 presents the
corresponding adsorption energy.

As shown in Fig. 11, three typical organic compo-
nents at both neutral and protonated states are basi-
cally adsorbed on the Fe(110) surface in a parallel
molecular conformation, facilitating the maximal
coverage of the steel surface. According to the above
electrochemical inhibition mechanism of geometric
coverage effect, it is beneficial to optimize the corro-
sion inhibition efficiency. The coverage of irenolone is
the largest, and that of 5-hydroxytryptamine and caf-
feic acid is basically similar. It also can be confirmed
by the most negative Eads of irenolone and the close
Eads of 5-hydroxytryptamine and caffeic acid at the
same state. The extremely negative Eads of three typical
components at both states indicates a strong sponta-
neous adsorption tendency on the surface of mild
steel. And the spontaneity is enhanced after protona-
tion, consistent with the DFT results.

However, there are some differences between DFT
and MD simulations. The HOMOs and LUMOs show

( )= − +ads tot met+sol inh ,E E E E
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Fig. 11. Final snapshots of three neutral and protonated components in MBSLE on the surface of Fe(110) based on MD
simulation.

Compounds Side view Vertical view

5-hydroxytryptamine
(neutral)
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(protonated)

Caffeic acid
(neutral)

Caffeic acid
(protonated)

Irenolone
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(protonated)
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that some groups in three typical components do not
participate in sharing electrons or forming coordina-
tion bonds, as shown in Fig. 10. The final snapshots
show that all atoms, except some hydrogen atoms, are
adsorbed on iron atoms in a parallel manner. It indi-
cates that there are chemical bonds and physical bonds
between organic atoms and iron atoms. Obviously,
chemical bonds are due to the electron sharing and
generate the chemisorption, while the physical
adsorption can be attributed to other factors such as
electrostatic attraction, van der Waals force and so on.
These different results of DFT and MD simulations
suggest that the adsorption of active ingredients in
MBSLE on the surface of mild steel are the mixed
adsorption including chemical adsorption and physi-
cal adsorption.

5. CONCLUSIONS

The inhibition and adsorption behaviors of Musa
basjoo Siebold leaves extract (MBSLE) as renewable
corrosion inhibitor for mild steel in 1 M H3PO4 solu-
tion were investigated by experiments and calcula-
tions. FTIR results showed that MBSLE contain
hydroxyls, carbonyls, carboxyls, heterocycles, benzene
rings and other functional groups. UV–Vis results
showed the interaction of some functional groups with
iron in corrosive medium. XPS analysis confirmed
that the functional groups in MBSLE are successfully
adsorbed on the surface of mild steel to form the pro-
tective adsorption film. SEM observations proved that
MBSLE effectively controls the corrosion of mild steel
in H3PO4. The electrochemical tests showed that the
corrosion inhibition efficiency of MBSLE is related to
the extract concentration and the solution tempera-
ture. MBSLE acts as a mixed corrosion inhibitor. The
inhibition mechanism of MBSLE is geometric cover-
age effect.

5-Hydroxytryptamine, caffeic acid and irenolone
in MBSLE were selected as the representative compo-
nents for DFT and MD simulations. The HOMOs and
LUMOs suggested that the active ingredients at both
neutral and protonated states display the features of
electron acceptors and electron donors. The active
molecules can share electrons with iron atoms through
a cooperative mechanism, proving the existence of
chemical adsorption. MD simulation attested the par-
allel and spontaneous adsorption of the organic mole-
cules on the Fe (110) surface and the presence of phys-
ical adsorption. The adsorption of MBSLE compo-
nents follows the mixed adsorption. The type and
number of aromatic rings and polar groups have a
great influence on reaction activity, adsorption ability
and geometric coverage. Irenolone in three typical
ingredients shows the most excellent corrosion inhibi-
tion efficiency.
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