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Active phytochemicals with unique electron structures can adsorb on metal surfaces and effectively mitigate
metal corrosion. Recently, plant extracts have garnered significant attention as green and renewable corrosion
inhibitors. In this study, the abundant agricultural byproducts, namely Zea mays bracts, were used as the extract
raw materials, and Zea mays bracts extract (ZMBE) was served as an eco-friendly corrosion inhibitor for mild steel
(MS) in 1 M HClI pickling solution. The organic substances in ZMBE were analyzed via ultra-high performance
liquid chromatography- quadrupole time-of-flight mass spectrometry (UPLC-QTFMS). The interaction between
the active functional groups and MS was investigated using Fourier transform infrared (FT-IR) and ultra-
violet-visible (UV-visible) spectroscopy and X-ray photoelectron spectroscopy (XPS). The corrosion inhibition
behavior was scrutinized through potentiodynamic polarization (PDP) curves and electrochemical impedance
spectroscopy (EIS). The results show that functional groups such as aromatic rings, double bonds, and hydroxyls
successfully adsorb on the MS surface to form the protective films. ZMBE exhibits a mixed-type corrosion in-
hibition with a “geometric coverage” effect. The corrosion inhibition efficiency (i) increases with ZMBE con-
centration and solution temperature, the optimum # with 5.0 g~L_1 ZMBE at 318 K is 96.2 %. The adsorption of
active ingredients follows the Langmuir and El-Awady isotherms. Density functional theory (DFT) and molecular
dynamics (MD) simulations prove the synergistic effect of complex components in ZMBE and the corrosion in-
hibition mechanism. ZMBE is a promising acid pickling corrosion inhibitor with broad application prospects.

1. Introduction

Mild steel (MS), characterized by a carbon content of less than 0.25
%, serves various purposes in the fabrication of pipes, plates, rods, wires,
profiles, etc. Recognized for its excellent machinability, high strength
and hardness, good ductility, and low cost, MS has been widely used in
construction, infrastructure, automotive industry, machinery
manufacturing, petrochemicals, and other fields (El-Labban et al., 2016;
Paul et al., 2014). However, MS is highly susceptible to oxidation and
corrosion in humid, oxygen-containing, or chlorinated environments. It
not only results in serious resource wastage, but also poses safety haz-
ards and risks. It’s estimated that approximately 30 % of metal equip-
ment and materials worldwide are scrapped due to corrosion annually
(Bender et al., 2022).

Currently, electrochemical protection, environmental control and
protective coatings are three primary and widely adopted methods for
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safeguarding metals against corrosion. Acid pickling, due to the ability
to swiftly and effectively eliminate rust and scales from metal surfaces,
stands as one of the crucial pre-treatment processes for implementing
coverage protection (Nadi et al., 2019). HCl solution is currently one of
the most commonly used pickling solution owing to fast cleaning speed,
strong ability to suppress acid mist, less susceptibility to hydrogen
embrittlement, and no need for heating (Devi et al., 2014). Nevertheless,
an ideal pickling solution should also exhibit minimal corrosive impact
on the base metal (Sun et al., 2023a). Therefore, adding efficient
corrosion inhibitor is one of the essential conditions. Plant corrosion
inhibitors are the active organic substances extracted from various parts
of plants such as roots (Thakur et al., 2022; Zhou et al, 2023), stems
(Wang et al., 2023a), leaves (Harb et al., 2020), seeds (Deyab et al.,
2022), flowers (Shahini et al., 2021), and fruit peels (Obuebite et al.,
2022). Compared with synthetic corrosion inhibitors, these natural in-
hibitors have many advantages such as low cost, wide availability,
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renewability, low toxicity, harmlessness, environmental friendliness,
easy bio-degradation, simple extraction processes, and minimal residues
(Shahini et al., 2021). Therefore, the exploration of natural corrosion
inhibitors has become one of the key research directions for developing
green corrosion inhibitors.

Plant extracts contain plentiful active ingredients such as sugars,
alcohols, terpenes, phenols, ketones, organic acids (Dutta et al., 2017).
These components possess unique molecular structures and can interact
with metals through charge sharing and/or electrostatic attraction,
adsorbing on the metal surface and providing corrosion protection
(Thanh et al., 2020). The type and quantity of organic components in
plant extracts are related to the plant type and extraction process (Zeng
et al., 2023). Likewise, the corrosion inhibition effectiveness and
adsorption behaviors of plant extracts exhibit obvious difference
depending on the corrosion media and metals (Lin et al., 2021a).
Currently, extensive research has been conducted on plant extracts as
corrosion inhibitors. Pomelo peel extract (PPE) was used as a corrosion
inhibitor for MS in 1 M H3PO4 solution, the adsorption of active mole-
cules on the MS surface followed the Langmuir isotherm. Oxygenated
heterocycles and unsaturated C—=0 bonds in PPE could chelate with
Fe?* and coordinate with Fe atoms, forming an adsorption film to inhibit
corrosion (Lin et al., 2021a). The adsorption of Dryopteris cochleata
leaves extract on aluminum surface in 1 M HySO4 solution followed the
Freundlich isotherm. A protective film was formed by the chemical
interaction between aluminum and 7-electrons in extract and by the
physical adsorption (Nathiya and Raj, 2017). Borage flower extract in 1
M HCI solution obstructed the corrosion of the MS active sites through
chemical adsorption and primarily served as a mixed-type corrosion
inhibitor (Dehghani et al., 2019a). Garcinia indica (Binda) extract also
acted as a mixed-type corrosion inhibitor, but the protective film was
achieved through physical adsorption by electrostatic attraction be-
tween the aromatic rings and the positively-charged MS surface
(Thomas et al., 2020). Zizyphus Lotuse extract interacted with copper
surface through physical adsorption, and was a cathodic corrosion in-
hibitor in HCI solution (Jmiai et al., 2018).

Zea mays belongs to the Poaceae family, known as maize, bract, pearl
rice, etc. Zea mays is renowned as a nutritious health food among coarse
grains. Similar to Zea mays, its bracts also contain various phytochem-
icals such as flavonoids (Fernandez-Aulis et al., 2019; Kisa, 2016; Tian
et al., 2016), carbohydrates (Ratna et al., 2023; Tachaapaikoon et al.,
2006), phenolic compounds (Vazquez-Olivo et al., 2019; Capocchi et al.,
2017), phenylpropanoids (Li et al., 2013a; Kopsell et al., 2011). These
organic compounds are rich in heterocycles, benzene rings, hydroxyls,
carboxyls, carbonyls, double bonds, etc. It is anticipated to interact with
metals and form a protective film, reducing the contact between the
metal surface and the corrosive medium. Therefore, the extract from Zea
mays bracts holds the potential to serve as an effective, non-toxic and
economic corrosion inhibitor for metals in corrosive environments.

Nevertheless, Zea mays bracts, as the agricultural by-products during
harvest, are often disposed of through burial or burning, causing serious
environmental burden and greenhouse effect, which is not conducive to
achieving the world’s carbon reduction goals. The use of Zea mays bracts
as a raw material can not only alleviate the environmental pollution, but
can also contribute to the development of new environmentally friendly,
widely sourced and cost-effective corrosion inhibitors. Zea mays bracts
are more biodegradable than the traditional synthetic corrosion in-
hibitors. Moreover, the preparation process of plant extracts is relatively
simple and easy to operate. It helps to simplify the production process,
reduce costs, improve the feasibility of practical applications, aligning
with the concept of sustainable development.

Recently, research on Zea mays bracts has predominantly focused on
their medicinal and agricultural value, while little attention has been
paid to their potential as corrosion inhibitors. Corn cob extract was used
as the corrosion inhibitor for aluminum alloy in 1.0 M HySO4 (Echem
et al., 2023). The results showed that the average corrosion rate
decreased as the extract concentration increased, and a multilayered
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film was formed (Echem et al., 2023). Mathur et al. (Mathur et al., 2023)
obtained the multi-layer films by repeatedly dripping and drying
ethanol extract of corn husk leaves (EECH). The results showed that the
smoothness and uniformity of the MS surface were enhanced and the
impedance of MS with a three-layer EECH film was approximately twice
that of the bare MS. Therefore, further exploration and utilization of
extracts from corn agricultural and sideline products to improve metal
corrosion resistance is of great significance.

In this article, the organic active ingredients were extracted from Zea
mays bracts, denoted as ZMBE, and were utilized as eco-friendly corro-
sion inhibitor for MS in 1 M HCI pickling solution. The organic sub-
stances and the functional groups in ZMBE were analyzed via UPLC-
QTFMS, FT-IR and UV-visible spectra. The chemical compositions of
the adsorption film on the MS surface were studied by XPS, and the
corrosion morphology was observed using scanning electron microscope
(SEM). The corrosion inhibition behavior of ZMBE was investigated
through electrochemical tests. The adsorption isotherms and parameters
were delved. To gain insights into the adsorption behavior of the active
ingredients at the atomic level, DFT and MD calculations were con-
ducted. And the corrosion inhibition mechanism was revealed.

2. Experimental
2.1. Preparation of Zea mays bracts extract

Fresh Zea mays bracts collected from an agricultural trade market in
Xiamen of China were cleaned and placed in the shade to dry water
stains. After drying in an oven at 353 K, they were crushed and passed
through a 60-mesh sieve to remove the coarse particles.

Adhering to the principle of “similarity and intermiscibility”, an
ethanol aqueous solution (ethanol: water = 4:1 v/v%) was chosen as the
extraction solvent. The ultrasonic-assisted leaching method with cavi-
tation, activation and mechanical effects was employed to promote the
dissolution of the active ingredients. The extraction process involved
thoroughly mixing an appropriate amount of Zea mays bracts powder
with the extraction solvent, followed by placement in an ultrasonic
machine at 313 K for 4 h. The upper mixed solution was filtered to
remove the undissolved residues, and then the filtrate was concentrated
at a vacuum rotary evaporator. Meanwhile, the ethanol extraction sol-
vent was recovered. Finally, the super-concentrated solution was thor-
oughly dried in an oven at 353 K, and the amber colloidal substance, i.e.
Zea mays bracts extract (ZMBE), was obtained.

2.2. Materials and corrosion solution

The chemical compositions of MS used were as follows (wt.%):
0.13C, 0.02Si, 0.38 Mn, 0.014P, 0.031 S, and balance Fe. The sample
dimension for electrochemical and microscopic analysis was 10 mm x
10 mm x 2 mm, that for XPS analysis was 5 mm x 5 mm x 2 mm.

The corrosion environment was a 1 M HCI solution, derived from a
36.5 wt% hydrochloric acid. To explore the corrosion inhibition
behavior and adsorption model of ZMBE, the influence of the ZMBE
concentration and the solution temperature was considered. The added
ZMBE concentration was 0, 0.1, 0.5, 1.0, 3.0 and 5.0 g~L_1, respectively.
And the temperature of 1 M HCI solution was 298, 308, and 318 K,
respectively.

2.3. Electrochemical measurements

For the MS sample, a specific surface area of 10 mm x 10 mm was
chosen as the working surface. On the reverse surface, a copper wire
conductor was soldered and subsequently encased with three layers of
heat-shrink tubing. Except for the designated working surface (1.0 cm?
area), all components including welded joints were encapsulated with
epoxy resin to prevent galvanic corrosion. The working surface was
polished using waterproof sandpapers ranged from No. 400# to No.
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2000+#, followed by scrubbing with ethanol, rinsing with distilled water,
and drying with cold air. The working electrode was obtained.

The electrochemical measurements were carried out under a CS310H
workstation (Corrtest Instrument Corp., Ltd. Wuhan, China). A con-
ventional three-electrode system, i.e. the tested MS electrode as the
working electrode, a platinum electrode as the auxiliary electrode, and a
saturated calomel electrode (SCE) as the reference electrode, was used.
Before electrochemical measurements, the open circuit potential (OCP)
should be monitored to determine the dynamic equilibrium state of the
corrosion system and to acquire a nearly stable OCP value. The OCP test
time was 1 h to ensure the consistency of the experiments and the reli-
ability of the results.

EIS test was conducted at the stabilized OCP. The AC signal ampli-
tude was 10 mV, and the frequency spanned from 100 kHz to 0.01 Hz.
Based on the shape of the EIS diagrams and the characteristic of the
corrosion system, a suitable equivalent circuit was constructed, and the
EIS data was fitted using Zview software.

Following the EIS test, the PDP curve was measured. The polariza-
tion potential was set at + 0.3 V vs. OCP, and a common scan rate of 1
mV-s~! was employed.

To ensure the reproducibility and reliability of the electrochemical
results, three parallel tests were conducted for each condition. In the
present corrosion system, the electrochemical results of three parallel
tests were almost identical, so the error range was not provided below.

2.4. UPLC-QTFMS analysis

The organic compounds in ZMBE were analyzed using UPLC-QTFMS
referred to our previous study (Lin et al., 2023b).

2.5. FT-IR spectroscopy analysis

A polished and cleaned MS sample was immersed in 1 M HCl solution
containing 5.0 g-L™! ZMBE for 3 h and the corrosion products including
ZMBE adsorption film were formed on the MS surface. Then the corro-
sion products were scraped off, mixed with KBr and ground evenly. A
tablet was pressed. Similarly, the ZMBE colloid was mixed with KBr,
ground uniformly and made into tablet. The FT-IR spectra of the above
two tablets which were fully dried were recorded with an ALPHA FT-IR
spectrometer (Bruker Corporation, Germany). The wavenumber was in
the range of 400-4000 cm™!. The functional groups in organic extract
were analyzed and the adsorption of the organic substances on the MS
surface was judged (Shahid et al., 2018).

2.6. UV-visible spectroscopy analysis

A 1 M HCI corrosion solution containing 5.0 g-L ! ZMBE was divided
into two distinct portions. In one part, a polished and cleaned MS sample
was immersed for 24 h, denoting this corroded solution as “after im-
mersion”. The second part, untouched by MS, was labeled as “before
immersion”. Subsequently, UV-visible spectra were analyzed using a
UV-2700 UV-visible spectrometer (Shimadzu, Japan). The wavelength
ranged from 200 to 800 nm, with a scanning interval of 1 nm. Deionized
water was served as the reference solution (Akash and Rehman, 2020).

2.7. XPS analysis

A polished and cleaned MS sample was immersed in 1 M HCl solution
with 5.0 g-L™! ZMBE for 3 h and then was thorough rinsed with
deionized water and dried with cool air. An AXIS SUPRA + X-ray
photoelectron spectrometer (Shimadzu, Japan) was employed to mea-
sure the full XPS spectrum of the MS surface, and the element compo-
sitions were judged. Subsequently, the high-resolution XPS spectra for
each element were collected. After peak fitting, the presence forms of the
element were determined. This detailed characterization was profit to
assess the adsorption of organic components on the MS surface.
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2.8. Surface observation

In order to more intuitively reflect the corrosion inhibition of ZMBE
on MS, the surface observation was conducted. Similarly, the polished
and thoroughly cleaned MS samples were immersed in 1 M HCl solution
without ZMBE and with 1.0 and 5.0 g-L ™! ZMBE for 3 h, respectively.
The subsequent cleaning process was similar to that described in XPS
analysis. The corroded MS sample was acquired. A field emission SEM
(Sigma 500, Germany, EHT = 15 kV) was invited to observe the surface
corrosion morphology.

3. Theoretical calculations
3.1. DFT simulations

To explore the electronic stability and chemical reactivity of the
active ingredients in ZMBE, DFT calculations were conducted using
Gaussian 16 software. The geometrically balanced configurations of the
neutral molecules, characterized by the non-magnetic and non-electrical
nature, were fully optimized based on the 6-311G**(d, p) basis group
and the B3LYP method (Lin et al., 2024c; Zhao et al., 2023). In acidic
media, some heteroatoms with more negative electrons in the organic
molecules will capture hydrogen ion and protonate. The protonated
molecules, i.e. onium ions, were positively charged. The protonation of
active ingredients may affect the electronic stability and adsorption
behavior. Therefore, the geometric optimization at different protonated
positions for each active molecule was performed and the optimal pro-
tonated equilibrium configuration was gained. Water was used as the
simulated solvent (Khadom et al., 2021). The frontier molecular orbital
distributions and the quantum chemical parameters for each equilib-
rium configuration molecule in both neutral and protonated states were
calculated. The chemical stability, electron sharing abilities, adsorption
behavior, etc. were evaluated.

3.2. MD simulations

To comprehend the corrosion inhibition performance of active
molecules in ZMBE, it was crucial to investigate the adsorption mode
and binding strength on the metal surface. MD simulations were per-
formed for both neutral and protonated ingredients using Materials
Studio 8.0 software. The Forcite module was utilized. The Fe (110)
plane, because of the lowest thermodynamic energy (i.e. the most sta-
ble), was selected as the adsorption surface. The height of the vacuum
layer was 30 A. The crystal cell was 2.48 x 2.48 x 5.02 nm®. 500 water
molecules were filled in the vacuum layer, and one organic molecule
was stuffed between water molecules and Fe atoms. The COMPASS force
field was chosen to represent the interactions within the system. The
temperature of the system was controlled using the Andersen Thermo-
stat, and the system was regulated under NVT conditions. The calcula-
tion time was 500 ps, and the step size for each iteration was 1 fs (Melian
et al., 2023).

4. Results and discussion
4.1. Chemical composition analysis results

4.1.1. UPLC-QTFMS results

Fig. 1 shows the UPLC-QTFMS chromatogram of ZMBE under the
positive ion mode, and Table 1 presents the corresponding tentative
identification results. ZMBE contains various phytochemicals such as
carbohydrates (1: rhamnose, 2: ribose, 3: glucuronic acid, 4: glucose, 6:
fucose (Tachaapaikoon et al., 2006), and 7: hemicellulose (Scheller and
Ulvskov, 2010)), phenolic compounds (5: hydroxycinnamic acid (Vaz-
quez-Olivo et al., 2019), 11: g-sitosterol, and 12: ergosterol (Capocchi
et al., 2017)), phenylpropanoids (8: dimboa (Li et al., 2013a), 13:
cryptoxanthin, 14: f-carotene, and 15: lutein (Kopsell et al., 2011)),



J.-h. Zhu et al.

—_
N~ =)} [ee] [

Response value (x 10°)

[\S]

0 1 1 1 1 1
0 5 10 15 20 25

Time /min

Fig. 1. UPLC-QTFMS chromatogram of ZMBE in the positive ion mode.

flavonoids (9: anthocyanins (Fernandez-Aulis et al., 2019), 10: tricin
(Tian et al., 2016), and 16: rutin (Kisa, 2016)).

The active ingredients in ZMBE are exceedingly complex, and it is
impractical to present the simulation results for all identified compo-
nents. The ingredients were categorized into four groups. As an illus-
trative representation, one result of each group was showcased. Where

Table 1

UPLC-QTFMS data and tentative identification of the organic compounds in ZMBE.

Arabian Journal of Chemistry 17 (2024) 105895

hydroxycinnamic acid, dimboa, glucuronic acid, and rutin are the rep-
resentatives of phenolic, phenylpropanoids, carbohydrates, and flavo-
noids, respectively. The molecular structures are shown in Fig. 2.

4.1.2. FT-IR spectroscopy results

Fig. 3 depicts the FT-IR spectra of ZMBE solid and the ZMBE
adsorption film formed on the MS surface. As shown in Fig. 3a, a broad
absorption band around 3274 cm™! corresponds to the stretching vi-
bration of —-OH and -NHy, confirming the presence of alcoholic com-
pounds and carboxylic acids in ZMBE (Erfan and Mardali, 2024). The
absorption peak at 2915 cm ™! corresponds to the stretching vibration of
the saturated C-H bonds (Mourya et al., 2014). The absorption peak at
1634 cm™! can be attributed to the stretching vibration of C=C and
C=—O0 in aromatic ring conjugated systems (Jokar et al., 2016), which are
present in dimboa, rutin, and hydroxycinnamic acid. The absorption
peak at 1342 cm ™! is corresponding to the symmetric stretching vibra-
tion of -COOH (Dehghani et al., 2019a). The absorption peak at 1248
em™! is due to the stretching vibration of C-O in aromatic ethers
(Abdullah et al., 2023; Chen et al., 2023; Qiang et al., 2018), while the
peak at 1008 cm™! is associated with the stretching vibration of C-O in
aliphatic ethers (Wu et al., 2020a). The absorption peaks observed
below 1000 cm ™! are indicative of the bending vibrations of C-H in
benzene rings or heterocycles (Fernandes et al., 2019; Wu et al., 2020a).
It implies that ZMBE contains various functional groups, including -OH,

Peak Retention time/min Molecular formula Experimental m/z Theoretical m/z Appm Tentative identification
1 1.11 CgH1406 182.0790 182.0784 0.6 Rhamnose
2 5.79 CsH100s 150.0528 150.0547 -1.9 Ribose
3 9.95 CeH1007 194.0427 194.0475 -4.8 Glucuronic acid
4 11.15 CgH1206 180.0634 180.0635 -0.1 Glucose
5 11.77 CoHgO3 164.0473 164.0482 -0.9 Hydroxycinnamic acid
6 11.78 CgH1205 164.0685 164.0693 -0.8 Fucose
7 12.19 C12H20010 324.1053 324.1014 3.9 Hemicellulose
8 13.61 CoHoNOs 244.0481 244.0434 4.7 Dimboa
9 15.03 Cy5H;1Cl0g 322.0244 322.0229 1.5 Anthocyanins
10 15.48 Cy17H1407 331.0812 331.0851 -3.9 Tricin
11 21.18 Ca9Hs00 414.3862 414.3868 -0.6 p-sitosterol
12 21.91 CagHa40 396.3392 396.3376 1.6 Ergosterol
13 22.35 C40Hs60 552.4331 552.4337 -0.6 Cryptoxanthin
14 22.55 Ca0Hse 536.4832 536.4803 2.9 p-carotene
15 22.72 C4oHs602 568.4280 568.4285 -0.5 Lutein
16 25.11 Ca7H30016 610.1534 610.1552 -1.8 Rutin
OH

\

HO O

Hydroxycinnamic acid

OH
.l‘ 0
2
o 0~ NOoH
Dimboa

OH OH O

OH

Glucuronic acid

Fig. 2. Molecular structures of some active ingredients in ZMBE.
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Fig. 3. FT-IR spectra: (a) ZMBE solid, and (b) ZMBE adsorption film on the MS surface.

-COOH, C=C, C=0, C-0O, and aromatic rings, etc. These functional
groups possess distinctive electronic structures, enabling them to share
electrons with Fe atoms. They may also undergo chelation reactions
with Fe ions and/or generate physical adsorption effects. Consequently,
the active ingredients in ZMBE are adsorbed onto the surface, forming a
protective adsorption film.

As shown in Fig. 3b, the broad absorption peak associated with the
stretching vibration of -OH and —NH,, in the adsorption film is signifi-
cantly reduced. It suggests that the —-OH bonds in ZMBE are chelated
with Fe atoms or ions and the -NH; bonds may share electrons with iron
atoms, forming iron complexes. However, the position and quantity of
the absorption peaks, corresponding to the characteristic groups present
in ZMBE, remain nearly identical in both spectra. It further confirms that
the organic substances in ZMBE have successfully adsorbed onto the MS
surface, playing a crucial role in inhibiting the corrosion of MS.

4.1.3. UV-visible spectroscopy results

Fig. 4 shows the UV-visible spectra of 1 M HCI solution with 5.0
g-L™! ZMBE before and after immersion of MS samples. Before immer-
sion, the absorption peak at 224 nm corresponds to the n-7* transition of
the C=C bonds in aromatic rings. It indicates that ZMBE has the aro-
matic compounds, which own unsaturated bonds and = electrons and
form a conjugated closed system (Prasad et al., 2023a). The absorption
peak at 284 nm is attributed to the n-n* transition of the C = O bonds in
carbonyl compounds (Sigircik et al.,, 2017). After immersion, the
absorbance intensity at the same wavelength regions decreases, and the
two peaks are slightly blue-shifted to 222 and 282 nm, respectively. It

2.5

—— After immersion
Before immersion

20t

1.5

LOH 224

e

0.5 -
4
OO '222 N 1 1

200 300 400 500 600
Wavelength /nm

Absorbance

284

282

Fig. 4. UV-visible spectra of 1 M HCl solution with 5.0 g-L.~* ZMBE before and
after immersion of MS sample.

can be concluded that the C—=C and C—O0 bonds in ZMBE interact with
the MS surface through physical adsorption and chemical adsorption
and form the stable complexes with Fe ions in the solution (Fergachi
et al., 2019; Goel et al., 2010; Sigircik et al., 2017).

4.1.4. XPS results

To further understand the adsorption and corrosion inhibition
behavior of the phytochemical components on the MS surface, their
existing forms were investigated. The XPS full-spectrum shows the
presence of C, N, O and Fe in the adsorption film. The high-resolution
XPS spectra and the peak fitting results of these four elements are
shown in Fig. 5.

As shown in Fig. 5a, the C 1 s spectrum in the adsorption film can be
divided into three types of substances. The absorption peak at 284.8 eV
corresponds to the C=C, C-C and C-H bonds in aromatic rings (El-
Azzouzi et al., 2022), which may originate from the active ingredients
such as hydroxycinnamic acid, dimboa, and rutin. The absorption peak
at 285.6 eV is related to the C-N and C-N" bonds in organic molecules
(Bouanis et al., 2016; Cunha et al., 2023). The former most likely orig-
inates from the neutral dimboa, amino acids, and other ingredients in
ZMBE, while the latter may arise from the corresponding protonated
molecules. The small peak at 288.4 eV is attributed to the C-O, C=0,
C-0" and C=0" bonds (Du et al., 2023a). The first two bonds may
originate from the neutral ingredients like hydroxycinnamic acid, dim-
boa, glucuronic acid, and rutin, while the latter two may be related to
their protonated molecules. It is worth noting that there is no N element
in MS, but the presence of C-N bonds confirms the adsorption of ZMBE
on the MS surface.

As shown in Fig. 5b, the N element primarily exists in two forms. The
peak at 399.8 eV corresponds to the C-N and C-N" bonds, and that at
400.4 eV is corresponding to the -NH, bond (Sun et al., 2022b). These
may originate from dimboa or other amino acids in ZMBE.

As shown in Fig. 5c, the O element can be divided into three forms.
The binding energy at 529.8 eV corresponds to the O 1 s in FeO3 and
Fe304 (Mukhopadhyay et al., 2021). The strongest peak at 531.8 eV is
corresponding to FeOOH and FeO (Hu et al., 2021a). The peak at 533.2
eV is related to the neutral C-O and C—=O bonds and the protonated
C-0" and C=0" bonds in organic substances (Attou et al., 2020). It
further confirms the adsorption of the ZMBE'’s active ingredients on the
MS surface. This is consistent with the C 1 s results.

As shown in Fig. 5d, the Fe 2p3/, spectrum can be divided into three
distinct peaks. The first peak at 706.5 eV corresponds to the metallic iron
(Fe®) (Ahmed and Zhang, 2020). It indicates that the coverage of the
adsorption film of ZMBE is not 100 % and there are some defects. The
strong and broad peak at 710.8 eV arises from oxygen elements in Fe;O3,
FeOOH, FeO, and Fe304 (Berrissoul et al., 2022a; Hashim et al., 2019).
The presence of FeOOH and FeyO3 suggests that the addition of ZMBE
favors the formation of denser and more stable Fe>* compounds, which
enhance the corrosion resistance. The small peak at 714.4 eV corre-
sponds to the Fe complexes (Garai et al., 2012). This may be due to that
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Fig. 5. High-resolution XPS spectra of elements in ZMBE adsorption film on the MS surface: (a) C1s; (b) N 1s; (c) O 1 s; and (d) Fe 2p3,».

the organic molecules in ZMBE act as electron donors and/or electron
acceptors for Fe atoms, and it could also be owing to the chelation re-
actions between the adsorptive functional groups and Fe ions (Olivares-
Xometl et al., 2006). The latter is consistent with the FT-IR results where
the absorption peak of hydroxyl on the MS surface is almost
disappeared.

The XPS analysis indicates that the active molecules in ZMBE can
effectively adsorb on the MS surface, forming a protective film. It serves
to reduce the contact between MS and corrosive media, thereby
reducing the corrosion.

4.2. Surface observation results

Fig. 6 shows the surface morphology of MS samples immersed in 1 M
HCI solution with different concentration of ZMBE. As shown in Fig. 6a,
in the absence of ZMBE, the MS surface is corroded severely and the
corrosion pits are densely distributed. A typical uniform corrosion is
manifested. Upon the addition of 1.0 g-L. ! ZMBE, the corrosion pits are
reduced noticeably, as shown in Fig. 6b. With a ZMBE concentration of
5.0 gL}, the MS surface reveals the absence of corrosion pits, accom-
panied by the presence of a blurred protective film. It substantiates the
effective corrosion inhibition of MS in 1 M HCI solution by ZMBE,

Fig. 6. Effect of ZMBE concentration on surface morphology of MS in 1 M HCI solution: (a) without ZMBE; (b) with 1.0 g-L’l; and (c) with 5.0 g-L’1 ZMBE.
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establishing it as an excellent and green corrosion inhibitor.

4.3. Electrochemical corrosion results

4.3.1. OCP curves

OCP is the common potential formed by mutual polarization be-
tween the anodic and cathodic equilibrium potential in a natural state.
The shifts in OCP provide a means to evaluate the equilibrium ten-
dencies of the electrode reactions (Li et al., 2021b).

Fig. 7 shows the OCP-time curves for MS in 1 M HCI solution with
various concentration of ZMBE at 298, 308, and 318 K. In Fig. 7a,
regardless of the presence or the absence of ZMBE in 1 M HCl solution at
298 K, the change trend of OCP with time is almost similar. There is a
rapid increase in OCP during the initial 300 s of immersion, followed by
a continuous decrease. Around 1500 s, the OCP is stabilized gradually,
indicating that electrode reactions on the MS surface approach the dy-
namic equilibrium. Compared to the blank solution, the addition of
ZMBE makes the OCP of MS shift in the negative direction by approxi-
mately 30-35 mV. However, only when the potential fluctuation range
is greater than 85 mV, an anode-type or cathodic-type corrosion in-
hibitors can be judged (Moradia et al., 2021; Xu et al., 2024a). It sug-
gests that ZMBE in 1 M HCI solution at 298 K behaves as a mixed-type
corrosion inhibitor with a slightly dominant inhibition on cathodic
reaction.

As illustrated in Fig. 7b and 7c, the OCP change law at 308 K closely
mirrors that at 298 K. At 318 K, the change trend of OCP in the initial
immersion stage is slightly different, but it stabilizes eventually. Simi-
larly, the negative shift in the stable OCP with the addition of ZMBE at
308 and 318 K is consistently below 30 mV. It reaffirms the role of ZMBE
as a mixed-type corrosion inhibitor for MS in 1 M HCI solution at 308
and 318 K. Moreover, the stabilization of OCP is more rapidly with
increasing the solution temperature. This may be attributed to the
organic components in ZMBE being more easily adsorbed onto the sur-
face of MS at higher temperature.

4.3.2. PDP curves
Fig. 8 shows the PDP curves for MS in 1 M HCI solution with different
concentration of ZMBE at 298, 308 and 318 K. Table 2 provides the
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corresponding polarization parameters. Ciy, represents the concentra-
tion of ZMBE. E., and i.o are the corrosion potential and corrosion
current density of MS, respectively. b. and b, are the cathodic and anodic
Tafel slope values, respectively. #ppp is the corrosion protection effi-
ciency of ZMBE for MS and was calculated by the corrosion current
density without ZMBE (i% ) and with ZMBE (ice) (Jero et al., 2023; Zaidi
et al., 2023):

0 s
Mopp = "5 % 100% €
lcor

As depicted in Fig. 8a, the addition of ZMBE to 1 M HCI solution at
298 K prompts the PDP curves shift downwards to the left. Both the
anodic and cathodic polarization currents decrease, signifying the in-
hibition of both the anodic and cathodic corrosion reactions of MS. It can
be ascribed to the adsorption of organic molecules on the MS surface,
forming a protective film. Notably, the amplitude of the leftward shift in
the cathodic curve surpasses that in the anodic curve, indicating a more
pronounced inhibitory effect of ZMBE on the cathodic reaction. How-
ever, the negative shift of E., is clearly less than 50 mV, further sup-
porting that ZMBE acts as a mixed-type corrosion inhibitor for MSin 1 M
HCI pickling solution (Akounach et al., 2022).

As depicted in Fig. 8a, the addition of ZMBE does not significantly
alter the shape of the PDP curves, indicating that the cathodic and
anodic reactions of MS in 1 M HCI solution remain largely unchanged.
Specifically, the hydrogen evolution at the cathode and the iron disso-
lution at the anode persist. In an acidic corrosion system governed by the
activation polarization, the inhibitory mechanism of organic molecules
can be attributed to the “geometric coverage” effect. Here, the adsorp-
tion film serves to isolate the metal surface from the acidic solution.
Consequently, the electrode reactions are confined to the covered sur-
face, while the uncovered portion continues to undergo the original
corrosion reactions. With an escalation in ZMBE concentration, a greater
number of active sites on MS are coated. It results in a reduction of the
active areas and the cathodic and anodic reaction points. Consequently,
there is a deceleration in reaction rates and a leftward shift in the po-
larization curves. The more pronounced leftward shift in the cathodic
branch may be attributed to the more conspicuous adsorption behavior
of organic substances on cathodic active sites. Besides chemical
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Fig. 7. OCP curves for MS in 1 M HCI solution with different content of ZMBE at (a) 298, (b) 308, and (c) 318 K.
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Fig. 8. PDP curves for MS in 1 M HCI solution with different content of ZMBE at (a) 298, (b) 308, and (c) 318 K.

Table 2
Effect of ZMBE content on PDP parameters for MS in 1 M HCI solution at different temperature.

T/K Cinn/g'L 7" Ecor/mV vs. SCE bo/mV-dec ™! b,/mV-dec ! icor (x107%)/A-cm ™2 ppp/% Oppp

298 0 —468 —-129 87 43.87 - -
0.1 —487 —-120 77 19.05 56.5 0.565
0.5 —493 —108 75 7.18 83.6 0.836
1.0 —498 —134 78 6.52 85.1 0.851
3.0. —497 —141 79 6.01 86.3 0.863
5.0 —493 —-128 77 5.40 87.7 0.877

308 0 —473 —132 102 136.42 - -
0.1 —475 -122 82 48.14 64.7 0.647
0.5 —495 —116 75 20.63 84.9 0.849
1.0 -507 —115 83 15.48 88.7 0.887
3.0 —518 -120 92 8.38 93.9 0.939
5.0. —497 -125 74 7.04 94.8 0.948

318 0 —480 —153 114 252.31 - -
0.1 —480 -127 83 83.77 66.8 0.668
0.5 —495 —-118 74 37.23 85.2 0.852
1.0 —498 -111 71 20.69 91.8 0.918
3.0 —506 —-112 75 12.04 95.2 0.952
5.0 -516 —-116 89 9.65 96.2 0.962

adsorption owing to electron-sharing, physical adsorption induced by
electrostatic forces between the protonated molecules and metal surface
also preferentially occurs on the cathodic sites.

As shown in Fig. 8b and 8c, the influence law of ZMBE on PDP curves
at 308 and 318 K follows a similar pattern to that at 298 K. ZMBE still
works as a mixed-type corrosion inhibitor for MS in 1 M HCI solution.
The corrosion inhibition mechanism still is the “geometric coverage”
effect. Therefore, the coverage of ZMBE on the MS surface () is equal to
the corrosion inhibition efficiency and can be expressed as (Fatima et al.,
2020):

09— "ppp

~ 100 &)

As shown in Table 2, compared to the blank HCl solution without ZMBE,
the maximum difference in E.,; at 298 K is 36 mV and that at 308 and

318 K is also far less than 85 mV. ZMBE functions as a mixed-type
corrosion inhibitor for MS. At three experimental temperature, i., of
MS decreases as the ZMBE concentration increases. Correspondingly, #
of ZMBE increases with its concentration, and so is the coverage of ZMBE
on the MS surface. The optimal concentration of ZMBE at three exper-
imental temperature is 5.0 g-L!. The relevant maximum 7 at 298, 308,
and 318 K is 88.7 %, 94.8 %, and 96.2 %, respectively. In addition, 5
increases with an elevation in solution temperature, although the
magnitude of increase between 308 and 318 K is relatively modest.
Properly elevating the medium temperature is beneficial for the
adsorption of active ingredients on the MS surface, consistent with the
OCP results. It is crucial to highlight that as the temperature of the HCl
solution rises, i, and corrosion rate of MS undergo a noticeable in-
crease. Therefore, reducing the temperature of the corrosive environ-
ment emerges as one of the pivotal factors in mitigating the corrosion
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rate of metals.

4.3.3. EIS diagrams

Fig. 9 presents the Nyquist and Bode diagrams for MS in 1 M HCl
solution with different content of ZMBE at 298 K. Figs. 10 and 11 show
the EIS diagrams at 308 and 318 K, respectively.

As depicted in Figs. 9-11, whether or not ZMBE is added to 1 M HCl
solution at 298, 308, and 318 K, all Nyquist diagrams exhibit a single
distorted capacitive arc. It corresponds to the double-layer capacitance
at the MS/solution interface. The distortion in semicircular arc is due to
the frequency dispersion effect caused by the non-uniformity of the
actual double-layer capacitance. Furthermore, with an increase in ZMBE
concentration, the size of the semicircular arc and the impedance value
increase. The electrode reaction resistance of MS and the corrosion in-
hibition effect of ZMBE are improved.

As depicted in Fig. 9¢c, 10c, and 11c, under all experimental condi-
tions, only one peak is displayed in the phase angle spectra, suggesting
that there is only one time constant for the corrosion process at the
metal/solution interface (Rathod et al., 2022). All negative phase angle
peaks consistently are smaller than 90°. This is attributed to the inherent
roughness and non-uniformity of the metal surface in the actual elec-
trochemical system. As the concentration of ZMBE increases, both the
negative phase angle peak and the half-width of the angle peak aug-
ments. It suggests a thickening in metal/solution interface layer, a
reduction in double-layer capacitance, and an extension in frequency
response time (Asfia et al., 2020; Singh et al., 2008). This may be related
to the displacement of water molecules initially adsorbed on the metal
surface by the active organic molecules. As the concentration of ZMBE
rises, the adsorption and coverage of these active molecules intensify. In
turn, it leads to a reduction in exposed area of MS, a thickening in
double-layer, and a decrease in local dielectric constant. Additionally, at
three experimental temperature, the modulus of the low-frequency
impedance shows an upward trend with increasing ZMBE content (as
shown in Fig. 9b, 10b, and 11b). It suggests a concurrent increase in
charge transfer resistance for the corrosion reaction of MS.

As depicted in Figs. 9-11, the addition of ZMBE at three experimental
temperature almost does not alter the initial shape of the EIS diagrams.
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The corrosion mechanism of MS is not changed, and the corrosion in-
hibition mechanism of ZMBE still is the “geometric coverage” effect.
Notably, as the temperature of the HCl solution rises, the EIS parameters
such as the radius of the capacitive arc, the modulus of the low-
frequency impedance, the negative phase angle peak, and the half-
width of the angle peak decrease. It indicates a reduction in corrosion
resistance of MS with the increase of the solution temperature.

Fig. 12 shows the schematic diagram of the electrode/electrolyte
interface model and the equivalent circuit for analyzing EIS data. Where
R and R are the solution resistance and the charge transfer resistance.
CPE, constant phase element, represents the electric double-layer
capacitance of the interface between MS and solution and is expressed
as (Damej et al., 2023; Singh et al., 2008):

1

Zcpe = Yol 3
Where Y is the auxiliary parameter related to the capacitance value. n
indicates the deviation of the actual capacitance and ranges from O to 1
(Wang et al., 2024b). When n is 1, CPE behaves as an ideal flat-plate
capacitor. When n is smaller than 1, CPE represents a distorted capaci-
tance. o is the angular frequency, and j stands for the imaginary unit.
The electric double-layer capacitance (Cq;) was calculated using the
formula proposed by Hsu and Mansfeld (Lima et al., 2020):

Cdl = YO'((»‘)max),F1 = YO'(27UCmax)rF1 (4)

Where wp,ax is the characteristic angular frequency, and f.x is the
characteristic frequency corresponding to the maximum imaginary part
in Nyquist diagram.

Table 3 shows the fitting parameters of the EIS diagrams. Based on
the EIS results, the corrosion inhibition efficiency (ygs) of ZMBE was
calculated by the charge transfer resistance without ZMBE (R%) and with
ZMBE (R.;) (Gu et al., 2023; Zakaria et al., 2022):

Ret - R
R,

0
Mexs = < % 100% (5)
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Fig. 9. EIS diagrams for MS in 1 M HCI solution with different content of ZMBE at 298 K: (a) Nyquist diagrams, (b) and (c) Bode diagrams.
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Fig. 11. EIS diagrams for MS in 1 M HCI solution with different content of ZMBE at 318 K: (a) Nyquist diagrams, (b) and (c) Bode diagrams.

of ZMBE based on EIS results (0gs) is equal to the corrosion inhibition
efficiency and was calculated by Eq. (2). As shown in Table 3, both
ZMBE concentration and experimental temperature have little impact on
the conductivity of the 1 M HCl solution, all Ry is around 1 Q-cm?. With
an increase in ZMBE concentration, R, #gis, and 6gs are significantly
enhanced. The heightened concentration of active ingredients in the HCI
solution promotes the adsorption and coverage on the MS surface.
Consequently, the mechanical hindrance effect, the charge transfer
resistance, and the overall corrosion inhibition effect are improved.

10

The value of n is related to the roughness and uniformity of the actual
capacitance surface. A larger n means a closer the actual capacitance to
an ideal flat-plate capacitor (Zuo et al., 2021). As indicated in Table 3,
the addition of ZMBE has little impact on the value of n, which is within
the range of approximately 0.81 to 0.90, approaching 1. It suggests that
the electric double-layer at the MS/solution interface essentially be-
haves as an ideal flat-plate capacitor. The thin nature of the ZMBE
adsorption film on the MS surface is likely responsible for this. It further
confirms that all EIS diagrams exhibit only one capacitive arc and only
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(b)
Rs

(a) Schematic diagram of electrode/electrolyte interface, and (b) equivalent circuit for analyzing EIS data.

Table 3
EIS fitted parameters for MS in 1 M HCI solution with different concentration of ZMBE.

T/K Cinn/gL7! Ry/Q-cm? Yo/uQ lem 25" n Re/Q-cm? fmax/Hz Cai/pF-cm™2 NEs/% Ogis

298 0 1.3 117.1 0.862 49.5 56.84 52.0 - -
0.1 1.5 94.5 0.904 80.6 35.76 56.2 38.6 0.386
0.5 1.5 97.3 0.868 129.9 22.31 50.7 61.9 0.619
1.0 1.4 77.4 0.856 188.1 22.31 38.0 73.7 0.737
3.0 1.4 83.8 0.836 207.1 22.31 37.3 76.1 0.761
5.0 1.5 70.7 0.854 275.2 18.00 35.5 82.0 0.820

308 0 1.4 179.3 0.916 17.1 91.53 105.1 - -
0.1 1.3 138.7 0.909 35.2 56.84 81.2 51.4 0.514
0.5 1.4 101.1 0.870 87.6 35.76 50.0 80.5 0.805
1.0 1.3 103.8 0.852 103.5 28.27 48.2 83.5 0.835
3.0 1.4 82.5 0.851 148.1 28.27 38.1 88.5 0.885
5.0 1.2 101.3 0.832 171.4 22.31 44.2 90.0 0.900

318 0 1.3 247.5 0.932 8.1 144.97 155.7 - -
0.1 1.4 199.2 0.906 16.8 91.53 109.6 51.8 0.518
0.5 1.3 158.2 0.866 41.7 56.84 72.0 80.6 0.806
1.0 1.1 178.6 0.831 56.1 45.00 68.8 85.6 0.856
3.0 1.2 124.3 0.833 87.5 35.76 50.3 90.7 0.907
5.0 1.1 105.4 0.840 100.1 35.76 44.3 91.9 0.919

one time constant.

As indicated in Table 3, fiax decreases with increasing the ZMBE
concentration, thus the frequency response time of the double electric
layer capacitor is prolonged, and the values of Yy and Cq decrease.
According to the Helmholtz model (Hu et al., 2017b; Tang et al., 2023):

%S

€=

(6)
the capacitance value (C) is related to the real surface area of the bipolar
plates (S), the relative permittivity (&), and the distance of the bipolar
plates (d). ¢ of water molecules and active chloride ions generally is
higher than that of other substances, but the molecular size of the former
is generally smaller than that of organic components in ZMBE.

In the absence of ZMBE, water molecules and active chloride ions are
adsorbed on the MS surface. The addition of ZMBE leads to the
replacement of water molecules and chloride ions by active organic
molecules, resulting in a decrease in ¢ and an increase in d. Since the
adsorption of ZMBE has slight influence on n, the change in the actual
surface area of the electric double-layer capacitance can be negligible.
Therefore, the adsorption of ZMBE on the MS surface ultimately leads to
a decrease in electric double-layer capacitance. In addition, when the
protonated onium ions undergo electrostatic attraction with the initially
adsorbed chloride anions, they are physically adsorbed on the MS sur-
face, also contributing to a decrease in Cgq.

As indicated in Table 3, both 5gs and Ogs exhibit an increase with
solution temperature at the same ZMBE concentration. Specifically, at
298, 308, and 318 K, the maximum #gs of ZMBE is 82.0 %, 90.0 %, and
91.9 %, respectively. It is noteworthy that elevating the temperature of
the HCI solution results in a serious decrease in R and a severe increase

11

in Cq), indicating a reduction in the corrosion resistance of MS. The
change patterns of 5gs and #ppp with ZMBE content and solution tem-
perature are consistent, although the specific values differ. This
discrepancy is attributed to the variances in testing principles and
calculation methods between EIS diagrams and PDP curves.

4.4. Comparison between ZMBE and other plant extracts

Table 4 shows the comparison between ZMBE and other plant ex-
tracts as corrosion inhibitors for metals in 1 M HCI solution. On the
whole, 1 of most plant extracts increases with the extract concentration
and the medium temperature. But the optimal content and the maximum
n of different plant extracts are distinct. Obviously, the active in-
gredients in various extracts are different and so are the functional
groups and the electronic structures. In present work, n of ZMBE is
greater than that of other compared plant extracts. It implies that ZMBE
displays an excellent potential as an efficient, green, and renewable
corrosion inhibitor for MS in HCI pickling solution.

4.5. Adsorption behavior

4.5.1. Adsorption isotherms

The adsorption behavior of organic molecules on the metal surface is
an important criterion for assessing the effectiveness of corrosion inhi-
bition (Huang et al., 2022). Electrochemical corrosion analysis shows
that ZMBE exhibits an outstanding corrosion inhibition effect on MS in 1
M HCI solution and provides the corrosion inhibition mechanism of
“geometric coverage” effect. 6 is equal to 5. The adsorption isotherm
describes the relationship between coverage and concentration of the
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Table 4

Comparison between ZMBE and other plant extracts as corrosion inhibitors for metals in 1 M HCI solution.
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Plant extracts

Metals

Change of 5 with inhibitor content

Optimal content/g-L~"

Maximum 7

Reference

Moringa oleifera leaf
Lilium brownii leaf

Walnut fruit green husk
Oestrus ovis larvae
Ginkgo leaf

Akebia trifoliate koiaz peel
Randia monantha benth
Mangifera indica (mango) leaf
Pelargonium gravelons
Tragacanth gum

Prickly pear nopales pulp
Oxalis corniculata L.

White turnip bark

Bee pollen

Acanthopanax senticosus leaf
Cabbage

Zea mays bracts

API 5L X52 steel
X70 steel

Mild steel
Mild steel
X70 steel

Mild steel
Mild steel
Mild steel
Mild steel
Mild steel
XC38 steel
Carbon steel
Carbon steel
Copper
Carbon steel
X70 steel
Mild steel

Increase 4.0 73 % at 298 K Didouh et al., 2023

90 % at 333 K
Increase 0.2 84.3 % at 298 K Zuo et al., 2020

85.2 % at 308 K
Increase 0.8 84.5 % at 298 K Shahmoradi et al., 2021
First increase, then decrease 1.0 86.0 % at 301 K Mobtaker et al., 2022
Increase 0.2 89.9 % at 298 K Qiang et al., 2018

92.5 % at 318 K
Increase 0.8 90.0 % at 298 K Zhang et al., 2021
Increase 1.0 90.0 % at 298 K Hernandez et al., 2023
First increase, then decrease 0.8 92.0 % at 298 K Ramezanzadeh et al., 2018
Increase 0.2 92.6 % at 308 K Boussalem et al., 2022
Increase 0.6 92.7 % at 298 K Mohammad et al., 2023
First increase, then decrease 0.25 93.2 % at 298 K Madaci et al., 2023a
Increase 0.5 93.7 % at 298 K Wang et al., 2023
Increase 0.8 94.4 % at 298 K Alemnezhad et al., 2023
Increase 7.0 94.5 % at 298 K Ahmed et al., 2020
Increase 0.15 94.5 % at 298 K Liao et al., 2022
Increase 0.1 95.9 % Sun et al., 2022
Increase 5.0 87.7 % at 298 K Present work

94.8 % at 308 K
96.2 % at 318 K

organic inhibitor at a constant temperature and is profit to understand
the adsorption film on the metal surface. Based on Oppp and Ogs, the
following different adsorption isotherm equations were tried.
Langmuir adsorption isotherm (Shadi et al., 2023; Xu at al., 2022b):
Cinh _ 1

- Cin
0 Kads * "

)

El-Awady adsorption isotherm (Bhardwaj et al., 2021; Dehghani
et al., 2019b):

lnl;og = InK' +yInCipp (8)
Temkin adsorption isotherm (Vaszilcsin et al., 2023):
1 1
0= — %lnth — %lnb (9)

Where 0 is the coverage of ZMBE on the MS surface, i.e. fppp and 6g;s in
Tables 2 and 3. Cinp, is the mass concentration of ZMBE (g~L’1). Kags is
the adsorption equilibrium constant (L-g ™), and it can be determined by
the intercept in Langmuir isotherm. In El-Awady isotherm, K,4s can be
derived by K/, i.e.Kaqs = K1”Y). Where 1/y stands for the number of
water molecules which are replaced by one organic molecule (Jyothi
and Ravichandran, 2014). b is the Temkin isotherm constant. @« means
the interaction force between the organic molecules in the adsorption
layer (Jyothi and Ravichandran, 2014). A negative « indicates a repul-
sive force, while a positive a suggests an attractive force.

The fitting results of various adsorption isotherms are presented in
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Figs. 13-15 and Tables 5 and 6. At three experimental temperatures
(298, 308, and 318 K), the adsorption of ZMBE on the MS surface strictly
adheres to the Langmuir isotherm. While the resemblance of the El-
Awady isotherm is not as robust as that of the Langmuir isotherm, it
still holds a certain degree of reliability. Clearly, the adsorption of ZMBE
on the MS surface does not conform to the Temkin isotherm.

The Langmuir isotherm, being an ideal adsorption model, assumes
that the adsorption molecules do not interact with each other on a
uniform solid surface and eventually reach equilibrium. Therefore, the
active molecules in ZMBE form a monolayer adsorption film on the MS
surface without interaction forces. This alignment with EIS results,
where only one single capacitive arc and one single time constant are
displayed. It further confirms the surface observations derived from
SEM.

Kaqs reflects the adsorption capacity of organic molecules (Khadija
et al., 2023). A higher K,qs indicates a stronger adsorption capability of
the active molecules on the MS surface, showing a better corrosion in-
hibition effect. As depicted in Table 5, K,qs increases with solution
temperature, and the strongest adsorption capacity of ZMBE is at 318 K,
coinciding with the 7 result.

As depicted in Fig. 14 and Table 6, the linear correlation coefficient
for the El-Awady isotherm is nearly close to 1, suggesting that the
adsorption of the active molecules on the MS surface also follows the El-
Awady model. All 1/y is greater than one, but it decreases with the
increasing of solution temperature. A single organic molecule can
displace multiple water molecules and occupy multiple active adsorp-
tion sites on the MS surface (Jyothi and Ravichandran, 2014).
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Fig. 13. Langmuir isotherms of ZMBE on the MS surface based on (a) PDP and (b) EIS results.
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Fig. 14. El-Awady isotherms of ZMBE on the MS surface based on (a) PDP and (b) EIS results.
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Fig. 15. Temkin isotherms of ZMBE on the MS surface based on (a) PDP and (b) EIS results.
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Table 5
Fitting results for the Langmuir isotherms of ZMBE on the MS surface.
Test T/ R? Slope  Intercept  Kags/ AGaas/
methods K Lg! kJ-mol !
PDP 298 0.999 1.13 0.0633 15.8 —-23.9
308 0.999 1.04 0.0614 16.2 —-24.7
318 0.999 1.03 0.0603 16.6 —25.6
EIS 298 0.998 1.20 0.1726 5.8 —21.4
308 0.999 1.10 0.0899 11.1 —23.8
318 0.999 1.07 0.0872 11.5 —24.6

However, the number of active adsorption points that can be
replaced by organic molecules tends to decrease at higher temperature.
This may be linked to the alterations in the adsorption mode, such as the
relative ratios of physical adsorption to chemical adsorption (Li et al.,
2021b; Luo et al., 2023). Furthermore, the variation of K,qs with tem-
perature is consistent based on both the El-Awady and Langmuir iso-
therms. The optimal adsorption ability of organic molecules is observed
at 318 K, followed by 308 K.

Table 6
Fitting results for the El-Awady isotherms of ZMBE on the MS surface.

4.5.2. Adsorption thermodynamic parameters

To further investigate the adsorption behavior of ZMBE on the MS
surface, the adsorption Gibbs free energy (AG,qs) was calculated by Kygs
(Martinez-Gonzalez et al., 2023):

A
exp( - g;ds>

Where R is the gas constant, 8.314 J-K‘lamol_l; T is the thermody-
namic temperature (K); psolvent is the mass concentration of the solvent
(i.e. water) in the corrosion system (g-L’l). The concentration of ZMBE
is relatively low and can be neglected. Thus, psolvent of 1 M HCI solution
is about 962 g-L 1.

A negative AG,qs indicates a spontaneous adsorption process of
organic molecules on the metal surface. On the contrary, it is the
desorption process (Mehdi et al., 2019; Nesane et al., 2023). Generally,
when AGags is greater than —20 kJemol ™}, it is physical adsorption.
When AG,gq;s is less than —40 kJ omol’l, it is chemical adsorption. And it
is mixed adsorption when AG,gs ranges from —40 to —20 kJemol !
(Mehdi et al., 2019; Obi-Egbedi et al., 2012). As shown in Tables 5 and 6,
all AG,gs is negative, and it ranges from —40 to —20 kJ emol?, closer to
—20 kJemol!. The adsorption process of active molecules on the MS

(10

Kads =

Psolvent

Test methods T/K R? Slope Intercept 1/y K Kags/L-g ! AG,gs/kJ-mol !
PDP 298 0.847 0.41 1.4115 2.4 4.1 31.2 —25.6

308 0.991 0.59 2.0391 1.7 7.7 31.4 —26.4

318 0.988 0.65 2.2752 1.5 9.7 33.0 —27.4
EIS 298 0.941 0.46 0.7731 2.2 2.5 5.4 —-21.2

308 0.921 0.53 1.4364 1.9 4.2 14.9 —24.5

318 0.953 0.60 1.6316 1.7 5.1 15.2 —25.4
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surface is spontaneous, and it is a mixed adsorption mainly based on
physical adsorption. AG,qs is more negative with a higher temperature,
so the proportion of chemical adsorption in mixed adsorption is
enhanced.

4.5.3. Adsorption kinetic parameters
The corrosion rate of MS (v) was approximately calculated based on
Faraday’s law:

_ Mi icorr

oF (€8]

Where M is the relative atomic mass of MS, about 56 g-mol~*. n is the
number of exchanged charges in the oxidation reaction of Fe, taken as 2.
F is the Faraday constant, nearly 26.8 A-h. According to the Arrhenius
and transition state theories (Mrani et al., 2023), the effect of ZMBE on
kinetic parameters of the corrosion reaction of MS in 1 M HCI solution
was analyzed.

Arrhenius equation (Chaudhary et al., 2012a, 2013b, 2016¢):

E

Iny =InA — -2 12
nv RT 12)
Transition state equation (Lin et al., 2021a):

v AH, AS R
In(z)=-=2 2 4In( 1
()= -Fr Rt n(Nh) a3

Where A is the pre-exponential factor in the Arrhenius equation. E, is the
activation energy of the corrosion reaction of MS. R and T are similar to
those in Eq. (11). N is the Avogadro’s constant, 6.02 x 102 mol~ L. his
the Planck’s constant, 6.626 x 1073% J.s71. AH, and AS, are the acti-
vation enthalpy and activation entropy of the corrosion reaction of MS.

Fig. 16 shows the fitting results of the Arrhenius and Transition state
kinetic equations for the corrosion reaction of MS in 1 M HCI solution
with different ZMBE concentration. Table 7 lists the corresponding pa-
rameters of the activation reaction. Both kinetic equations for the
corrosion reaction of MS exhibit a good linear relationship.

A significant decrease in E, is a characteristic of the chemical
adsorption, while a remarkable increase in E, indicates the physical
adsorption (Lin et al., 2024c; Abdullah et al., 2023). As shown in
Table 7, the addition of ZMBE results in a decrease in E,. Specifically, E,
is 69.2 kJ-mol~! in the absence of ZMBE, and it decreases to 22.9
kJ-mol ! in the presence of 5.0 g-.L.~! ZMBE. The slight decrease in E,
can be attributed to the mixed adsorption of active ingredients in ZMBE
on the MS surface. Obviously, the physical and chemical adsorption
abilities of various organic molecules in ZMBE are different. As the
temperature increases, the physical adsorption will be weakened, and so
is their inhibitory effect. Meanwhile, the irreversible chemical adsorp-
tion caused by electron sharing requires higher concentration of ZMBE.

The pre-exponential factor A reflects the quantity of active sites
available for the corrosion reaction of the metal (Garai et al., 2012).

71 (a) = (0g/L Fittedm=——0 g/L
® 0.1g/L Fitted=——0.1 g/L
0.5¢g/L  Fitted 0.5 g/L
6F v 1.0g/L Fitted=——1.0 g/L
—~ 3.0¢g/L Fitted 3.0g/L
= 5.0¢g/L  Fitted=——5.0 g/L
o SF =
g
L4t
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=7
.|
3F \
y
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Table 7
Effect of ZMBE concentration on kinetic parameters of corrosion reaction of MS
in 1 M HCI solution.

Cinn/gL™t  A/gm2h™!  E/kJmol™'  AHy/kJmol™  AS,/Jmol* K™
0 6.59 x 10%° 69.2 66.6 -3.1
0.1 2.09 x 102 62.8 56.0 —31.9
0.5 9.60 x 10%° 57.1 54.5 —43.3
1.0 7.74 x 10° 41.9 43.2 -83.3
3.0 3.89 x 10° 27.4 24.8 -146.5
5.0 5.65 x 10° 22.9 20.3 —~165.2

Upon the addition of ZMBE to the HCI solution, A undergoes a signifi-
cant decrease. Specifically, it is 6.59 x 102 g-m™2h™! in the blank so-
lution, and it diminishes to 5.65 x 10° g-m~2h ™! in the presence of 5.0
g-L™! ZMBE, reducing by more than eight orders of magnitude. This
substantial reduction in A is clearly attributed to the adsorption of
organic molecules on the micro-anodes and micro-cathodes of the MS
surface. The adsorption film inhibits both the anodic and cathodic
corrosion reactions, which has been confirmed by the PDP and EIS tests.
As the concentration of ZMBE increases, the adsorption of organic
molecules intensifies, and more active sites on the MS surface are
covered. The variation of A with ZMBE concentration provides further
confirmation of the inhibition mechanism of the “geometric coverage”
effect.

As depicted in Table 7, AS, is reduced obviously after ZMBE is added,
implying a significant improvement in orderliness of the MS surface.
This can be attributed to the ordered arrangement and adsorption of the
active components, which replaces the initially disordered adsorption of
chloride ions and water molecules (Du et al., 2022b). With an increase in
ZMBE concentration, AS, becomes more negative, and a higher order of
the MS surface is obtained. Furthermore, AH, at all experimental con-
ditions is positive, suggesting an endothermic process of the corrosion
reaction of MS. Consequently, with an elevation in the temperature of
the HCI solution, the corrosion rate of MS significantly increases. But the
endothermic effect decreases with an increase in ZMBE concentration,
leading to a reduction in the corrosion rate.

4.6. Theoretical simulation results

4.6.1. DFT calculations

To investigate the adsorption behavior of the active ingredients on
the MS surface and to further confirm their corrosion inhibition mech-
anism of “geometric coverage” effect, DFT calculations were conducted.
The distribution of the front molecular orbitals of the active molecules
was studied. And the relevant activity energy parameters were calcu-
lated, which included the highest occupied molecular orbital energy
level (Egomo), the lowest unoccupied molecular orbital energy level
(ELumo), the energy gap (AE) reflecting the molecular stability and
reactivity, the ionization potential (I) representing how easily a mole-
cule can be ionized (Aihara, 1999; Yoshidaa and Aihara, 1998), the
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Fig. 16. Fitting lines of the kinetics equations for corrosion reaction of MS in 1 M HCl solution with different content of ZMBE: (a) Arrhenius, and (b) Transition state.
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electron affinity (A) describing the released energy when a molecule
acquires an electron, the electronegativity (y), the global hardness ({),
and the electron transfer capability (AN) reflecting the ability of organic
molecules sharing electrons with metal atoms (Nabajyoti et al., 2019).
The calculation formulas are as follows (Wang et al., 2023c; Wu et al.,
2023b):

AE = Erymo — Enomo (14)
I = — Enomo (15)
A = —Eumo (16)
I+A E +E
y= _ _ Ewmo + Enomo a7
2 2
I—A  Eiymo — Enomo
— — LMo —HOMO 18
¢ 3 D) (18)
AN = ¢Fe — Xinh (19)

B Z(é,Fe + Cinh)

Where yinn and (inn are the electronegativity and global hardness of
organic molecules (Bahlakeh et al., 2017; Madaci et al., 2023b). {pe is
the global hardness of Fe, which can be neglected (Haldhar et al., 2021;
Madaci et al., 2023b). ¢pe is the work function of Fe, about 4.82 eV
(Savas et al., 2023; Sukdeb et al., 2023). The work function is the
minimum energy required to move an electron from the interior to the
surface of a solid. The electronegativity does not consider the interaction
between electrons, but it only considers the Fermi energy of free electron
gas. Therefore, the electronegativity of Fe (yr.) is replaced by ¢, during
calculating AN, as shown in Eq. (19).

The electron-rich sites in organic molecules, such as heteroatoms O
and N, multiple bonds, aromatic rings, contain lone-pair and/or =
electrons which can be provided to the unfilled 3d orbitals of Fe (Madaci
et al., 2023b). In a similar manner, the lone-pair electrons in organic
molecules act as electron acceptors, receiving electrons from the filled
3d orbitals of Fe. This electron sharing and the coordination bonds
formed between organic molecules and Fe atoms contribute to the
chemical adsorption process (Sirsendu et al., 2021; Wang et al., 2023c).

OH

\

0
e+

Hydroxycinnamic acid

\

HO

HY OH
|
N_ _O
2
~o 0~ SOH

Glucuronic acid
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Organic compounds are consequently adsorbed on the MS surface,
forming a protective film to impede the contact of the corrosive medium
with the metal. The site centers in organic molecules play a predominant
role in governing the binding between organic molecules and metal
atoms through the interactions of electron donor and electron acceptor
(El-Mokadem et al., 2023; Lgaz and Lee, 2023). Based on the DFT cal-
culations, the impact of protonation of various heteroatoms in active
ingredients on the molecular geometric equilibrium configuration was
analyzed. The optimal protonation atom and the corresponding equi-
librium configuration were identified, as shown in Fig. 17.

Fig. 18 shows the distributions of HOMO and LUMO for active in-
gredients of hydroxycinnamic acid, dimboa, glucuronic acid, and rutin
under the neutral state. In the case of neutral hydroxycinnamic acid, the
HOMO and LUMO distributions are spread across the entire molecular
configuration, encompassing the benzene ring, hydroxyl, carboxyl, and
double bonds. Similarly, for neutral dimboa, HOMO and LUMO are also
distributed across the whole molecule, including two aromatic rings,
two hydroxyls, and one carbonyl. These regions are rich in n electrons
and/or lone-pair electrons, enabling both neutral hydroxycinnamic acid
and dimboa to donate and accept electrons from Fe atoms. The syner-
gistic adsorption effect involves electron donation and acceptance,
facilitating electron-sharing coordination with Fe atoms on the MS
surface. For neutral glucuronic acid, the distributions of HOMO and
LUMO are slightly smaller. HOMO primarily concentrates on carbonyl
and its adjacent two hydroxyls, while LUMO is mainly distributed on
carbonyl and its adjacent four hydroxyls. In the case of neutral rutin,
HOMO and LUMO are predominantly centered on benzene ring 1, aro-
matic ring 2, and benzene ring 3, as well as on hydroxyls attached to
benzene rings 1 and 3 and carbonyl attached to aromatic ring 2. These
aromatic rings, hydroxyls, and carbonyls are capable of receiving elec-
trons from Fe ions, forming stable chelates and producing chemical
adsorption effect. Due to the relatively large spatial distortion structure
of neutral rutin molecules, they exhibit greater directionality in the
binding process with the surface (Rachid et al., 2022).

Fig. 19 shows the distributions of HOMO and LUMO for the pro-
tonated active ingredients in ZMBE. Notably, protonation has little
impact on HOMO and LUMO of hydroxycinnamic acid and dimboa. It
suggests that hydroxycinnamic acid and dimboa, in both neutral and

Fig. 17. Geometric equilibrium configurations of the optimal protonated components in ZMBE.
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Fig. 18. Frontier molecular orbital distributions of typical active ingredients in ZMBE at the neutral state.

protonated states, retain the ability of electron donation and acceptance.
In addition, the protonated hydroxyls in hydroxycinnamic acid and
dimboa carry a positive charge, establishing electrostatic attraction with
the negatively charged chloride ions initially adsorbed on the MS sur-
face, leading to physical adsorption on the MS surface. Moreover, the
polar functional groups in hydroxycinnamic acid and dimboa can also
undergo physical adsorption through dispersion forces, induction ef-
fects, and other mechanisms. Consequently, hydroxycinnamic acid and
dimboa experience both chemical and physical adsorption through the
synergistic effect of multiple channels. The protonation of glucuronic
acid has a slight impact on its electron-donating ability, but it enhances
electron-accepting capability.

This results in a strengthened synergistic adsorption effect for glu-
curonic acid after protonation. Given its more favorable protonation in
an acidic environment, glucuronic acid provides an improved corrosion
protection for MS. However, under neutral and alkaline conditions, the
protonation of glucuronic acid is limited, which will affect its corrosion
inhibition function. For rutin, the HOMO distribution remains largely
unaffected by protonation, while the LUMO distribution is slightly
weakened on aromatic rings 1 and 2 and enhanced on heterocycle 4.
This variation may be attributed to the spatial distortion inherent in the
large molecule of rutin (Qiang et al., 2018).

Table 8 presents the reaction activity energy parameters of typical
ingredients in ZMBE. A larger Eyomo implies a stronger electron-
donating ability of the organic molecule, while a smaller Ejymo in-
dicates a stronger capability to accept electrons. In the neutral state,
there is no significant difference in Eyomo among the four active

16

ingredients, with dimboa and rutin having slightly higher Eyonmo values.
The variation in Epyyo among four ingredients is smaller than 1 eV, with
rutin and hydroxycinnamic acid exhibiting slightly lower Ejymo values.
After protonation, the decrease in Epyyo is more pronounced than that
in Egomo. The reduction in all Egyomo values is less than 1 eV, while
Erumo of hydroxycinnamic acid, dimboa, glucuronic acid, and rutin is
reduced by about 1.53, 3.40, 2.40, and 0.35 eV, respectively. The
changes in Egomo and Epymo suggest that the protonation of active in-
gredients weakens their electron-donating ability, but it significantly
enhances their electron-accepting ability, with the exception of rutin. In
the protonated state, Eyomo for hydroxycinnamic acid, dimboa, and
rutin is similar, and Ejymo for hydroxycinnamic acid, dimboa, and
glucuronic acid is comparable. In both neutral and protonated states, the
mechanism through which the active ingredients share electrons with Fe
atoms and form coordination bonds is altered to some extent. However,
they ultimately result in the formation of the coordination compounds
by the synergistic effect of chemical adsorption and physical adsorption,
effectively blocking the contact between MS and the solution and sup-
pressing the corrosion reaction.

AE serves as an indicator of electron stability and chemical reactivity
for organic molecules (El-Faydy et al., 2022; Prasad et al., 2022b). A
smaller AE suggests a greater activity of organic molecules, a higher
propensity for electron sharing with Fe atoms, and a stronger interaction
with the MS surface. As shown in Table 8, AE for neutral hydroxycin-
namic acid and rutin is relatively smaller than that of dimboa and glu-
curonic acid, primarily attributed to the smaller Ejyyo of the former
two. After protonation, all AE for the four ingredients decreases. While
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Fig. 19. Frontier molecular orbital distributions of the typical active ingredients in ZMBE in the protonated state.

Table 8

Reactivity energy parameters of active ingredients in ZMBE.
Components Enomo/eV Erymo/eV AE/eV I/eV A/eV /ev x/ev AN/eV u/D
Neutral state
Hydroxycinnamic acid —6.47 —1.98 4.49 6.47 1.98 2.24 4.22 0.13 7.02
Dimboa —5.94 —1.00 4.93 5.94 1.00 2.47 3.47 0.27 6.28
Glucuronic acid -7.11 -1.24 5.86 7.11 1.24 2.93 4.18 0.11 5.40
Rutin —6.12 —2.00 4.12 6.12 2.00 2.06 4.06 0.18 10.14
Protonated state
Hydroxycinnamic acid —6.93 -3.51 3.42 6.93 3.51 1.71 5.22 —0.12 12.97
Dimboa —6.47 —4.40 2.01 6.47 4.40 1.04 5.54 —0.30 4.78
Glucuronic acid —8.08 —-3.64 4.44 8.08 3.64 2.21 5.86 -0.23 9.29
Rutin —6.38 -2.35 4.03 6.38 2.35 2.01 4.37 0.11 16.19

the decrease in rutin is relatively small, dimboa exhibits the most sig-
nificant reduction (about —2.92 eV), owing to the substantial decrease
in Eyymo (near —3.40 eV). Except rutin, the reactivity of the other three
ingredients significantly increases after protonation. In neutral and
alkaline environments, protonation of organic molecules is difficult, and
the protonated molecules might not exist. For rutin, its chemical reac-
tivity is almost unaffected by its states. Therefore, the electron sharing
and the formation of the adsorption film of rutin is less susceptible to the
pH of the solution. Rutin is likely to exhibit excellent corrosion inhibi-
tion properties in neutral and alkaline media. This is distinguished from
hydroxycinnamic acid, dimboa, and glucuronic acid which may provide
effective corrosion inhibition primarily in acidic conditions.

AN reflects the electron transfer ability of organic molecules to metal
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atoms (Kellal et al., 2023; Kumar et al., 2022). When AN is smaller than
3.6 eV, a larger AN indicates a higher reactivity and a stronger electron-
donating capability of organic molecules. A positive AN implies that the
organic molecules primarily act as the electron donors to metal atoms.
Conversely, a negative AN indicates that the organic molecules tend to
receive electrons from metal atoms (Singha et al., 2017; Swathi et al.,
2023). In both neutral and protonated states, AN of four ingredients is
positive, with dimboa and rutin exhibiting the highest AN. After pro-
tonation, dimboa, glucuronic acid and hydroxycinnamic acid tend to
receive electrons, and dimboa has the most significant change. AN of
rutin is the least variable. This further confirms that the electron-
donating and electron-accepting ability of rutin is almost unaffected
by protonation.
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According to the maximum hardness principle, there is a correlation
between chemical reactivity and ¢ (Kaya and Kaya, 2015). A larger ¢
implies a greater chemical stability of the chelates, an enhancement of
the charge transfer resistance, and a stronger corrosion inhibition
capability (Hu et al., 2016c). As indicated in Table 8, the stability of the
complexes formed by neutral molecules with Fe ions is high, but it
overall decreases after protonation. Rutin is a special case in which the
stability of the corresponding chelates remains almost unchanged.

y serves as an indicator of the electron-attracting ability of organic
molecules (Mrani et al., 2023; Rahma et al., 2023; Wang et al., 2022d). A
larger y indicates that the formed chemical bonds are less stable, which
are unfavorable for the protection of the metal surface. u is related to the
polarity of organic molecules (Bayram et al., 2018; Mustafa et al., 2019;
Wang et al., 2022d). Generally, a higher u corresponds to a stronger
intermolecular interaction, which favors the adsorption of organic
molecules on the metal surface through electron forces and provides a
better corrosion inhibition (Ech-Chebab et al., 2022; Zhang et al.,
2023b). As shown in Table 8, at both neutral and protonation states,
rutin exhibits the highest y, suggesting the most significant corrosion
inhibition effect on MS.

4.6.2. MD calculations
MD simulations were conducted to further understand the interac-
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tion between organic molecules and the MS surface and to clarify the
corrosion inhibition and adsorption mechanisms. The adsorption energy
(Eags) was calculated (Hou et al., 2021; Tan et al., 2024a):

Eads = Etot — (Emet+sol + Einh) (20)

Where E;, is the total energy of the entire simulation system, including
water molecules, organic molecules, and Fe atoms. Epet+tot i the energy
of the simulation system merely with water molecules and Fe atoms. Ejyp
is the energy of the simulation system only with organic molecules.
Fig. 20 and 21 present the snapshots of the side and top views of the
final equilibrium configurations of four active ingredients on the Fe
(110) plane. In both neutral and protonated states, hydroxycinnamic
acid and dimboa are adsorbed in a fully parallel manner, aligning with
the results of HOMO and LUMO which distribute on the entire molecular
configurations. In the case of neutral glucuronic acid, apart from one
hydroxyl and one C-C bond, the rest are adsorbed parallel to the Fe
(110) plane, different from the results of HOMO and LUMO distribu-
tions. It can be attributed to the chelation reactions between carboxyl
and Fe ions, along with the physical adsorption caused by the dispersion
and induction forces between the polar hydroxyls and the Fe(110)
surface (Tan et al., 2023b). For protonated glucuronic acid, the entire
molecule is adsorbed parallel to the Fe(1 10) surface, resembling LUMO
distribution but differing from HOMO distribution. Therefore, the

Components Neutral state

Hydroxycinnamic acid

Dimboa

Glucuronic acid

Rutin

Protonated state

Fig. 20. Snapshot of side view of final equilibrium configurations of the active ingredients on the Fe(110) plane.
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Components Neutral state

Hydroxycinnamic acid

Dimboa

Glucuronic acid

Rutin

Protonated state

Fig. 21. Snapshot of top view of final equilibrium configurations of the active ingredients on the Fe(110) plane.

protonated glucuronic acid undergoes both physical and chemical
adsorption, as described above.

The positively charged protonated oxygen atom in carboxyl creates
electrostatic attraction with the negatively charged chloride ions
initially adsorbed on the Fe(110) surface, further promoting the phys-
ical adsorption. For neutral rutin, benzene rings 1 and 3, along with
three heterocycles, are adsorbed parallel to the Fe(110) plane, while
some hydroxyls deviate, corresponding to the DFT results. In the case of
protonated rutin, benzene rings 1 and 3 are still adsorbed parallel to the
Fe(110) surface, while heterocycles 4 and 5 are lifted off. This may be
attributed to the distortion of the rutin molecule, where heterocycle 4
and benzene 3 have a smaller bond angle in their spatial distribution,
making them more compact and mutually exclusive when receiving
electrons (Dutta et al., 2017).

Table 9 shows E,4s of the active ingredients on the Fe(110) plane. All
E,qs is negative, indicating a spontaneous adsorption process of the
active molecules on the most stable Fe(110) plane. A lower E,4s value
indicates a stronger adsorption performance (Berrissoul et al., 2021b).
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E,gs of rutin is 329.8 eV in the neutral state, and it is 375.6 eV in the
protonated state, obviously smaller than that of glucuronic acid,
hydroxycinnamic acid, and dimboa. This difference can be attributed to
the number of aromatic rings in the molecules. Glucuronic acid lacks
benzene ring, hydroxycinnamic acid has one aromatic ring, dimboa has
two aromatic rings, while rutin contains five aromatic rings. The aro-
matic rings directly influence the adsorption capability and the corro-
sion inhibition performance of the organic molecules (Lin et al., 2023b;
Sergio et al., 2010).

Table 9
Eaqs of the active ingredients in ZMBE on the Fe(110) plane (kcal-mol ).

Components Neutral state Protonated state
Hydroxycinnamic acid -118.4 -136.4
Dimboa —146.5 —183.5
Glucuronic acid -126.8 —142.2
Rutin —329.8 —375.6
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4.7. Adsorption and corrosion inhibition mechanism

In an acidic corrosion system, the corrosion inhibition performance
of organic molecules on metal primarily depends on their adsorption
capacity, which is closely related to the molecular structure (Abdelaziz
et al., 2021; Li et al., 2022c; Prasad et al., 2022b). There are two main
types of adsorption patterns, i.e. physical adsorption and chemical
adsorption. Physical adsorption is typically achieved through electro-
static attraction between charged metal surfaces and charged organic
substances (Du et al., 2023a; Haldhar et al., 2021; Shahmoradi et al.,
2022). It can also be facilitated through dispersion and induction forces
related to the polar functional groups in organic molecules (Umoren
et al., 2022; Xu et al., 2024a). On the other hand, chemical adsorption
involves electron transfer, exchange, and/or sharing between the
organic molecules and the metal atoms, resulting in the formation of
coordination bonds and compounds. Chelation reactions between
organic molecules and metal ions also contribute to the chemical
adsorption (Madaci et al., 2023b; Sun et al., 2023c). To further elucidate
the relationship between adsorption and corrosion inhibition mecha-
nism of the active ingredients for MS, a corresponding model was con-
structed, as shown in Fig. 22.

(a)
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The FT-IR, UV-visible and XPS analyses show that the organic mol-
ecules in ZMBE could interact with the MS surface to form an adsorption
film. The DFT and MD results reveal that the adsorption behavior of
organic molecules on the MS surface is linked to the distributions of
HOMO and LUMO, as well as the quantity of = and lone-pair electrons.
These characteristics, in turn, depend on the number of aromatic rings,
heteroatoms, carbonyls, hydroxyls, double bonds, etc. Furthermore,
these active centers in ZMBE determine the chemical reactivity of the
organic molecules with Fe atoms/ions. As depicted in Fig. 22a, in the
absence of ZMBE, the MS surface is covered by water molecules,
hydrogen ions, and chloride ions, generating corrosion pits. After ZMBE
was added (rutin was taken as an example), the organic molecules un-
dergo a synergistic effect of physical and chemical adsorption through
multiple factors, resulting in the mixed adsorption on the MS surface.

Based on the results of the Langmuir and El-Awady adsorption iso-
therms, the active molecules replace the initially adsorbed water mol-
ecules and chloride ions, forming a monolayer adsorption film. This
closely fits the MD results where the active molecules adsorb flatly on
the metal surface. The film blocks the mechanical contact between the
corrosive medium and the metal surface, expelling the hydrogen ions
and chloride ions. As a result, the active sites on the metal surface are

Corrosion pits

Mild steel
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Fig. 22. Diagrammatic sketches for adsorption and corrosion inhibition mechanism of the active ingredients on MS.
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reduced, inhibiting corrosion. This inhibition effect is primarily attrib-
uted to the rich content of aromatic rings, heteroatoms, carbonyls, hy-
droxyls, and other polar functional groups in ZMBE. These polar groups
enable both physical and/or chemical adsorption. Hydroxycinnamic
acid, dimboa, glucuronic acid, and rutin contain the mentioned func-
tional groups. Rutin, with the most aromatic rings, exhibits excellent
mixed adsorption effect and high coverage of the adsorption film.
Although glucuronic acid lacks aromatic ring, its strongly polar carbonyl
and hydroxyl groups also ensure the strong physical and chemical
adsorption. It is worth noting that Fe?* in the vicinity of the micro-anode
covered by ZMBE can undergo further oxidation to Fe®*. With the
release of H, the pH near the micro-anode increases, promoting the
deposition of iron (3 + ) hydroxides and oxides and enhancing the
corrosion resistance (Jian et al., 2023; Lin et al., 2024c; Zhao et al.,
2023). In summary, ZMBE proves to be an outstanding corrosion in-
hibitor for MS in 1 M HCI pickling solution, with 5 up to 96.2 %, and the
corrosion inhibition mechanism can be attributed to the “geometric
coverage” effect.

5. Conclusions

The abundantly agricultural byproducts, Zea mays bracts, were uti-
lized as a renewable source for green corrosion inhibitor, and Zea mays
bracts extract (ZMBE) was obtained with extraction solvent of etha-
nol-water. ZMBE was applied as corrosion inhibitor for mild steel (MS)
in 1 M HCI pickling solution. The corrosion inhibition and adsorption
mechanism of ZMBE was investigated through experimental and theo-
retical calculations. The main conclusions are as follows.

(1) ZMBE contains various phytochemicals such as carbohydrates,
phenolic compounds, phenylpropanoids, and flavonoids. They
are rich in organic functional groups like hydroxyls, carbonyls,
carboxyls, aromatic rings, and heterocycles. These groups can
form coordination bonds and complexes with Fe and adsorb on
the MS surface.

ZMBE functions as a mixed-type corrosion inhibitor with a minor
predominant inhibition of cathodic corrosion. ZMBE demon-
strates an excellent corrosion inhibition behavior. At 298, 308,
and 318 K, the maximum inhibition efficiency at 5.0 g-L~ ZMBE
is 87.7 %, 94.8 %, and 96.2 %, respectively.

The corrosion inhibition mechanism of ZMBE for MS is “geo-
metric coverage” effect. The active ingredients in ZMBE can
spontaneously adsorb on the MS surface and follow well with the
Langmuir isotherm, forming a monolayer adsorption film.

The typical components of hydroxycinnamic acid, dimboa, glu-
curonic acid, and rutin in ZMBE exhibit outstanding electron-
sharing abilities, electrostatic attractions, and a synergistic ef-
fect based on chemical adsorption and physical adsorption.
After protonation, the mixed adsorption is further strengthened.
Most of the active ingredients are adsorbed parallel on the Fe
(110) surface. The adsorption capacities of some components
such as hydroxycinnamic acid, dimboa, and glucuronic acid will
be affected by pH of the corrosive solution, while rutin still pro-
vides excellent corrosion inhibition efficiency for MS at different
pH solution. Rutin with more aromatic rings, heteroatoms, car-
bonyls, and hydroxyls displays superior adsorption abilities, with
adsorption energy of —375.6 kcal-mol .

The synergistic adsorption effect of multiple components enables
ZMBE to be a highly efficient, environmentally friendly, and
economically promising corrosion inhibitor in HCI pickling
solution.
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